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Abstract

Rhodium-catalyzed asymmetric hydroformylation is an atom efficient method to
synthesize optically active aldehydes from simple alkenes, carbon monoxide and
hydrogen. Such aldehydes serve as precursors to pharmaceuticals and fine chemicals.
Efficient hydroformylation was demonstrated previously for many monosubstituted
alkenes. Access to chiral aldehydes with more diverse branching substituents remains,
however, limited. This work extends effective enantioselective hydroformylation to 1,2-
disubstituted alkenes, particularly (Z)-enol esters and (Z)-enamides, and to 1,1'-
disubstituted alkenes, predominantly alpha-substituted unsaturated esters.
Functionalized aldehydes with tertiary and quaternary stereogenic centers are obtained
with high stereo and regiocontrol at mild pressures in the presence of Rh-BisDiazaphos
or Ph-BPE catalysts. The iterative application of the sequence Rh-BisDiazaphos
catalyzed asymmetric hydroformylation of (Z)-enol esters / aldehyde oxidation / Ru
catalyzed alkyne hydroacyloxylation enables catalytic, low-waste synthesis of sequence
specific chiral oligoesters. This method demonstrates that short oligomers can be
synthesized with sequence specificity and stereocontrol in the absence of coupling

reagents and protecting groups.
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Chapter 1

Introduction for a Lay Audience



1.1. Chemical Reactions and Catalysis

Chemical reactions transform one chemical substance to another. Chemical reactions
are all around us, from rusting of iron, bleach removing stains in the washing machine or
plant photosynthesis. We rely on chemical reactions to synthesize molecules that are
important to our daily lives: plastics, drugs, detergents etc. There may be more than one
way to synthesize a molecule, however, to be economically viable, the synthesis must be
fast, use few and cheap starting materials, and generate little waste. To this end, catalysis
has revolutionized how we make molecules. A catalyst reduces the amount of energy
needed in a chemical reaction, thus making the reaction faster, but it is not itself
consumed in the reaction. Imagine you are headed on foot to a destination located on the
other side of a hill. Walking up the hill takes a lot of your time and energy. One day you
decide to drive to the same destination, which takes you there faster and requires less of
your energy. The car in this case is acting like a catalyst. The chemical reactions used

for the synthesis of most industrially important chemicals involve catalysis.

1.2. Hydroformylation

The specific catalytic transformation my research focuses on is called hydroformylation,
catalyzed by a rhodium catalyst (Figure 1.1). Hydroformylation transforms relatively
simple, widely available reagents, such as olefins, carbon monoxide and hydrogen, into

more valuable products called aldehydes.



Oy H
. H O ~c”
Rhodium catalyst I
R/x + C///O + H’H R)\/C\H + R)\/H
olefin carbon  hydrogen linear branched
monoxide aldehyde aldehyde

Figure 1.1. General reaction scheme for rhodium-catalyzed hydroformylation. R =

variable group

You might not be familiar with aldehydes, but they are present in many perfumes and
responsible for the characteristic smell of cinnamon and vanilla. Many aldehydes are
synthesized, but then used as intermediates in the synthesis of other products.
Hydroformylation is used on massive industrial scales to produce aldehydes, which are
then converted into commodity chemicals, like solvents, detergents, plasticizers.
Hydroformylation reaction is very attractive for large scale industrial applications because

it is fast, uses cheap starting materials and generates very little waste.

The aldehydes produced currently in industry have a “linear” structures, that is, the carbon
monoxide adds to the terminal carbon of the double bond of the olefin. While these big
industrial processes aim to form just the linear aldehyde, and suppress the formation of
the unwanted branched aldehyde, my research aims to do the opposite: tweak
hydroformylation to generate branched aldehydes, and suppress the formation of the

linear aldehyde.

Branched aldehydes have great potential as intermediates in the synthesis of more
complex, unique molecules, such as drugs in pharma. Hydroformylation is an attractive

route to these products. However, to be economically viable, branch-selective processes



require fast catalysts and high control of selectivity, while operating at safe pressure
conditions. Currently hydroformylation to generate branched aldehydes is relatively
underdeveloped compared to hydroformylation to generate linear aldehydes, already

used extensively in industry.

One characteristic that makes these branched aldehydes so attractive for pharma
applications is a property called chirality. There are actually two branched aldehydes
formed in Figure 1.1, not one. The two branched aldehydes are identical, except for the
3D arrangement of the atoms. We call these molecules chiral. Best example of chirality
is your hands. If you place your hands both palms face down, you will notice that your
thumbs point in the opposite direction, and your hands (just like the two branched
aldehydes) are mirror images of each other. Your hands are therefore chiral. The two
branched aldehydes may look very similar, but they can behave very differently. Pharma
is one industry where chirality information is crucial, since using the wrong form of a chiral
drug can have a negative effect in your body. In my research, | aim to not only favor the
branched aldehyde over the linear one, but to also control chirality of the branched
aldehyde. Achieving both goals in the same time is very challenging. In addition, the
structure and size of the variable R group is very important, since different ratios of
products can form depending on the identity of the R group. Things become even more

complicated when we do not have just one R group, but two R groups.

Chapters 2 and 4 focus on hydroformylation when the olefin has two different R groups.
Chapter 2 focuses on alkenes where the two R groups are located on either side of the
double bond, whereas chapter 2 focuses on alkenes where the R groups are both located

on one side of the double bond. These two categories are generally slower and less



selective. The scope of my research is to maximize the formation of one branched
aldehyde and suppress the formation of other products, all while keeping the reaction fast
and at mild conditions. The motivation lies in the high synthetic value of the corresponding
branched aldehyde products, very hard to obtain using methods other than

hydroformylation.

Chapter 3 provides a concrete application of asymmetric hydroformylation to synthesize
complex molecules more efficiently. | am not making a specific drug for pharma (although
others have done this before), but | am looking to improve how polymers are made. Some
polymers are used in pharma for drug delivery for example. But polymers are important
beyond pharma, they are all around us, ranging from synthetic polymers, such as plastics,
to natural polymers, such as DNA and proteins. Polymers consist of many units bonded
together, called monomers. A polymer is like a string of beads, and each bead is one
monomer. There are two main types of polymers, one where all monomers are the same,
for example polystyrene, and one where monomers are different. In the latter case, the
order of monomers matters. For example, in the case of a natural polymer, such as DNA,
if one monomer is in the wrong place, a mutation occurs. In the case of synthetic
polymers, such as plastics, a drastic change in properties can occur if the monomers are
not in the correct order. The safest way to be sure that you have the correct order is to
add the beads one at a time, same goes with monomers. The caveat with this stepwise
addition is that each time a new monomer is added, we need what is called a “coupling
reagent”, which helps link the monomer added last to the rest of the growing chain. This
coupling reagent is needed in large amounts and is thrown away once each monomer is

added. Given that some polymers have thousands and thousands of monomer units, the



amount of waste generated can be massive. Chapter 3 addresses this issue of coupling
reagents by providing a new way of joining monomers together that avoids coupling
reagents. How? Using catalysis! | use three consecutive catalytic chemical reactions,
one of them hydroformylation, to add each new monomer. This method could

substantially reduce the amount of waste generate in the synthesis of polymers.



Chapter 2

Asymmetric Hydroformylation of Z-Enamides and Enol Esters

with Rhodium-BisDiazaphos Catalysts

Chapter 2 is published in
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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 are less common.! The emergence of new chiral catalysts that effect
rapid, enantioselective, and regioselective hydroformylation of monosubstituted, and to a
lesser extent, disubstituted alkenes provide new opportunities for efficient syntheses of
chiral aldehydes. In this paper, 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, L1.

Figure 2.1. Bisdiazaphospholane ligand L1 used for hydroformylation.

Effective, modern asymmetric hydroformylation (AHF) technology began with the
development of the Rh(BINAPHOS) catalyst system.? Applications of this catalyst
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 mono-phosphine ligands.”  Rhodium
complexes of the bisdiazaphospholane (BDP) class of ligands exhibit unusual activity and
selectivity in 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.2

Effective AHF with disubstituted alkene substrates would expand the strategies available
for complex molecule synthesis because AHF provides a fundamentally different
disconnection than other C-C bond forming reactions. 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 2.2¢ Additional examples include the enantioselective synthesis of

Garner’s aldehyde® and Leighton’s synthesis of Dictyostatin.®

1 mol % Rh(acac)(CO),

2 mol % (S,S,S)-BDP L1 M 100% conversion
Me,,, &, >95% regioselectivity
OH | THF, 150 psig CO/H, OH O J.  >93%ee
AcO 50 °C, 24 h Ohe

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

Many simple, terminal alkenes have been converted into chiral aldehydes with high
selectivity by asymmetric hydroformylation. However, selective AHF of more complex
substrates requires effective transformation of more highly substituted alkenes. Prior
examples of enantioselective AHF of disubstituted alkenes with enantioselectivities that

exceed 90% ee are given in Table 2.1.
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Table 2.1. Some representative examples of AHF of 1,1- and 1,2-disubstituted alkenes

Sub/Ca  Praico T t Conv.
Substrate Ligand aB  ee (%)
t Ratio (psi) cc)y (h) ()

BDP 500 150 40 24 37 92:8 94

o
1 \B/\© Binaphos 250 1470 60 50 10 97:3 92
o
P

3 O Q BDP 500 70 40 24 67 - 93

o
4 B Binaphos 300 1470 60 20 79 96:4 96

CF3 >
5 QuinoxP* 100 145 85 8 46 91
B=o 0Ac 100
o
6 B~ NHAc BDP 200 140 70 20 99 97:3 90
7f
PRHN— _ /—OBn wi-Pr >
7 o B N 572 50 45 14 77 91
>—0i-Pr 100
P’/

Ph

aRun with 15 mol% ligand (6.7:1 substrate:ligand) and 0.05 mol% pTsOH as an additive.
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Application of AHF to 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 most effectively for allyl amines and alcohols that are amenable to
scaffolding catalysis.” Hydroformylation of disubstituted alkenes commonly requires long
reaction times and/or high catalyst loading in order to overcome the substrate bulkiness.
With Rh-bisdiazaphospholane catalysts, AHF of alkenes substituted with inductively
electron-withdrawing groups, such acetoxy- or acetamido-substituents, generally yield
high regioselectivity and good activity.8 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 of 1,2-disubstituted alkenes also impacts
AHF selectivity, with Z alkenes giving higher regio- and enantioselectivities and faster
rates. 228 Such observations suggest that AHF can be particularly effective for 1,2-

disubstituted alkenes comprising (Z)- enol esters and enamides.
2.2. Results and Discussion
2.2.1. AHF of Enol Esters

Enol ester substrates are attractive candidates for AHF because the two carbons of the
alkene are well-differentiated electronically. Benzoyloxy-substituted alkenes are
synthetically accessible as the Z isomer via Ru-catalyzed addition of alkynes to carboxylic
acids.'?13 Hydroformylation of these alkenes in the presence of L1 and Rh(acac)(CO):
produces only the alpha-substituted, 2-benzoyloxy aldehyde with excellent
enantioselectivity (90-97% ee) at low catalyst loadings (0.3%) (Table 2.2). Results

obtained on the gram scale (Table 2.2, entry 1) are similar to small scale results (Table
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2.2, entries 2-7). Hydroformylation is tolerant of a wide variety of functional groups, in-
cluding potential catalyst poisoning groups such as thioether, benzylic chloride, and free
phenol (Table 2.2, 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.

o]

Oy R RN ¥s i ﬁ
R 145 psig H,/CO, 24h, /©)L
60°C, THF
major mlnor
Conc. Isolated
Entry R= Conv.2 a:3@ % ee’
alkene yield
10f H 15M >99% >50:1 92% 97
2f OMe 1.3M >99% >50:1 84% 96
3 SMe 1.8M >99% >50:1 85% 90
4 Cl 1.3M >99% >50:1 88% 96
5 Br 1.3M >99% >50:1 82% 92
64 CH2CI 1.5M 94% >50:1 78% 92
7 OH 1.3M 93% >50:1 82% 99¢

Run with 100 mg alkene. 2Determined by *H NMR of crude reaction mixture. °Run with
1 g alkene. °ee determined by SFC or HPLC after NaBH4 reduction. 90.5% catalyst
loading. ¢To date we have not been able to resolved these products or their derivatives.
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d The configuration is S as determined by LAH reduction to the diol and comparison of

the optical rotation with the previously assigned diol.

While the results in Table 2.2 incorporate 24 hour reaction times, many substrates go to
complete con-version at 60 °C in under 16 hours. Significantly, 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.

o 0.3% Rh(acac)(CO),

O)ko N 0.3% (S,S,S)-BDP
MeO 150 psig CO/H, /\(\/\
THF, 1.2 M
(major) (minor)
Entry Temp Time Conv.2 a:2 % eeb
°C) (h)

1 60 24 >99% >50:1 96

2 80 5 >99% >50:1 96

3 100 15 >99% >50:1 95

4 120 0.5 >99% >50:1 89

Run with 100 mg alkene. 2Determined by 'H NMR of crude reaction mixture. ° ee
determined by HPLC after NaBH4 reduction.
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AHF of enol esters is effective with both acetates and benzoates (Table 2.4, entry 1). Enol
esters derived from enantiopure amino acids of opposite chirality undergo AHF with high
diastereoselectivity that is predominately catalyst-controlled, with little match-mismatch
effect (Table 2.4, entries 2 and 3). Trifluoroacetyl enol esters also were investigated, but
these undergo undesirable elimination of trifluoroacetic acid under catalytic conditions

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

Table 2.4. AHF of other enol esters

Conc.

i 0
Substrate Product alkene 1emp  Time Isolate % ee

(°C) (h) Conv.2  D:Of dYield orde

o\
é 2o Q0 13M 60 24  >99% >50:1 88% 930

LA
ot __ X 1AM 60 24 >99% >50:1 83% 922
o) w0 - (] . (s}
w, jaage
o]
o NH >L0)kNH 0, . 0
__0 11M 60 24 >99% >50:11 75%  92°

%;’ OO

Run with 150 psig H2/CO. 2Determined by *H NMR of crude reaction mixture. P‘ee
determined by HPLC after NaBH4 reduction. °Run with (R,R,R) BisDiazaphos. ¢ The
configuration is S as determined by LAH reduction to the diol and comparison of the

optical rotation with the previously assigned diol.

2.2.2. AHF of Enamides

Z-Enamides can be synthesized by Ru-catalyzed coupling of primary amides to alkynes.*
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
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(Figure 2.2) and complete conversion within a day requires higher catalyst loading (1%)

at 65°C.
/o) 0.27% Rh(CO)(acac) o _0
0.27% (S,S,S)-BDP 1 J/
N e,
©)l\H/\k/\ 150 psig H,/CO, @N KA
65 °C,1.3 M in THF
100

90 A A

80 - ‘
3 70 -
S 60 -
(@]
g 50 A .
> 40 -
c
8 30 -
L 20 - ® @conversion Aee

10 -

o T T

0 10 Hours 20 30

Figure 2.2. AHF of enamide N-((Z)-1-hexen-1-yl)benzamide with time.

Both E- and Z-enamides were tested under standard AHF conditions of 65°C and 150
psig CO/Hz (Table 2.5, entries 1 and 2). Consistent with prior results for propenamide,
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, such as
alkyl chlorides and nitriles (Table 2.5, entries 4 and 5). Important limitations of AHF with
BisDiazaphos catalysts are revealed by entries 10 and 11. The a-p 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-phenyl-1-butenylpyrrolidinone hydroformylates at much
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slower rates than other enamides giving only 27% conversion to aldehyde in 24 hours,

with extensive isomerization to the E alkene (entry 11).

Table 2.5. Asymmetric hydroformylation of enamides.

0 1% Rh(CO),(acac) o " Q
Y% acac
RJLH/\ 1.2% (S,5,5)-BDP 1 RJ\ Vo HYLH
R 150 psig H,/CO, THF R' R
a (major) f3 (minor)
o Conc. o . 0/ a@b
Entry Substrate Temp (°C) alkene % Conv.2 a:pe Joee
! YL 65 1.1M 100 >99 85
2 S AN 65 1.1M 68 >99 56
3 YL 60 1.0M 87 >99 90
4 o
L 60 0.8M 79 14.3 92
5 o
oAt 60 0.8M 100 >99 94
6 [e]
@% 55 0.8M 80 >99 84
7° i a: 98
SRD 65 1.1M 86 6.3 '
% B: 32
8¢ 1
N 190
T 60 1.1M 100 12.3 a
E} B: 54
9 (o]
Fgc*um 60 0.9M 100 21.0 n.d.
10 @* 60 0.9M 70 d d
NS ) n.d. n.d.
/Oj\OEl
11 -
0 60 1.8M 27 6.7 n.d.

i

Reactions run with 100 mg alkene. 2Determined by *H NMR of crude reaction mixture,
% aldehyde formed. bee determined by SFC or HPLC after NaBH4 reduction. ¢ The

absolute configuration was assigned as S after reduction to the alcohol with sodium

borohydride and comparison with the previously assigned alcohol.
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The N-styryl enamides examined undergo hydro-formylation with lower regioselectivity
than that seen for enamides with pendant alkyl chains. Presumably this reflects
competition between the aryl (which directs formyl insertion in the B position) vs
carboxamido (which directs formyl insertion in the a position) directing effects. Because
styrene exhibits strongly CO-pressure dependent selectivity, we examined the AHF of N-

((2)-2-phenylvinyl) benzamide as a function of pressure (Figure 2.3).
(0]
Sy s L T
60 °C, 24h, THF

o (major (minor)

100 ------ R=Ph,
i alpha
80 —®— R=CF3,
VB0 - alpha
0;60 ---@--- R=Ph,
> beta
40 —@— R=CF3,
20 - beta
0 - T T T T
0O 30 60 90 120 150
Pressure 1:1 H,/CO, PSI
14 -
12 A
o 10 -
f:%. g | —— R=Ph
©
E_ 6 - —0— R=CF3
< 4 -
2 u
0 . . : : :
0O 30 60 90 120 150
Pressure 1:1 H,/CO, PSI

Figure 2.3. Pressure effects on AHF of styrenyl enamides.
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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.
2.1.3. Synthesis of a L-DOPA building block

AHF provides more atom efficient and direct access to highly enantioenriched a-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 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.t’

The desired Z-enamide was synthesized by Ru-catalyzed coupling of benzamide to an
alkyne de-rived 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 2.3 is likely due to the electron-
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donating methoxy substituents on the aryl ring disfavoring acyl formation at the f

position.8®
(0] O CHO
o )LN N 2% Rh(acac)(CO) o )LN Jo ;
H 2.2% ligand 1 H
150 psi, 1:1CO/M,
OMe THF, 80°C, 22 h OMe
OMe OMe
98% ee
15.4:1 o:f
70% vyield

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

2.3. Conclusions

AHF provides a direct, catalytic, and atom-efficient route to useful chiral building blocks,
including un-natural amino aldehydes. A variety of Z enol esters and enamides undergo
asymmetric hydroformylation in the presence of L1 and Rh(acac)(CO)z to produce a-
chiral aldehydes with high regio- and enantioselectivity. Five of the products were
determined to have the S configuration by comparison of optical rotations of known
compounds; all data are consistent with S configurations for all aldehydes reported
herein. These studies highlight critical attributes of the BisDiazaphos hydroformylation
catalysts: high intrinsic reactivity (with complete conversion and > 90% ee in just 90
minutes at 0.3 mol% catalyst loading in simple pressure bottles), reliably high
enantioselectivities (>90% ee) 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
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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.
2.4. Experimental
2.4.1. 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(ll) dimer and Ru(COD)(2-
methallyl)2 were purchased from Alfa Aesar. Dicyclohexylphosphinobutane, tris-(p-Cl-
CeH4) 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?>3 and enamides!* were prepared by
literature methods and purified by silica column chromatography prior to use (see section
). Bisdiazaphospholane ligands were prepared as reported in literature.®
[Rh(acac)(CO)2] was used as received from Dow Chemical and stored in a N2-filled
glovebox. 1:1 CO:H2 was purchased from Airgas. THF and toluene were either distilled
from sodium/benzophenone ketyl under N2 or dried by safety columns prior to use.
Alkynes were degassed prior to use by either three freeze-pump-thaw cycles or sparging
with N2. 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 or on a

TharSFC investigator instrument equipped with a Waters 2996 photodiode array detector.
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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  (-)(2S)-(benzoyloxy)heptanal, (S)-1-oxoheptan-2-yl  4-
methoxybenzoate, (S)-1-oxo-5-phenylpentan-2-yl  acetate, (-)(S)N-(1-Formyl-2-
phenylethyl) benzamide, 2,2,2-Trifluoro-N-[(1S)-1-formyl-2-phenylethyl]lacetamide and
assigned by analogy for other reported aldehydes. All pressures given are gauge

pressures unless otherwise noted.

NMR spectra were recorded at ambient temperature on Varian Mercury-300, Inova-500
or Unity-500 and Bruker AC-300, Avance Ill 400, or Avance lll 500 spectrometers. 1H
and 13C NMR chemical shifts were referenced to tetramethylsilane if present or residual
solvent. 31P and 19F NMR chemical shifts were referenced to TMS in the proton
spectrum using the unified scale. 1H 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). Mass spectra
were collected on a Waters (Micromass) LCT® for electrospray ionization experiments

with a sample cone voltage of 20.
2.4.2. 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.

General procedure for the synthesis of enol esters (Method 1)*2
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An oven-dried Schlenk flask equipped with a magnetic stir bar and carboxylic acid (1 eq,
5 mmol) was brought into a N2 glove box. A vial was charged with [Ru(p-cumene)Clz]2 (1
mol%, 0.05 mmol), P(p-CIl-CsH4)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 N2. When reaction 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)*?

An oven-dried Schlenk flask equipped with a magnetic stir bar and carboxylic acid (1 eq,
10 mmol) was brought into a N2 glove box. A vial was charged with Ru(2-methallyl)2-
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 N2. When reaction 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 enamides
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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,'41° or are reported below.

In an oven-dried Schlenk flask inside a nitrogen-filed glovebox, bis(2-
methallyl)(COD)ruthenium(ll) (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 N2-sparged H20 (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 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.

0]

@A" )
MeS

(2)-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.
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1H 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, J = 7.0 Hz,
3H). 13C NMR (101 MHz, CDCI3) & 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 C14H1802S 250.1023; found 250.1019.

o
HO

(2)-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) 6 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, J = 7.1 Hz, 3H). ¥3C NMR (126 MHz, CDCI3) 5 164.10, 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]+ calcd for C13H1603 220.1094; found 220.1095.

/©)J\o S
cl

(2)-hex-1-en-1-yl 4-chlorobenzoate
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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.?°

IH NMR (400 MHz, Chloroform-d) & 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, J = 7.0
Hz, 3H). 13C 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 C13H15CIO2 238.0756; found 238.0759.

0]

@A‘) b
Br

(2)-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 =7.5, 6.3 Hz, 1H), 2.33 - 2.21 (m, 2H), 1.49 — 1.30 (m, 4H),
0.93 (t, J = 7.0 Hz, 3H). ¥3C NMR (126 MHz, CDCI3) 5 162.92, 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 C13H15BrO2 282.0250; found 282.0252.
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@Ao )
CIH,C

(2)-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.

1H 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 = 7.5, 6.3 Hz, 1H), 4.63 (s, 2H), 2.35 — 2.25 (m, 2H), 1.48
—1.33 (m, 4H), 0.93 (t, J = 7.1 Hz, 3H). 3C NMR (126 MHz, CDCI3) & 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 CL4H17CIO2 252.0912; found 252.0903.

I
it

(2)-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.

IH NMR (500 MHz, Chloroform-d) & 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
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(m, 2H), 2.11 (s, 3H). 13C NMR (126 MHz, CDCI3) d 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]+ calcd for C12H1402 190.0989; found 190.0990.

>I\ O Ph
O)J\NH
W

\H(o P
0
(S,2)-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.

IH NMR (500 MHz, Chloroform-d) & 7.31 — 7.24 (m, 2H), 7.23 — 7.14 (m, 3H), 7.00 (d, J
= 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). 13C NMR (126 MHz, CDCI3) & 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+NH4]+ calcd for C18H25N04 337.2122; found 337.2119.

20% yield. Yellow oil.

IH NMR (400 MHz, Chloroform-d) & 7.37 — 7.12 (m, 6H), 6.57 (t, J = 9.7 Hz, 1H), 5.12

(ap. g, J = 8.2 Hz, 1H), 2.74 (t, J = 7.1 Hz, 2H), 2.36 (ap. g, J = 7.3 Hz, 2H). 19F NMR
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(377 MHz, CDCIz) 5 -75.64 (Z isomer), -75.87 (E isomer). 13C NMR (101 MHz, CDCIs) &
154.22 (g, 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: [M]+ Calcd for C12H12F3NO 243.0866; found 243.0857.

69% vyield (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, J = 9.4 Hz, 1H). 19F
NMR (377 MHz, CDCI3) 6 -75.81. 13C NMR (101 MHz, CDCI3) 6 154.57 (q, J = 38 Hz),

134.13,129.57, 128.16, 127.93, 119.46, 115.78, 115.69 (g, J = 287 Hz ), 77.16.
HRMS (El) m/z: [M]+ Calcd for CLOH8F3NO 215.0553; found 215.0551.

2.4.3. Synthesis and Characterization of Aldehydes

General Method for Hydroformylation

Inside a N2-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)2 and
bisdiazaphospholane ligand L1 using 1000uL and 200uL 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
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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 inch 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-d6, MeOD, or CDClIs
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 sufficiently long delay. Enantiomeric excess of the branched

hydroformylation product was determined by chiral SFC or HPLC.

Data for Enol Ester AHF

0 Oj/H
©)J\O S NN
(-)(2S)-(Benzoyloxy)heptanal:

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

[0]Pp = —14.7, ¢ = 1.24 in CHClz. Lit. [0]®p = —31.1 (¢ = 1.41, CH2Cl»).2
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IH NMR (400 MHz, Chloroform-d) & 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). 13C NMR
(101 MHz, CDCI3) & 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 NaBH4
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. tr =
4.40 min (isomer A, (S)), tr = 5.53 min (isomer B, (R)), tr = 6.0 min (isomer B, (S)), tr =

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.

o_H OH

0]
2 j/ NaBH , MeOH 0 j : ¥
©)LO T NN 0 °C, overnight ©)J\O NN * 0
—_—

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

1H 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 (A of ABX, ap dd, J = 12.1, 3.4 Hz, 1H), 3.76 (B of
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ABX, ap 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)

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

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

(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.

1H 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). 13C NMR (101 MHz,
CDCI3) & 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 NaBH4
reduction in MeOH at room temperature for 16 h, followed by addition of sat. ag. NH4CI
solution, extraction with dichloromethane and drying over MgSO4. The reduction

conditions afford a mixture of two alcohol isomers, A and B, after partial migration of the
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benzoyl protecting group from the secondary alcohol to the primary alcohol, as well as a
transesterification by-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.

OH
o SRR
OH
MeS MeS

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

IH NMR (500 MHz, Chloroform-d) & 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). 13C NMR (126
MHz, CDCI3) & 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) & 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). 13C NMR (126 MHz, CDCI3) &
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.
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HRMS (ESI-TOF) m/z: [M]+ calcd for C15H2203S 282.1285; found 282.1290.

Separation by HPLC: CHIRALPAK 1A (AD-H), 3% iPrOH/hexanes, 0.9 ml/min, ambient
temperature, 220 nm, tR (A): 31.5 min (major, (S)), 36.7 min (minor, (R)), tR (B): 44.7 min

(major, (S)), 51.6 min (minor, (R))

(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.

IH 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). 13C NMR
(126 MHz, CDCI3) & 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 C15H2004 265.1435; found 265.1438.

[a]?°b=-19.4, ¢ =1.00 in EtOH . Lit. [a]*°p = —20.6 (c = 1.00, EtOH) for 1,2-Heptanediol.??
Optical rotation and assignment of absolute configuration were determined by reduction
of the aldehyde with LiAIH4 in dry THF at 0°C warming to room temperature for 24 h total
reaction time, followed by slow addition of MeOH, sat ag. NH4Cl and extraction with ethyl

acetate of the resulting 1,2-Heptanediol.
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Enantiomeric excess was determined to be 96% by chiral HPLC analysis, after NaBH4
reduction in MeOH at room temperature for 6 h, followed by addition of sat. ag. NH4CI
solution, extraction with dichloromethane and drying over MgSO4. 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.
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Alcohol isomers:
A: (S)-1-hydroxyheptan-2-yl 4-methoxybenzoate

1H 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). 13C NMR (126 MHz, CDCI3) & 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.
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, CDCI3) 5 166.54, 163.50, 131.71, 122.29, 113.65, 70.17, 69.01,

55.43, 33.46, 31.78, 25.12, 22.58, 14.02.
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HRMS (ESI-TOF) m/z: [M+H]+ calcd for C15H2204 267.1591; found 267.1599.

Separation by HPLC: CHIRALPAK 1A (AD-H), 5% iPrOH/hexanes, 0.8 ml/min, ambient
temperature, 254 nm, tR (A): 20.3 min (major, (S)), 23.6 min (minor, (R)), tR (B): 26.0min

(major, (S)), 28.7 min (minor, (R)).

(2)-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) 8 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). 3C NMR (126 MHz, CDCI3) 5 198.12,

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 C14H1804 251.1278; found 251.1280.

Enantiomeric excess was determined to be 99% by chiral SFC analysis, after NaBH4
reduction in MeOH at room temperature for 5 h, followed by addition of sat. ag. NH4Cl

solution, extraction with dichloromethane and drying over MgSO4.
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Alcohol isomers:
A: (S)-1-hydroxyheptan-2-yl 4-hydroxybenzoate

1H NMR (500 MHz, Chloroform-d) & 7.98 — 7.92 (m, 2H), 6.88 — 6.83 (m, 2H), 5.19 — 5.09
(m, 1H), 3.84 (A of ABX, ap dd, J = 12.2, 3.0 Hz, 1H), 3.76 (B of ABX, ap dd, J = 12.1,

6.4 Hz, 1H), 2.36 — 2.23 (m, 1H), 1.82 — 1.17 (m, 8H), 0.96 — 0.81 (m, 3H).

13C NMR (126 MHz, CDCI3) & 166.91, 160.13, 132.05, 122.50, 115.25, 76.24, 65.28,

31.64, 30.69, 25.06, 22.48, 13.99.
B: (S)-2-hydroxyheptyl 4-hydroxybenzoate (rearranged)

1H NMR (500 MHz, Chloroform-d) & 7.96 — 7.93 (m, 2H), 6.88 — 6.83 (m, 2H), 4.38 (A of
ABX, ap dd, J = 11.5, 3.0 Hz, 1H), 4.20 (B of ABX, ap dd, J = 11.5, 7.2 Hz, 1H), 4.04 —
3.95 (m, 1H), 2.36 — 2.23 (m, 1H), 1.82 — 1.17 (m, 8H), 0.96 — 0.81 (m, 3H). 13C NMR
(126 MHz, CDCI3) 6 166.60, 160.17, 132.03, 122.24, 115.28, 70.46, 68.98, 33.42, 31.76,

25.11, 22.57, 14.03.

Separation by SFC: AD-H, 5% modifier, 3 ml/min, methanol, 23.4°C, 101 bar, tR (A): 6.36

min (major, (S)), 8.66 min (minor, (R)).

(S)-1-oxoheptan-2-yl 4-chlorobenzoate
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Crude hydroformylation mixture filtered through a plug of silica and washed with

dichloromethane. 88% isolated yield, yellow oil.

'H NMR (500 MHz, Chloroform-d) 8 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, J = 7.4, 5.0, 2.6 Hz, 4H), 1.00 — 0.85 (m, 3H). 3*C NMR (101 MHz, CDCI3) &

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 C14H17CIO3 268.0861; found 268.0851.

Enantiomeric excess was determined to be 96% by chiral HPLC analysis, after NaBH4
reduction in MeOH at room temperature for 6 h, followed by addition of sat. ag. NH4CI
solution, extraction with dichloromethane and drying over MgSO4. 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 IHNMR, 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.

A B
Alcohol isomers:

A: (S)-1-hydroxyheptan-2-yl 4-chlorobenzoate
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IH NMR (500 MHz, Chloroform-d) & 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). 13C NMR (126 MHz, CDCI3) & 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) 8 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). 3C NMR (126 MHz, CDCI3) & 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 C14H19CIO3 270.1018; found 270.1026.

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

temperature, 254 nm, tR (A): 48.4 min (major, (S)), 55.3 min (minor, (R)).
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(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) 8 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),
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1.40 — 1.28 (m, 4H), 0.98 — 0.81 (m, 3H). 13C NMR (126 MHz, CDCI3) 5 196.98, 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 C14H17BrO3 312.0356; found 312.0364.

Enantiomeric excess was determined to be 92% by chiral SFC analysis, after NaBH4
reduction in MeOH at room temperature for 6 h, followed by addition of sat. ag. NH4CI
solution, extraction with dichloromethane and drying over MgSO4. 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.
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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, CDCI3) & 165.17, 130.71, 130.16, 128.64, 128.07, 75.69, 63.84, 30.58,

29.55, 23.99, 21.43, 12.94.
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B: (S)-2-hydroxyheptyl 4-bromobenzoate (rearranged)

IH NMR (500 MHz, Chloroform-d) 8 7.97 — 7.85 (m, 2H), 7.62 — 7.55 (m, 2H), 4.38 (A of
ABX, ap dd, J = 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, CDCI3) & 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 C14H19BrO3 315.0591; found 315.0589.

Separation by SFC: Chiralcel OJ-H, 4% maodifier, 4 ml/min, methanol, 50°C, 150 bar, tR
(A): 5.0 min (major, (S)), 6.5 min (minor, (R)), tR (B): 7.3 min (minor,(R)), 9.8 min (major,

(S)).
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(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) 8 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). *3C NMR (101 MHz, CDCI3) 6 198.31,

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 NaBH4

reduction in MeOH at room temperature for 6 h, followed by addition of sat. aq. NH4CI
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solution, extraction with dichloromethane and drying over MgSO4. 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.
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Alcohol isomers:
A: (S)-1-hydroxyheptan-2-yl 4-(chloromethyl)benzoate

IH 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).
13C NMR (126 MHz, CDCI3) & 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)

IH 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, ap dd, J = 11.4, 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).
13C NMR (126 MHz, CDCI3) & 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.
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HRMS (ESI-TOF) m/z: [M+H]+ calcd for C15H21CIO3 285.1252; found 285.1249.

Separation by HPLC: CHIRALPAK 1A (AD-H), 5% iPrOH/hexanes, 0.8 ml/min, ambient
temperature, 254 nm, tR (A): 20.3 min (major, (S)), 23.6 min (minor, (R)), tR (B): 26.0 min

(major, (S)), 28.7 min (minor (R)).

¢ -0
0
(S)-1-oxo0-5-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). 13C NMR (126 MHz, CDCI3) &6 198.18, 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 C13H1603 221.1173; found 221.1174.

[a]*°> = —0.8, ¢ = 1.00 in CHClIs. Lit. [a]R"o = —=0.9 (c = 1.00, CHCI3) for 5-Phenyl-1,2-
Pentanediol, [a]*°> = —13.6 (¢ = 1.00, CHCI3) for (S)-4-Phenyl-1,2-Butanediol.?®> Optical
rotation and assignment of absolute configuration were determined by reduction of the
aldehyde with LiAlH4 in dry THF at O °C warming to room temperature for 24 h total
reaction time, followed by slow addition of MeOH, sat ag. NH4Cl and extraction with ethyl

acetate of the resulting 5-Phenyl-1,2-Pentanediol.
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Enantiomeric excess was determined to be 93% by chiral HPLC analysis, after NaBH4
reduction in MeOH at room temperature for 5 h, followed by addition of sat. aq. NH4CI
solution, extraction with dichloromethane and drying over MgSO4. 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 and the two isomers separated by silica gel flash chromatography (3:1

hexanes/ethyl acetate) prior to HPLC analysis.
)J\O/Y\/\Ph
OH
Alcohol isomer:
(S)-2-hydroxy-5-phenylpentyl acetate (rearranged):

IH NMR (500 MHz, Chloroform-d) & 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). 13C NMR (126 MHz, CDCI3) & 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 C13H1803 223.1329; found 223.1329.

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

ambient temperature, 220 nm, tR: 31.3min (major, (S)), 38.8 min (minor, (R)).

ST
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(S)-(S)-1-ox0-5-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, J = 7.8 Hz, 1H), 4.47 — 4.35 (m, 1H), 2.66 (dd,
J=8.0,6.0 Hz, 2H), 1.48 (d, J = 7.2 Hz, 3H), 1.44 (s, 9H). 3C NMR (126 MHz, CDCI3) &
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.
HRMS (ESI-TOF) m/z: [M+H]+ calcd for CL9H27NO5 350.1962; found 350.1953.

Enantiomeric excess was determined to be 92% by integration of aldehyde signals in

crude *H NMR.

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, J = 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). 13C NMR
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(101 MHz, CDCI3) 6 199.46, 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 C14H20NO2 234.1489; found 234.1492.

OH

OJ/
SEAUR

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, A 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). **C NMR (101 MHz, CDCI3) &
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 C14H22NO2 236.1646; found 236.1638.

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. tr = 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. tr = 8.5 min (S), 11.4 min (R).
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2-benzamido-5-phenylpentanal.

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

OH

OJ/

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

1H NMR (500 MHz, Chloroform-d) & 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, A of ABX), 3.68 — 3.57 (m, 1H, B of
ABX), 3.10 (t, J = 5.0 Hz, 1H, OH), 2.74- 2.54 (m, 2H), 1.78- 1.68 (m, 2H), 1.68 — 1.55
(m, 2H). 13C NMR (126 MHz, CDCI3) & 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 CL8H22NO2 284.1646; found 284.1652.

Separation by HPLC: 90% ee. Chiralpak IA, 8% 2-propanol / 92% hexane, 1 mL/min flow,

ambient temperature, A=254 or 220 nm. tr = 10.2 min (major, S), 13.4 min (R).

2-benzamido-4-cyclohexylbutanal.

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

131.9 mg alcohol.
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Alcohol: (S)-N-(4-cyclohexyl-1-hydroxybutan-2-yl)benzamide

'H NMR (400 MHz, Chloroform-d) & 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, A 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). 13C NMR (101 MHz, CDCI3) d 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 C17H26NO2 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. tr = 8.5 min (major, S), 12.6 min (R).

o._H
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Aldehyde: 2-Benzamido-6-chlorohexanal.

79% conversion, 68% isolated yield. Started with 67 mg of enamide. Isolated alcohol as

a yellow oil, 52 mg.
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'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 = 6.8 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).

o
e

Alcohol: (S)-N-(6-chloro-1-hydroxyhexan-2-yl)benzamide

IH NMR (500 MHz, Chloroform-d) & 7.78 — 7.74 (m, 2H), 7.48 (i, 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 ABX), 3.82 —
3.73 (m, 1H, A 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, J = 4.9 Hz, 1H, OH), 1.89 — 1.73 (m, 2H), 1.73 — 1.61 (m, 2H), 1.61 — 1.47 (m,
2H). 13C NMR (126 MHz, CDCI3) & 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 C13H19CINO2 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. tr = 9.2 min (major, S), 15.0 min (R).

OoO._H

1T
SEAUN

Aldehyde: 2-Benzamido-6-cyanohexanal.

100% conversion.
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H
(@) J/O
NT
@ N
CN

Alcohol: (S)-N-(6-cyano-1-hydroxyhexan-2-yl)benzamide

1H 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, J = 6.7 Hz, 2H), 1.79 — 1.62 (m, 4H), 1.62 — 1.49 (m,
2H). 3C NMR (126 MHz, CDCI3) & 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 C14H19N202 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. tr = 13.4 min (major, S), 24.1 min (R).

Aldehyde: (S)-2,2,2-trifluoro-N-(1-oxo-5-phenylpentan-2-yl)acetamide

100% conversion, 91% crude yield. Started from 100 mg enamide, isolated 103.4 mg

alcohol.

IH 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). 19F NMR (377 MHz, CDCI3) & -75.73.
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Alcohol: (S)-2,2,2-trifluoro-N-(1-hydroxy-5-phenylpentan-2-yl)acetamide

1H NMR (400 MHz, Chloroform-d) 8 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, J = 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. 19F NMR (377 MHz, CDCI3) & -75.83.

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C13H17F3NO2 276.1206; found 276.1198.

@@*

(major) mlnor
Aldehyde, alpha: N-(1-Formyl-2-phenylethyl) benzamide
86.3% conversion, 81.2% isolated yield (aldehyde), 6.3:1 a:.

Characterization data are consistent with literature report.?*

IH NMR (400 MHz, Acetone-d6) & 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 — 7.41 (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).
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HRMS (ESI-TOF) m/z: [M+H]+ calcd for CL6H16NO2 254.1176; found 254.1170.

[a]*°o = -103.1, ¢ = 1.29 in EtOH. Lit. [a]*°o = =109 (c = 3.00, EtOH) for N-(1-Formyl-2-
phenylethyl) benzamide (aldehyde, alpha).?® Pure N-(1-Formyl-2-phenylethyl)
benzamide can be separated from the minor regioisomer by addition of CDCI3 to the
crude hydroformylation mixture and filtration of the resulting white solid (the alpha

regioisomer).

When the NMR is taken in methanol-d4 (to obtain accurate b:l ratios), the dimethoxyacetal

forms spontaneously:

DsCO.__OCDj ocD
3

J. ¥ A[ ]x
BzHN ™~ " . N OCD;

alpha beta
Dimethoxyacetal, alpha: (S)-N-(1,1-dimethoxy-3-phenylpropan-2-yl)benzamide

IH NMR (500 MHz, Methanol-d4) & 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), 4.47 — 4.32 (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: N-(3,3-dimethoxy-2-phenylpropyl)benzamide

'H NMR (500 MHz, Methanol-d4) & 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 — 3.21 (m, 1H, X

of ABX).
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yéyg

major mlnor
Alcohol, Alpha insertion: (S)-N-(1-hydroxy-3-phenylpropan-2-yl)benzamide

IH NMR (500 MHz, Methanol-d4) & 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 (i, J = 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). 13C 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.
Alcohol, Beta insertion: N-(3-hydroxy-2-phenylpropyl)benzamide

IH NMR (400 MHz, Methanol-d4) & 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 C16H18NO2 256.1333; found 256.1342.

Separation by HPLC: 98.3% ee a, 31.9% ee B. Chiralpak IA, 8% 2-propanol / 92%
hexane, 1 mL/min flow, ambient temperature, A=220 nm. tr (alpha isomer) = 11.5 min

(major, S), 13.9 min (minor, R). tr (beta isomer) = 19.3 min (minor), 21.8 min (major).
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a (major) 3 (minor)
Aldehyde, alpha: 2,2,2-Trifluoro-N-[(1S)-1-formyl-2-phenylethyl]acetamide
100% conversion, 65.5% isolated yield (alcohol).
Characterization data are consistent with literature report.2®

IH NMR (400 MHz, CDCI3) & 9.64 (s, 1H), 7.50 — 7.09 (m, 5H), 7.02 (br. s, 1H), 4.82
(app. g, J = 6.6 Hz, 1H), 3.30 (dd, J = 14.2, 5.5 Hz, 1H), 3.22 (dd, J = 14.2, 7.2 Hz, 1H).

19F NMR (377 MHz, CDCI3) & -75.86 (alpha), -76.05 (beta).

[a]*°> = -10.0, ¢ = 1.7 in acetone for 12.3:1 a:B mixture of 2,2,2-trifluoro-N-(1-hydroxy-3-
phenylpropan-2-yl)acetamide and 2,2,2-trifluoro-N-(3-hydroxy-2-

phenylpropyl)acetamide. Lit. [a]Ro = -18.1 (c = 2.00, acetone).?’

OH

Yy L

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

Characterization data agrees with literature reports.??
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1H NMR (400 MHz, Methanol-d4) & 7.38 — 7.13 (m, 5H), 4.17 (dg, 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). °F NMR (377 MHz, MeOD) & -77.17.
Alcohol, beta: 2,2,2-trifluoro-N-(3-hydroxy-2-phenylpropyl)acetamide

IH NMR (400 MHz, Methanol-d4) & 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 (dg, J = 8.5, 6.7 Hz, 1H). 1F

NMR (377 MHz, Methanol-d4) & -77.37.
HRMS (ESI-TOF) m/z: [M+H]+ calcd for CL1H13F3NO2 248.0893; found 248.0897.

Separation by HPLC: 90% ee a, 54% ee B. Chiralpak IA, 5% 2-propanol / 95% hexane, 1
mL/min flow, ambient temperature, A=220 nm. tr (alpha isomer) = 8.2 min (major, S), 9.5

min (minor, R). tr (beta isomer) = 12.9 min (major), 14.1 min (minor).
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2.4.4. Synthesis of L-DOPA Precursor

H (0]
Mel, K2COs PPhg, CBry _Buli
acetone, 70°C oM O°C 2h THF -78 °C
Me 4.5h e
OMe
99.3% 66.2%
benzamid )OL O CHO
enzamide . #
| EBhm. w B w
5% Cy2PC4H8PCy2L H 1% g 1 N
Yb(OTf)3 DMF, H,,0, 180 psi, 1:1CO/My
OMe  gQoC, 24hr OMe THF, 60°C, 24-48 hr OMe
OMe OMe OMe
91.3% 12.6% 115 % (not isolated)
o _/OH
J e
Ph N
NaBH,4, MeOH H P
_—
12 hr
OMe
OMe

74 % overall from enamide to alcohol

H 0 H 0]
Mel, K,COg4
B
acetone, 70°C,
Me 4sh OMe
OH OMe
99.3%

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 K2CO3
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
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with acetone, then the filtrate was concentrated under vacuum to yield the desired
product, which was further purified by flash column chromatography, to give 13.2 g
(99.3% vyield) of pure product. Characterization data are consistent with previously

reported results.?®

Br | |
H O H
= “Br
PPhg, CBry BulLi
0 oM
00°C, 2h THF, -78 °C e
OMe OMe OMe
OMe 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 (14.592g, 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
guenched 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.3°

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 NH4CI, and the



57

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%).

(0]
| ‘ benzamide )j\
5% (COD)Ru(met),, Ph N
5% Cy2PC4H chy&
Yb(OTf); 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 consistent with previously reported results.3!

'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 — 7.41 (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).

13C 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 CL7H17NO3 284.1282; found 284.1279.
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0 O CHO o) :/OH
L 29 Rh(acac)(CO)» J e o
Ph”™ "N™ 2 9% ligand 1 Ph™ "N~ ™ Ph”™ "N B
H 2% ligan o 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% inig

AHF and reduction: 0.5 mL of 20 mM Rh(acac)(CO)2 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 H2/CO) at 70-80 °C for 1hr, 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).

The crude aldehyde was dissolved in MeOH, and excess NaBH4 was added to the
solution at 0 °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% vyield from enamide).
Aldehyde:

1H NMR (500 MHz, 3:1 Toluene-d8:CDCls) & 9.39 (s, 1H), 7.64 (d, J = 7.5 Hz, 2H), 7.27
(t, J = 7.3 Hz, 1H), 7.19 (t, J = 7.5 Hz, 2H), 6.62 (d, J = 5.1 Hz, 1H), 6.59 — 6.51 (m, 3H),

4.61 (g, J = 6.1 Hz, 1H), 3.59 (s, 4H), 3.55 (s, 3H), 3.13 — 2.99 (m, 2H). 13C NMR (126
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MHz, 3:1 Toluene-d8:CDCls) & 198.95, 167.39, 149.71, 148.80, 134.21, 132.23, 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 C18H19NO4 314.1387; found 314.1392.
Alcohol:

H NMR (500 MHz, Chloroform-d) 8 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 — 4.25 (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). *C 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 C18H21NO4 316.1544; found 316.1550.

Separation by HPLC: Chiralpak 1A, 10% 2-propanol / 90% hexane, 1.2 mL/min flow,
ambient temperature, A=220 nm. tr (alpha isomer) = 12.7 min (major, S), 15.7 min (minor,

R). tr (beta isomer) = 23.5 min (minor), 24.9 min (major).
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Chapter 3

Condensation Oligomers with Sequence Control but without Coupling Reagents and

Protecting Groups via Asymmetric Hydroformylation and Hydroacyloxylation

Chapter 3 is published in

Foarta, F. and Landis, C. R. J. Org. Chem. 2016, 136, 14583 - 14588
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3.1. Introduction

A fundamental challenge in synthesizing sequence-specific oligomers, such as a- and -
peptides or oligoesters, is the waste generated by coupling reagents and protecting
groups. Is it possible to devise a scheme by which achiral starting materials are
transformed into sequence-specific oligomers with catalytic introduction of all stereogenic

centers and near 100% atom economy?

Consider oligoesters, which are important model compounds for the analysis and design
of high molecular weight polyester materials or as model foldamers that lack hydrogen
bonding capability along the backbone and are readily degradable by hydrolysis.?
Considerable effort has been placed on generating structurally diverse oligoesters with
reliable control of monomer sequence, molecular weight and tacticity.® Current strategies
to access sequence defined oligoesters rely on stoichiometric coupling reagents and
orthogonal protecting group strategies* that are inspired by the solid phase synthesis of
oligopeptides.®> Obvious drawbacks of such methods include low atom economy, limited
compatibility with other functional groups, or challenging stereoselective syntheses of
monomers. Alternative strategies to generate oligoesters via efficient, low-waste and
scalable processes are highly desirable. Asymmetric hydroformylation (AHF) has
emerged as a powerful catalytic and atom-efficient process that can address these
challenges. Herein we describe an alternative approach to the synthesis of oligo(2-
hydroxyacid)s that employs AHF methodology and two other transformations, aldehyde
oxidation and alkyne hydroacyloxylation, in an iterative fashion. The resulting oligoesters,
oligo(2-hydroxyacid)s, share the same backbone as poly(lactic acid), a biodegradable

and biocompatible polyester with numerous industrial and biomedical applications.®
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AHF is a catalytic stereoselective carbon-carbon bond forming reaction that generates
chiral aldehydes from alkenes, CO and H2.” Several chiral ligands enable this
transformation efficiently.? We previously have reported that the chiral Bisdiazaphos?®
ligand (Figure 3.1) shows remarkable activity, enantio- and regioselectivity in the AHF of
a variety of alkenes under mild conditions.l® The high level of synthetic versatility
accessible at the aldehyde stage makes AHF an attractive disconnection strategy in
organic synthesis. Notable recent syntheses of Patulolide C'', Garner’s aldehyde,*? the
Prelog-Djerassi lactone,*® the macrolide Dictyostatin,'* y-chiral a,B-unsaturated carbonyl

compounds and vinylogous ester oligomers!®> demonstrate the utility of AHF.

Figure 3.1. (S,S,S)-Bisdiazaphos ligand used in AHF

We recently reported the regio- and enantioselective Rh-BisDiazaphos catalyzed AHF of
1,2-disubstituted alkenes, specifically Z-enamides and Z-enol esters'®. AHF of these
substrates generates the corresponding a-functionalized chiral aldehydes with high
conversion (53-100%), regioselectivity (5.7:1 to 99:1 a:), enantioselectivity (84-99% ee)
and functional group compatibility. Ru-catalyzed alkyne hydroamidation!’ and
hydroacyloxylation'® provide catalytic, economical access to Z-enamides and Z-enol

esters, respectively.
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Scheme 3.1. Synthetic strategy for coupling reagent and protecting group free synthesis

of sequence specific oligoesters

We report herein that Rh-BisDiazaphos catalyzed AHF of (Z)-enol esters provides
sequence specific chiral oligo(2-hydroxyacid)s as part of an iterative sequence
comprising enol ester formation, AHF and aldehyde oxidation. This catalytic and atom-
economical approach to oligoester synthesis avoids drawbacks of common methods,
such as in high amounts of waste, tedious separations, and difficult scale-up that result

from coupling reagents and protection / deprotection strategies.

Our synthetic strategy to generate oligo(2-hydroxyacid)s is depicted in Scheme 3.1. The
reaction sequence involves Ru-catalyzed addition of carboxylic acids to alkynes to yield
(2)-enol esters, Rh-BisDiazaphos catalyzed AHF of the (Z)-enol esters to give a-
functionalized chiral aldehydes, and oxidation of the aldehydes to produce new chiral a-

functionalized chiral carboxylic acids. Oligo(2-hydroxyacid)s can be formed via multiple
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iterations of this three-step reaction sequence, with each iteration adding one new
monomer unit. The side chain of each monomer is tailored by choosing from a variety of
readily available alkynes. The stereochemistry of each monomer is determined by the
chirality of the AHF catalyst. All organic starting materials are achiral and readily available.
The methodology is demonstrated for four iterations to generate a tetramer of four unique

monomer units in a single sequence (Scheme 3.2).
3.2. Results and Discussion

The alkyne hydroacyloxylation reaction'® in the presence of 5% Ru(methallyl)2dppb
(dppb = 1,4-Bis(diphenylphosphino)butane) affords, after 16 h at 45 °C in THF, the
corresponding (Z)-enol ester products 1, 4, 7 and 10 (Scheme 3.2) with conversion
greater than 90%, isolated yields between 67-80%, and Z selectivity higher than 90%
(commonly observed by-products are the E isomer and the 1,1-disubstituted alkene
regioisomer). We note that not all alkynes undergo successful hydroacyloxylation;
replacing 3-cyclohexyl propyne with phenylacetylene in step 7 led to less than 10%
formation of the desired Z product. Signals in the 6-8 ppm region of 'H NMR spectrum
suggest alkyne oligomerization as major pathway. Replacing 5-benzoyloxy-1-pentyne in

step 10 with 5-methoxypent-1-yne gave, however, comparable high conversion.

The (Z)-enol esters undergo successful AHF. At 0.3-0.5% Rh(acac)(CO)2 (acac =
acetylacetonate) and 0.36-0.6% (1.2 eq.) of (S,S,S) or (R,R,R)-BisDiazaphos and 150
psig of 1:1 CO/H2 at 65 °C in THF for 12 h, the corresponding a-functionalized chiral
aldehydes 2, 5, 8 and 11 are generated with excellent regioselectivity (>50:1 a:p),

diastereoselectivity (between 16:1 and 25:1) and conversion (95-100%). AHF studies
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performed with both enantiomers of BisDiazaphos in steps 5 and 8 indicate that

stereoinduction is predominantly catalyst controlled.

Oxidation of the aldehydes afforded the corresponding carboxylic acids 3, 6, 9 and 312
in 70% to 95% yield under Pinnick!® oxidation conditions without epimerization. Although
Pinnick oxidation uses stoichiometric reagents, emerging catalytic aldehyde oxidation

methods have the potential to improve the efficiency of this step.?°

Tetramer 12 was obtained in 10% overall isolated yield and 84% diastereomeric purity
after 4 iterations (12 steps total) and was characterized by NMR spectroscopy (*H,
guantitative and non-quantitative 13C, Tocsy1D, Cosy, HSQC, HMBC) and ESI-MS. The
absolute configuration of each stereocenter in the major diastereomer was monitored by
optical rotation after each AHF step. The observed preference for Rh to insert at the Re
face of the alkene when the (S,S,S) enantiomer of BisDiazaphos is used is consistent

with previous observations.%: 10
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Scheme 3.2. Synthesis of a tetramer via the proposed iterative alkyne hydroacyloxylation

/ AHF / oxidation sequence

aConditions: Ru(methallyl)2dppb (5 mol%), carboxylic acid (1 eq.), alkyne (1.5 eq.), THF,
45 °C, 16 - 24 h. Reported yields represent isolated yields. PConditions: Rh(acac)(CO)
(0.3 mol%), (S,S,S)- or (R,R,R) - BisDiazaphos (0.36 mol%), 150 psig 1:1 CO / Hz, 65 °C,
12 h, THF, [enol ester] = 1.5 M. Reported yields represent isolated yields. Regioselectivity
was determined by crude 'H NMR integrations. Enantiomeric excess (for 2) was
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determined by NaBH4 reduction of the aldehyde, followed by chiral HPLC analysis.
Diastereomeric ratios (for 5, 8, 11) were determined by *H NMR and quantitative 13C
integrations of the aldehyde signals. °Conditions: aldehyde (1 eq.), KH2PO4 (4 eq), H20:2
(4.1 eq), NaClO2 (4 eq), CHsCN, H20, 10 °C to room temperature, 3 h. Reported yields
represent isolated yields. 90.5 mol% Rh(acac)(CO)2, 0.6 mol% (S,S,S)-BisDiazaphos.
®Reported yields represent isolated yields. Diastereomeric purity was determined by 13C
integrations of the aldehyde signals. dppb = 1,4-Bis(diphenylphosphino)butane, acac =

acetylacetonate

Hydroacyloxylation / AHF enables novel ligations. For example, connection of tetramer
carboxylic acid 12 to a carboxamide can be effected via a diyne linker.?! This ligation
began with hydroamidation'’2 of one end of 1,7-octadiyne with trifluoroacetamide to
generate the (Z)-enamide 13 (Scheme 3.3).?223 The pendant alkyne of 13 was then joined
to tetramer 12 by hydroacyloxylation to generate the di-unsaturated enol ester/enamide
14. AHF of (Z)-enol ester and the (Z)-enamide functionalities yielded the di-aldehyde 15
with greater than 95% conversion. The two aldehyde groups provide sites for further

transformations.
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Scheme 3.3. Demonstration of coupling between the synthesized tetramer and a
carboxamide using a diyne linker. dcypb = 1,4-bis(dicyclohexylphosphino)butane; [Ru] =

bis(2-methallyl)cycloocta-1,5-diene-ruthenium(ll)

3.3 Conclusions

This work establishes, as a proof-of-concept, that short oligoesters can be synthesized
with sequence-specificity and stereocontrol in the absence of coupling agents or
protection/deprotection steps. The main limitation at this stage is low overall yield, a result
of unoptimized isolation and purification procedures after the Pinnick oxidation and
hydroacyloxylation?* steps. As in the development of chemical syntheses of peptides, it
is likely that growth of oligomers on solid-phase supports?® partially can mitigate these
problems. Improved efficiency of the catalytic hydroacyloxylation and the
enantioselectivity of the AHF also would enable higher yields and diastereomeric purity.
At the current stage of development, the AHF/oxidation/hydroacyloxylation sequence
may be most effective for making fragments for convergent syntheses rather than long,

linear sequences.
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In summary, this paper demonstrates the novel generation of oligo(2-hydroxyacid)s via
iterative AHF / oxidation / alkyne hydroacyloxylation reaction sequence. Significantly this
approach begins with achiral starting materials, avoids coupling reagents, features
sequence specificity and atom economical C—C and C—-O bond forming reactions, with
introduction of all stereocenters by enantioselective catalysis. Key to this sequence is
efficient AHF which provides high stereo (up to 25:1 d.r.) and regiocontrol (>50:1) at low
catalyst loadings (0.3-0.5%) and mild pressures (150 psi CO/Hz). This strategy represents
an attractive method for making 2-hydroxyacid esters. A similar strategy can, in principle,
be applied to the synthesis of peptides and other sequence specific oligomers. However,

a-peptide synthesis via hydroamidation-AHF currently is limited by a lack of atom-efficient

methods for converting a-chiral aldehydes to the corresponding a-chiral carboxamides.
3.4. Experimental section
General

All steps involving enol ester synthesis and AHF were carried out under moisture and
oxygen free conditions using standard Schlenk and glove box techniques. The oxidation
step and all work-up procedures were performed in air. Dry and oxygen-free THF solvent
was collected from a solvent column system that uses activated alumina. Anhydrous DMF
solvent was sparged with N2 and stored in a N2 filled glove box. Acetic acid was distilled
before use. All chemicals were purchased and used without further purification.
BisDiazaphos ligands were prepared as reported in literature®. All alkynes were
degassed by sparging with N2 before use. Reactors were assembled as previously

reported?®.



74

Regiomeric ratios, diastereomeric ratios and conversion were determined by proton H
NMR spectroscopy on crude reaction mixtures. *H chemical shifts are referenced to
tetramethylsilane in CDClz. 13C chemical shifts are referenced to residual solvent peak.
19F chemical shifts are referenced to tetramethylsilane in the proton spectrum using the
unified scale. Splitting patterns in *H NMR spectra are reported as singlet (s), doublet (d),
triplet (t), quartet (g), pentet (p) doublet of doublets (dd), doublet of triplets (dt), triplet of
doublets (td), broad (br) and multiplet (m). Mass spectra were collected using electrospray
ionization or atmospheric solids analysis probe - mass spectrometry (for 13 only), and a
TOF analyzer. Flash column chromatography was performed on Silicycle Siliaflash P60
silica gel 40-63 pm and 230-400 mesh and TLC spots were visualized using a UV lamp
at 254 nm. Absolute configuration of the chiral centers was determined by monitoring
optical rotation at each aldehyde stage for all monomers and by LiAlH4 reduction of the

aldehyde at the monomer and dimer stages.
General procedure for enol ester synthesis'

Ru(methallyl)2dppb (5 mol%) and dry and degassed THF (1.5 mL) were combined in an
oven-dried Schlenk flask equipped with a stir bar inside a N2 glove box. Inside a fume
hood, the carboxylic acid (1 eq, 2 mmol) was added to the reaction flask via syringe as a
solution in dry and degassed THF (0.5 mL), followed by neat alkyne (1.5 eq, 3 mmol).
The solution was immersed in an oil bath and allowed to stir at 45°C for 24 h under Na.
After reaction is complete, the reaction mixture is passed through a pad of silica in a fritted
glass funnel, the silica washed with 20% EtOAc/hexanes (200 mL) and the dark yellow
oil residue is purified via silica gel flash column chromatography with 10% EtOAc/hexanes

as eluent.
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(2)-4-phenylbut-1-en-1-yl acetate (1). All characterization data is in accordance with

previously reported data?®.

(2)-hex-1-en-1-yl (R)-2-acetoxy-5-phenylpentanoate (4). started with 1.47 mmol 3. 80%,
0.37 g colorless oil. *H NMR 20:1 Z/E (500 MHz, Chloroform-d) & 7.28 (m, 2H), 7.22 —
7.15 (m, 3H), 6.97 (dt, J = 6.3, 1.6 Hz, 1H), 5.10 (dd, J = 6.9, 5.7 Hz, 1H), 4.94 (td, J =
7.5, 6.3 Hz, 1H), 2.74 — 2.55 (m, 2H), 2.14 (s, 3H), 2.10 (qd, J = 7.3, 1.4 Hz, 2H), 1.96 —
1.88 (m, 2H), 1.83 — 1.72 (m, 2H), 1.40 — 1.22 (m, 4H), 0.89 (t, J = 7.0 Hz, 3H). 13C NMR
(126 MHz, CDCls) 6 170.4, 167.4, 141.4, 133.6, 128.4, 128.35, 126.0, 115.5, 71.7, 35.2,
31.1, 30.5, 26.8, 24.1, 22.2, 20.6, 13.9. HRMS-(ESI) for C19H2604 [M+NH4]*: calculated
336.2170, found 336.2170

(2)-3-cyclohexylprop-1-en-1-yl (R)-2-(((R)-2-acetoxy-5-phenylpentanoyl)oxy)heptanoate
(7). started with 0.96 mmol 6. 78%, 0.36 g colorless oil, 22:1 Z/E *H NMR (500 MHz,
Chloroform-d) & 7.30 — 7.24 (m, 2H), 7.21 — 7.16 (m, 3H), 6.99 (dt, J = 6.3, 1.5 Hz, 1H),
5.15 (t, J = 6.2 Hz, 1H), 5.07 (dd, J = 8.1, 4.6 Hz, 1H), 4.97 (q, J = 7.5 Hz, 1H), 2.73 —
2.60 (m, 2H), 2.13 (s, 3H), 2.05 — 1.87 (m, 6H), 1.86 — 1.76 (m, 2H), 1.74 — 1.58 (m, 5H),
1.51 — 1.38 (m, 2H), 1.37 — 1.27 (m, 5H), 1.27 — 1.08 (m, 3H), 0.96 — 0.87 (m, 5H). 13C
NMR (126 MHz, CDCI3) & 170.5, 169.8, 167.1, 141.6, 134.1, 128.38, 128.35, 125.9,
114.2,72.4,71.8, 37.7, 35.4, 33.0, 32.98, 32.1, 31.3, 31.0, 30.6, 26.8, 26.5, 26.3, 24.5,
22.4, 20.6, 14.0. HRMS-(ESI) for C29H4206 [M+NHa4]*: calculated 504.3320, found

504.3317

(4R,7R,10S, Z)-10-(2-cyclohexylethyl)-2,5,8,11-tetraoxo-7-pentyl-4-(3-phenylpropyl)-
3,6,9,12-tetraoxaheptadec-13-en-17-yl benzoate (10). The alkyne for step 10 was

synthesized according to a known procedure starting from the alcohol precursor 4-pentyn-
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1-ol. All characterization data is in accordance with previous report?’. Started with 0.36
mmol 9. Purification of 10 via silica gel chromatography using 20% EtOAc/hexanes. 67%,
0.173 g yellow oil, 20:1 Z/E. *H NMR (500 MHz, Chloroform-d) & 8.07 — 7.98 (m, 2H),
7.58 — 7.51 (m, 1H), 7.43 (t, J = 7.8 Hz, 2H), 7.30 — 7.23 (m, 2H), 7.20 — 7.14 (m, 3H),
7.03 (dt, J = 6.3, 1.6 Hz, 1H), 5.18 (t, J = 6.2 Hz, 1H), 5.12 — 5.05 (m, 2H), 5.01 (td, J =
7.4, 6.2 Hz, 1H), 4.34 (t, J = 6.5 Hz, 2H), 2.73 — 2.58 (m, 2H), 2.31 (qd, J = 7.5, 1.6 Hz,
2H), 2.11 (s, 3H), 2.05 — 1.74 (m, 10H), 1.71 — 1.59 (m, 5H), 1.47 — 1.38 (m, 2H), 1.36 —
1.08 (m, 10H), 0.95 — 0.81 (m, 5H). 13C NMR (126 MHz, CDCIz) & 170.4, 169.5, 169.2,
166.7, 166.5, 141.6, 134.4, 132.9, 130.4, 129.6, 128.4, 125.9, 114.0, 72.8, 72.5, 71.8,
64.3, 37.1, 35.4, 33.2, 32.9, 32.5, 31.3, 31.0, 30.6, 28.5, 28.2, 26.9, 26.5, 26.21, 26.18,
24.5, 22.4, 21.2, 20.6, 14.0. HRMS-(ES]I) for Ca2HssO10 [M+NHa]*: calculated 738.4212,

found 738.4214
General procedure for asymmetric hydroformylation.

An oven-dried glass pressure bottle equipped with a stir bar is charged with THF 20 mM
stock solutions of Rh(acac)(CO)2 (0.3% catalyst loading, 150.37 uL) and BisDiazaphos
ligand (0.36%, 180.44 pL) inside an N2 glove box and then attached to a reactor. Inside
a fume hood, the reactor is subjected to three pressurizing (150 psig) - depressurizing
(20 psig) cycles, then pressurized to 150 psig and immersed in an oil bath set to 65 °C.
After at least 30 min of catalyst pre-activation, the reactor is removed from the oil bath,
allowed to cool down for five minutes and depressurized down to 10-20 psig. The alkene
(2.00 mmol) is injected into the reactor as a solution in THF (amount of THF adjusted so
that alkene concentration in the reactor is 0.8 M) via a gas-tight syringe and the reactor

is then pressurized to 150 psig and immersed in the oil bath. Good gas-liquid mixing is
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ensured by vigorous stirring with the stir bar constantly breaking the gas-liquid interface.
After the reaction is complete, the reactor is allowed to cool down for 30 min and then
depressurized. Crude 'H NMR spectra are obtained by adding CDCls directly to the crude
THF solution. Reaction mixture is passed through a pad of silica gel and washed with

20% EtOAc in hexanes (200 mL) to remove residual catalyst.

(R)-(+)-1-ox0-5-phenylpentan-2-yl acetate (2). All characterization data is in accordance
with previously reported data'®. [a]p?® +18.8 (c 1.00, CHCI3). For determination of
absolute configuration: the aldehyde was reduced with LiAlH4 in dry THF at 0°C warming
to room temperature for 24 h total reaction time, followed by slow addition of MeOH, sat
ag. NH4Cl and extraction with ethyl acetate of the resulting 5-Phenyl-1,2-Pentanediol
[a]p®® +0.8 (c 1.00, CHCIls). Lit. [a]o®® —13.6 (c 1.00, CHCls) for (S)-4-Phenyl-1,2-

Butanediol?®

(R)-1-oxoheptan-2-yl (R)-2-acetoxy-5-phenylpentanoate (5). started with 1.17 mmol 4.
92%, 0.38 g colorless oil. *H NMR (500 MHz, Chloroform-d) & 9.45 (s, 1H), 7.28 (t, J =
7.5 Hz, 2H), 7.22 — 7.15 (m, 3H), 5.07 (dd, J = 7.8, 4.9 Hz, 2H), 2.74 — 2.61 (m, 2H), 2.12
(s, 3H), 2.03 — 1.92 (m, 2H), 1.90 — 1.67 (m, 4H), 1.45 — 1.36 (m, 2H), 1.36 — 1.24 (m,
4H), 0.93 — 0.85 (m, 3H). 3C NMR (126 MHz, CDCls) & 197.3, 170.6, 169.9, 141.5,
128.41, 128.40, 126.0, 78.8, 72.0, 35.3, 31.3, 30.7, 28.5, 26.8, 24.4, 22.3, 20.6, 13.9.
HRMS-(ESI) for C20H2805 [M+NHa]*: calculated 366.2275, found 366.2278. [a]p?°® +25.8
(c 1.00, CHCIs). For determination of absolute configuration (R, R): the aldehyde was
reduced with LiAlH4 in dry THF at 0°C warming to room temperature for 30 h total reaction
time, followed by slow addition of MeOH, sat aq. NH4Cl and extraction with ethyl acetate

of the resulting mixture of 5-Phenyl-1,2-Pentanediol and 1,2-heptanediol. Optical rotation
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of this mixture of diols was compared with a prepared mixture of the same two diols of

(R) configuration and known optical rotation value.

(S)-4-cyclohexyl-1-oxobutan-2-yl (R)-2-(((R)-2-acetoxy-5-
phenylpentanoyl)oxy)heptanoate (8). started with 0.5 mmol 7. 84%, 0.217 g colorless
oil. *H NMR H NMR (500 MHz, Chloroform-d) 5 9.48 (s, 1H), 7.27 (dd, J = 8.6, 6.5 Hz,
2H), 7.18 (t, J = 6.9 Hz, 3H), 5.14 (t, J = 6.2 Hz, 1H), 5.07 (dd, J = 8.1, 4.5 Hz, 1H), 4.97
(dd, J = 8.8, 4.5 Hz, 1H), 2.72 — 2.61 (m, 2H), 2.12 (s, 3H), 2.02 — 1.60 (m, 13H), 1.48 —
1.11 (m, 12H), 0.94 — 0.84 (m, 5H). 3C NMR (126 MHz, CDCls) 5 198.0, 170.5, 169.9,
169.6, 141.6, 128.39, 128.38, 126.0, 79.3, 72.7, 71.8, 37.3, 35.3, 33.2, 33.0, 32.3, 31.3,
31.0, 30.5, 26.8, 26.5, 26.3, 26.22, 26.20, 24.5, 22.4, 20.6, 14.0. HRMS-(ESI) for

C30H4407 [M+NHa]*: calculated 534.3425, found 534.3427. [a]p?° +6.6 (c 1.00, CHCI5).

(4R,7R,10S,13S)-10-(2-cyclohexylethyl)-13-formyl-2,5,8,11-tetraoxo-7-pentyl-4-(3-

phenylpropyl)-3,6,9,12-tetraoxaheptadecan-17-yl benzoate (11). 0.5% Rh(acac)(CO),
0.6% (S,S,S)-BisDiazaphos. Started with 0.24 mmol 10. 92%, 0.17 g yellow oil. *H NMR
(500 MHz, Chloroform-d) & 9.45 (s, 1H), 8.08 — 7.98 (m, 2H), 7.54 (dt, J = 7.0, 1.7 Hz,
1H), 7.47 — 7.38 (m, 2H), 7.32 — 7.22 (m, 2H), 7.22 — 7.08 (m, 3H), 5.14 (t, J = 6.3 Hz,
1H), 5.11 — 5.03 (m, 3H), 4.32 (t, J = 6.5 Hz, 2H), 2.71 — 2.59 (m, 2H), 2.11 (s, 3H), 2.02
—1.55 (m, 16H), 1.49 — 1.38 (m, 2H), 1.37 — 1.08 (m, 13H), 0.94 — 0.80 (m, 5H).13C NMR
(126 MHz, CDCl3) 6 197.5, 170.5, 169.6, 169.5, 169.3, 166.5, 141.6, 132.9, 130.3, 129.6,
128.4, 125.9, 78.7, 73.2, 72.6, 71.8, 64.4, 37.2, 35.3, 33.3, 33.0, 32.6, 31.3, 31.0, 30.5,
29.7, 28.6, 28.3, 28.2, 26.9, 26.5, 26.2, 26.2, 24.5, 22.4, 21.5, 20.6, 14.0. HRMS-(ESI)

for C43sHssO11 [M+Na]*: calculated 773.3872, found 773.3870. [a]p?° -2.8 (c 1.00, CHCla).
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General procedure for aldehyde oxidation.

The aldehyde (1 eq, 3.1 mmol), CH3sCN (7.64 mL), H20 (7.43 mL), KH2PO4 (4 eq, 12.4
mmol, 1.67 g) and 30% H202 (4.1 eq, 12.71 mmol, 1.44 g 30% solution) were combined
in a round bottom flask in this order. The reaction flask was cooled to 10°C and NaClO:2
(4 eq, 12.4 mmol, 1.11 g) was added dropwise as a solution in H20 (7.64 mL). The
solution was stirred vigorously for 3 h, while allowing it to warm up to room temperature.
After reaction is complete, sodium sulfite is added for quenching, followed by 1M HCI (20
mL) and the aqueous mixture is extracted with dichloromethane (30 mL x 5). Two
additional extractions of the aqueous mixture with EtOAc were performed after synthesis
of 9 and 12. The organic layers are combined, dried over MgSO4 and solvent removed in
vacuo to afford the carboxylic acid product as a yellow oil. Note: All acetonitrile needs to

be removed before the enol ester formation step to avoid catalyst poisoning.

(R)-2-acetoxy-5-phenylpentanoic acid (3). started with 3.1 mmol 2. 95%, 0.7 g colorless
oil. *H NMR (400 MHz, Chloroform-d) & 7.34 — 7.24 (m, 2H), 7.24 — 7.15 (m, 3H), 5.03
(dd, J=7.1, 5.4 Hz, 1H), 2.66 (dd, J = 8.5, 6.7 Hz, 2H), 2.14 (s, 3H), 1.96 — 1.87 (m, 2H),
1.78 (p, J = 7.3 Hz, 2H). 13C NMR (126 MHz, CDCIlz) 5 176.0, 170.9, 141.5, 128.5, 128.4,
126.1,71.8, 35.3, 30.5, 26.9, 20.6. HRMS-(ESI) for C13H1604 [M-H]": calculated 235.0975,
found 235.0978. Separation by HPLC (supports no epimerization of the chiral center
during oxidation): CHIRALPAK 1A (AD-H), 5% iPrOH/hexanes, 0.5 ml/min, ambient

temperature, 220 nm, tr 8.8 min (minor, (S)), 10.1 min (major, (R))

(R)-2-(((R)-2-acetoxy-5-phenylpentanoyl)oxy)heptanoic acid (6). started with 0.54 mmol
5. 90%, 0.175 g yellow oil. *H NMR (500 MHz, Chloroform-d) & 8.82 (br, 1H), 7.26 (t, J =

7.5 Hz, 2H), 7.22 — 7.14 (m, 3H), 5.16 — 4.96 (m, 2H), 2.67 — 2.60 (m, 2H), 2.12 (s, 3H),



80

2.01 — 1.84 (m, 4H), 1.79 (p, J = 7.3, 6.7 Hz, 2H), 1.48 — 1.40 (m, 2H), 1.34 — 1.27 (m,
4H), 0.90 (t, J = 6.7 Hz, 3H). 13C NMR (126 MHz, CDCls) & 175.4, 170.8, 169.9, 141.6,
128.37, 128.35, 125.9, 72.3, 71.9, 35.3, 31.2, 30.8, 30.5, 26.7, 24.6, 22.3, 20.6, 14.0.

HRMS-(ESI) for C20H2806 [M+NHA4]*: calculated 382.2225, found 382.2224

(S)-2-(((R)-2-(((R)-2-acetoxy-5-phenylpentanoyl)oxy)heptanoyl)oxy)-4-

cyclohexylbutanoic acid (9). started with 0.42 mmol 8. 86%, 0.19 g, colorless oil. *H NMR
(500 MHz, Chloroform-d) & 7.31 — 7.23 (m, 2H), 7.18 (dd, J = 8.2, 6.5 Hz, 3H), 5.17 (t, J
= 6.2 Hz, 1H), 5.06 (ddd, J = 8.3, 5.6, 4.3 Hz, 2H), 2.73 — 2.59 (m, 2H), 2.12 (s, 3H), 2.04
—1.75 (m, 8H), 1.74 — 1.60 (m, 6H), 1.47 — 1.37 (m, 2H), 1.36 — 1.09 (m, 9H), 0.93 — 0.84
(m, 5H). 13C NMR (126 MHz, CDClI3) d 174.9, 170.6, 169.7, 169.2, 141.6, 128.4, 126.0,
72.7,72.6, 71.9, 37.2, 35.3, 33.2, 33.0, 32.5, 31.3, 31.0, 30.6, 28.5, 27.0, 26.5, 26.24,
26.21, 24.5, 22.4, 20.6, 14.0. HRMS-(ESI) for C3oH440s [M+NHa]*: calculated 550.3375,

found 550.3369

(2S,5S,8R,11R)-2-(4-(benzoyloxy)butyl)-5-(2-cyclohexylethyl)-4,7,10,13-tetraoxo-8-

pentyl-11-(3-phenylpropyl)-3,6,9,12-tetraoxatetradecanoic acid (12). started with 0.22
mmol 11. 70% vyield, 120 mg yellow oil. *H NMR (500 MHz, Chloroform-d) & 8.05 — 8.02
(m, 2H), 7.54 (t, J = 7.4 Hz, 1H), 7.43 (t, J = 7.6 Hz, 2H), 7.29 — 7.23 (m, 2H), 7.19 — 7.14
(m, 3H), 5.18 — 5.10 (m, 2H), 5.09 — 5.05 (m, 2H), 4.33 (t, J = 6.4 Hz, 2H), 2.64 (td, J =
9.1, 6.3 Hz, 2H), 2.11 (s, 3H), 2.02 — 1.75 (m, 10H), 1.72 — 1.58 (m, 6H), 1.47 — 1.36 (m,
2H), 1.36 — 1.05 (m, 13H), 0.93 — 0.81 (m, 5H). *C NMR (126 MHz, CDClz) & 173.5,
169.6, 168.6, 168.3, 168.0, 165.6, 140.6, 131.9, 129.2, 128.5, 127.3, 124.9, 71.8, 71.6,

71.1, 70.8, 63.4, 36.1, 34.3, 32.2, 31.9, 31.3, 30.2, 30.0, 29.49, 29.45, 28.7, 27.3, 27.1,
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25.9, 25.5, 25.2, 23.4, 21.3, 20.6, 19.5, 12.9. HRMS-(ESI) for CasHs3012 [M+NHa]*:

calculated 784.4267, found 784.4269

Procedures and characterization data for enamide synthesis and AHF (Scheme

3.3)

(4R,7R,10S,13S)-10-(2-cyclohexylethyl)-2,5,8,11-tetraoxo-7-pentyl-4-(3-phenylpropyl)-
13-((((12,72)-8-(2,2,2-trifluoroacetamido)octa-1,7-dien-1-yl)oxy)carbonyl)-3,6,9,12-
tetraoxaheptadecan-17-yl benzoate (14). Ru(methallyl)2dppb (6 mol%, 6 mg) and 0.5 mL
dry and degassed THF were combined in an oven-dried Schlenk flask equipped with a
stir bar inside a N2 glove box. Inside a fume hood, the tetramer carboxylic acid 12 (1 eq,
120 mg, 0.16 mmol) was added to the reaction flask via syringe as a solution in 0.5 mL
dry and degassed THF, followed by neat alkyne 13 (1.5 eq, 0.0623 mL, 0.24 mmol). The
solution was immersed in an oil bath and allowed to stir at 45°C for 48 h under N2. After
reaction is complete, the reaction mixture is passed through a pad of silica in a fritted
glass funnel, washed with 20% EtOAc in hexanes (450 mL) and solvent removed in
vacuo. The yellow oil residue is purified via silica gel flash column chromatography with
20% EtOAc/hexanes as eluent to give the product as a viscous yellow oil in 34% vyield (54
mg) in 7:1 Z/E ratio. *H NMR *H NMR (500 MHz, Chloroform-d) & 8.07 — 7.95 (m, 2H),
7.56 (td, J = 7.4, 1.6 Hz, 1H), 7.44 (t, J = 7.7 Hz, 2H), 7.31 — 7.23 (m, 2H), 7.18 (dd, J =
7.9, 6.1 Hz, 3H), 6.95 (dd, J = 6.4, 1.7 Hz, 1H), 6.63 (t, J = 10.8, 8.9 Hz, 1H), 5.19 — 5.11
(m, 1H), 5.11 — 4.99 (m, 4H), 4.92 (q, J = 7.2 Hz, 1H), 4.36 — 4.29 (m, 2H), 2.72 — 2.52
(m, 2H), 2.11 (s, 3H), 2.08 — 1.74 (m, 15H), 1.73 — 1.55 (m, 8H), 1.48 — 1.36 (m, 6H), 1.35
—1.08 (m, 10H), 0.95 — 0.82 (m, 5H). 13C NMR (126 MHz, CDCl3) & 170.5, 169.6, 169.3,

169.1, 167.8, 166.7, 166.6, 154.5, 141.6, 134.0, 133.0, 132.97, 130.2, 129.5, 128.4,
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128.35, 125.9, 118.8, 117.0, 115.2, 72.8, 72.6, 72.2, 71.8, 64.4, 37.2, 35.3, 33.3, 32.9,
32.5,31.3, 31.0, 30.54, 30.46, 28.44, 28.42, 28.1, 27.0, 26.5, 26.2, 25.5, 24.5, 24.1, 22 .4,
21.5, 20.6, 14.00. HRMS-(ESI) for CssH70F3NO13 [M+NH4]*: calculated 1003.5138, found

1003.5144
(2)-2,2,2-trifluoro-N-(oct-1-en-7-yn-1-yl)acetamide (13).

synthesized according to a modified known procedure!’@: In an oven-dried 50 mL Schlenk
flask equipped with a magnetic stir bar inside a nitrogen-filed glovebox, bis(2-
methallyl)(COD)ruthenium(ll) (5%, 240 mg), 1,4-bis(dicyclohexylphosphino)butane (6%,
405 mg), ytterbium triflate (4%, 372 mg), and trifluoroacetamide (1 eq., 15 mmol, 1.7 g)
were combined, and anhydrous DMF (22 mL) was added. In a fume hood on a Schlenk
line, degassed 1,7-octadiyne (2 eg., 30.0 mmol, 4.1mL) was added via syringe, followed
by degassed H20 (1.62 mL). The dark red solution was stirred for 24 h at 60 °C in an oil
bath. The mixture was then then poured into saturated aqueous sodium bicarbonate
solution (100 mL). This mixture was extracted with ethyl acetate (3x50 mL), the combined
organic layers were washed with water (5x50 mL) and brine (1x50 mL), dried over
magnesium sulfate, filtered, and the volatiles were removed in vacuo. The dark brown oil
was purified twice by flash column chromatography on silica gel with 10% EtOAc in
hexanes for the first column and 5% EtOAc in hexanes for the second column. The
product was obtained as a bright yellow oil in 20% vyield, 0.53 g. 'H NMR (400 MHz,
Chloroform-d) 6 7.62 (s, 1H), 6.66 (dd, J = 10.8, 9.0 Hz, 1H), 5.08 (g, J = 7.9 Hz, 1H),
2.26 —2.19 (m, 2H), 2.15 — 2.04 (m, 2H), 1.97 (t, J = 2.7 Hz, 1H), 1.59 (h, J = 3.6, 2.8 Hz,

4H). 13C NMR (126 MHz, CDCl3) & 154.1, 118.9, 116.8, 114.6, 84.0, 68.8, 28.0, 27.6,
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25.3, 18.2. F NMR (377 MHz, CDCI3) & -75.66. HRMS-(ASAP-MS) for CioH12F3NO

[M+H]*: calculated 220.0944, found 220.0944

(4R,7R,10S,13S)-10-(2-cyclohexylethyl)-13-((((2S)-1,10-diox0-9-(2,2,2-
trifluoroacetamido)decan-2-yl)oxy)carbonyl)-2,5,8,11-tetraoxo-7-pentyl-4-(3-

phenylpropyl)-3,6,9,12-tetraoxaheptadecan-17-yl benzoate (15).

Procedure modified from the general hydroformylation procedure due to the small amount
of sample: Two oven-dried glass pressure bottles each equipped with a stir bar and two
reactors are brought into a N2 filled glovebox. One pressure bottle is charged with THF
100 mM stock solution of Rh(acac)(CO)2 (25.35 pL stock solution, 5% catalyst loading)
and 20 mM stock solution of (S,S,S)-BisDiazaphos (152.11 L stock solution, 6 % ligand
loading) and then attached to a reactor. The second pressure bottle is charged with the
viscous enol ester/enamide substrate (50 mg) as a mixture in 0.5 mL dry THF. After all
the THF is removed (under vacuo inside the glove box), the pressure bottle is attached
to a reactor. Inside a fume hood, the reactor containing the catalyst mixture is subjected
to three pressurizing (150 psig) - depressurizing (20 psig) cycles, then pressurized to 150
psig and immersed in an oil bath set to 65 °C. After 30 min of catalyst pre-activation, the
reactor is removed from the oil bath, allowed to cool down for five minutes and
depressurized down to 10-20 psig. The catalyst solution is then transferred to the second
reactor containing the substrate using a syringe. The reactor containing now the substrate
and the catalyst solution is then pressurized to 150 psig and immersed in the oil bath.
Good gas-liquid mixing is ensured by vigorous stirring with the stir bar constantly breaking
the gas-liquid interface. After 3 h at 65 °C, the reactor is allowed to cool down for 30 min

and then depressurized. Crude 'H NMR spectra are obtained by adding CDClIz directly to
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the crude THF solution. Reaction mixture is passed through a pad of silica gel and washed
with 20% EtOAc in hexanes to remove residual catalyst. Recovered after silica pad: 30
mg combined weight, yellow oil, higher than 95% conversion of the starting material to a
di-aldehyde (determined by 'H and '3C NMR). Due to the small amount of sample, 15
could not be isolated and its diastereomeric purity could not be unambiguously
determined. *H NMR (500 MHz, Chloroform-d) & 9.58 (s, 1H), 9.46 (s, 1H), 8.04 (d, J =
7.5 Hz, 2H), 7.55 (t, J = 7.5 Hz, 1H), 7.44 (t, J = 7.7 Hz, 2H), 7.27 (t, J = 7.6 Hz, 2H), 7.17
(d, J = 7.5 Hz, 3H), 5.19 — 4.98 (m, 5H), 4.64 — 4.53 (m, 1H), 4.38 — 4.30 (m, 2H), 2.73 —
2.58 (m, 2H), 2.11 (s, 3H), 2.09 — 1.57 (m, 20H), 1.52 — 1.07 (m, 20H), 0.93 — 0.81 (m,
8H). 3C NMR (126 MHz, CDClI3) 6 196.0, 195.6, 169.5, 168.6, 168.3, 168.2, 168.0, 156.3,
140.6, 131.9,129.2, 128.5, 127.3,124.9,115.8, 77.7,71.8, 71.53, 71.48, 70.8, 63.5, 57.9,
36.1, 34.3, 32.3, 31.9, 31.5, 30.6, 30.2, 30.0, 29.5, 27.7, 27.5, 27.4, 27.3, 27.2, 27.1, 25.9,
25.5, 25.2, 25.17, 23.6, 23.5, 21.6, 21.4, 20.6, 19.5, 12.9. HRMS-(ESI) for CssH74F3NO1s

[M+NHa4]*: calculated 1063.5349, found 1063.5334
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4.1. Introduction

Stereoselective synthesis of tetrasubstituted stereogenic centers remains a formidable
challenge in organic synthesis, despite their prevalence in numerous drug candidates and
natural products. Tetrasubstituted aldehydes are attractive synthetic intermediates due to
the versatility of the aldehyde functionality. Existing stereoselective methods to generate
enantioenriched a-tetrasubstituted aldehydes include organocatalytic methods?, chiral
auxiliary-controlled? or Pd-catalyzed asymmetric alkylations3, reactions of prochiral enol
derivatives* or stereocontrolled cycloadditions®. These methods generally suffer from
limited scope, lack of predictability or cost-efficiency. An alternative strategy for
generating enantioenriched a-tetrasubstituted aldehydes is branched selective

asymmetric hydroformylation (AHF) of 1,1’-disubstituted alkenes (Figure 4.1).

. OHC
Rh/Ligand Me, CHO

S L
R™ R co/H, R™ R

_—
R™ R

branched (b) linear (1)

Figure 4.1 AHF of 1,1'-disubstituted alkenes

Hydroformylation is a long-standing commodity process in the synthesis of linear
aldehydes from alkenes, carbon monoxide and dihydrogen®. Unlike linear
hydroformylation, AHF is underdeveloped in the synthesis of branched, chiral aldehydes,
which serve as useful synthons in the production of pharmaceuticals and fine chemicals.

Effective AHF has been demonstrated for various monosubstituted’, and to a lesser
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extent, disubstituted alkenes®. Notable chiral ligand systems for selective alkene AHF
include BisDiazaphos® (L1), Ph-BPE (L2), Chiraphos (L3), DIOP (L4), BINAP (L5), P-

chirogenic ligands such as QuinoxP* (L6), among others (Figure 4.3)°,

Gladiali 1990
1% HRh(CO)(PPhj)s
4% (R,R)-DIOP

MeOOC™ 'NHAc co/H, (1:10), 1450 psi

60 °C,70h

Alper 1995

1% [Rh(1,5-hd)(phen)ICI
15% (R)-BINAP

&To

CO/H, (1:1), 600 psi

Me_ .CHO

XX

MeOOC NHAc

>90% yield, 47% ee

Me_ .CHO

{To

100 °C, 144 h .
56% yield, 36% ee

Buchwald 2013
1% Rh(CO),acac

JL 2.5% (R,R)-QuinoxP* MexCHO
FsC~ “OAc _ FsC” "OAc
CO/H, (1:1), 145 psi
85°C,8h 46 % yield (2 steps), 91% ee
Breit 2014
1% Rh(CO),acac Me. CHO
5% (R,R)-Ph-BPE cl
FsC “ FsC
CO/H, (1:1), 580 psi
90 °C, 24 h
Cl Cl

80 % yield, 59% ee

Figure 4.2 Previous examples of AHF of 1,1'-disubstituted alkenes

Despite the large volume of literature on enantioselective hydroformylation, there are only
four examples where a 1,1’-disubstituted alkene undergoes stereoselective branched
hydroformylationt!. AHF of 1,1’-alkenes is generally slow compared to mono- or 1,2-

disubstituted alkenes and generally favors linear selectivity (according to Keuleman'’s
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rule). Examples of branched selective AHF of 1,1’-alkenes are scarce. Gladiali'?, Alper'3
and Breit!* reported AHF of N-acylamino acrylate, a-methylene-y-butyrolactone and 1,3-
dichloro-5-(3,3,3-trifluoroprop-1-en-2-yl)benzene respectively (Figure 4.2). These
reactions proceeded with high branched selectivity, but they required high pressures and
displayed modest enantioselectivities. In addition, significant amount of alkene
hydrogenation was reported as a common side reaction, especially in the case of acrylate
derivatives. Buchwald?®, and more recently Zhang?®, reached high enantioselectivity (up
to 91% ee) with 1-(trifluoromethyl)-ethenyl acetate at mild conditions. Herein, we report
highly selective and practical AHF of various 1,1’-disubstituted alkenes to generate

enantioenriched a-tetrasubstituted aldehydes.

o] .00 .
ﬁ;N pQP)\Nj:j Ph Pf ) PPh,
N M
00 % 00 P Ph :
Ph y\© Ph PPh
g 2
}—NH HN— “

(S,S,S)-BisDiazaphos L1 (S,S)-Ph-BPE L2 (S,S)-Chiraphos L3

Ph,P— PPh OO Me
2 /,/——(\ 2 PPh2 ©:N\:[P'//t8u
o><o PPh, NG Py Me

tBu

(S,S)-DIOP L4 (R)-BINAP L5 (R,R)-QuinoxP* L6

Figure 4.3 Chiral ligands for AHF
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Based on previous AHF results, alkenes bearing electron withdrawing groups through the
sigma framework, such as enol esters, enamides, vinyl arenes, vinyl fluorides or
acrylates, tend to favor the branched regioisomer in AHF and override the general steric
preference for the linear regioisomer. We hypothesized that a similar strategy could lead

to branched selective AHF of 1,1’-disubstituted alkenes.

4.2. Results and discussion

Initial studies focused on methyl 2-fluoroacrylate 1, a commercially available alkene that
is expected to favor branched selectivity due to its electron withdrawing substituents. In
order to investigate the effect of ligand structure on hydroformylation, ligands L1 through
L6 were investigated in the AHF of 1 in the presence of Rh(CO).acac precursor at 400
psi CO/Hz (7:1), at 60 °C (Table 4.1). A gas mixture rich in CO was used in order to
minimize competing alkene hydrogenation. Under these conditions, L1 and L2 displayed
the highest regio and enantioselectivity, with L1 giving the fastest rates. L4 and L6
afforded high branch selectivity, but modest enantioselectivity, while L3 and L5 showed
no appreciable conversion of starting material. Given these results, only L1 and L2

ligands were used for the remaining of our studies.
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Table 4.1. Ligand screening in the AHF of Methyl 2-fluoroacrylate
1% Rh(CO),acac OHC

JL 1.5% Ligand MeXCHO j\ J\
N + +
MeOOC™ F co/H,, 400 psi (7:1) MeOOC™ °F MeOOC™ “F MeOOC™ “F
Tol-d8, 60 °C, 3 h

1 1b 11 1h
% conversion®
Entry Ligand % ee (1b)°
1b 1l 1lh
1.2 L1 96 <1l 3 85
2.2 L2 55 <1l 5 84
3. L3 <1 0 0 -
4, L4 55 <1l 1 40
5. L5 <1 0 0 -
6. L6 18 <1l <1l 71

a THF as solvent P determined via *H NMR of crude mixture ¢ determined via chiral GC of

crude mixture

The effect of CO/Hz ratios and temperature on AHF of methyl 2-fluoroacrylate were
examined in Table 4.2. Higher CO patrtial pressures (entry 1 versus entry 2) and lower
temperatures (entry 3) lead to higher hydroformylation to hydrogenation ratios. A slight
increase in enantioselectivity is observed at lower temperatures (Table 4.2). Results
obtained at milder pressures, such as 150 psi (entry 1), reveal very little erosion of

selectivity compared to higher pressures. Hence, the rest of our studies are conducted at



96

150 psi. Under these conditions, the reactions could be conducted in glass pressure

bottles, a more practical and less expensive alternative to Parr bomb reactors.

The a-fluoroaldehyde generated via AHF of methyl 2-fluoroacrylate has high synthetic
value, for example as precursor to p-fluoroamines, which are common motifs in drug
candidates!’. Synthesis of fluorinated tetrasubstituted aldehydes is challenging. The
most recent advances rely on stereoselective organocatalytic fluorination methods, but
these strategies lack practicality due to limited scope and expensive catalysts and

fluorinating agents*®. AHF would provide a highly selective and efficient route to these

challenging motifs from commercially available starting materials.

Table 4.2. CO pressure and temperature effect in the AHF of methyl 2-fluoroacrylate

1% Rh(CO),acac OHC
| 1zwes . Me .CHO ]\ . Iy
MeOOC™ “F  copm,, THF, 2n  MeOOC F MeOOC” “F MeOOC~ “F
1 1b 11 1h
Entry PCO (psi) P2 (psi) Temp 1b : 1h? | % ee (1b)®
1. 100 50 60 °C 13:1¢ 85
2. 300 50 60 °C 32:1 85
3. 300 50 40 °C >40:1 89

adetermined via 'H NMR of crude reaction mixture Pdetermined via GC analysis of crude
reaction mixture ¢77% conversion of starting material ¢ % ee of hydrogenated product is
>90%
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Other a-substituted acrylates, many of these commercially available, have been
investigated in AHF. While a-substituted aldehydes, especially B-dicarbonyls, are
generally susceptible to racemization, tetrasubstituted aldehydes are non-enolizable.

This advantage expands the synthetic potential of the aldehyde products.

The acrylates 1-8 were tested in the presence of both (S,S,S)-BisDiazaphos (L1) and
(S,S)-Ph-BPE (L2). Entries 2 and 3 proceed with excellent branched selectivity in just 2
h in the presence of Rh/L1 displaying 73% and 16% ee respectively. Results with Rh/L2
are modest. The substrate scope is not limited to alkenes bearing two electron
withdrawing groups. Hydroformylation of the less electronically activated methyl
methacrylate!® (entry 4) and a-methylene-y-butyrolactone 5 (entry 5) proceeds with
excellent regioselectivity in the presence of Rh/Ph-BPE. Unlike Alper’s previous report,
where only 36% ee was achieved in the AHF of 5, the Rh/Ph-BPE catalyst system affords
the highest reported enantioselectivity to date for this alkene, 95% ee, also at milder
conditions. AHF of phenyl acrylate (entry 6) proceeds predominantly with branch
selectivity in the presence of Rh/L1 (60% conversion to branched aldehyde after 24 h),
but with poor enantiocontrol (13% ee). Rh/L2 gives predominantly hydrogenation under
the same conditions. The methoxy acrylate in entry 7 proceeds with excellent branched
selectivity and enantioselectivity (90% ee with both ligands), both only 79% and 55% of

starting material reacted after 72 h in the presence of L1 and L2 respectively.

Other electron deficient alkenes afford branch selective AHF (Table 4.4). AHF of 1-
(trifluoromethyl)ethenyl acetate, thoroughly investigated by Buchwald previously®®,
affords high selectivity with both Rh/L1 and L2 (entry 1). AHF of 1-Cyanovinyl Acetate

(entry 2) proceeds with excellent branched selectivity (95% conversion to branched
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aldehyde, 61% ee) in just 2 h in the presence of Rh/L1. AHF of a-Methylene-B-lactam
(entry 3) in the presence of either L1 or L2 selectively forms the quaternary aldehyde and
shows remarkably fast rates (full conversion after 2 h), albeit L2 promoted better

enantiocontrol than L1 (71 vs 40% ee, respectively).

Some of these alkenes show remarkably fast rates with full conversion of starting material
after 2 hours (i.e. 1, 2 and 3), while the rest required 24 h or longer times for satisfactory
conversion at 1% catalyst loading, 60 °C. Interestingly, some of the rates obtained with
1,1’-alkenes (up to 50 turnovers/hour) surpass the ones examined previously for 1,2-
disubstituted enol esters and enamides (up to 17 turnovers/hour) under the same

conditions (see chapter 2).

Table 4.3. AHF of a-unsaturated esters

1% Rh(CO),acac OHC

J\ 1.2% Ligand MeXCHo . j\ J\
R \\ +
MeOOC R CO/H,, 150 psi (4:1) MeOOC R MeOOC R MeOOC R

1.6 Min THF

1-8 1-8 b 1-81 1-8 h
. %conversion?
Time % ee
Entr Alkene L
y (h) b | h (b)°
(0]
1 ﬁ)J\F L1 5 90 (72) <1 3 85
’ OMe L2 12 <1 9 85
1
(0]
5 Oﬁ)LO)K L1 5 >98 (86) <1 <1 73
. f
OMe L2 47 <1 20 76
2
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0
3 Oﬁ)LOJ\Ph L1 5 >99 (80) | <1 <1 16
' OMe L2 31 <1 10 0
3
o f
L1 60 16 <1
4. OMe L2 24 | g7i(74) | 2 3 na
4
50 O% L1 04 39° 15 <1 25
' 5 L2 93 (78) 2 5 95
5
O f
6 L1 | 651 | 14 21 13
' OMe L2 15 1 80 nd
6
O f
. ﬁ)LOMe L1 2o | 73(61) 5 <1 90
) OMe L2 53f 1 <1 89
:
o\\‘)t
8. T CFs L1 2 43 <1 66 15
e
8

2 determined via crude *H NMR versus mesitylene Pisolated yield in parenthesis after 2
steps (AHF, followed by Wittig olefination) € determined via GC analysis of crude mixture
or by 'H NMR after diastereomeric imine formation with a chiral amine 9350 psi CO / 50
psi Hz € remaining mass balance is isomerization of the starting material to a

trisubstituted alkene fremaining mass balance is unreacted starting material %9at 40 °C

Results vary widely across different substrates, but a general trend is that very electron
deficient alkenes with small substituents lead to best rates, regio and enantioselectivities.
In addition, comparing relative rates for entries 4 and 5 in Table 4.3, as well as entry 3 in
Table 4.4, it is worth noting that strained cyclic alkenes tend to be good candidates for

AHF. Furthermore, overall, ligand L1 is faster than L2, although L2 shows better
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selectivity for alkyl substituted acrylates, such as methyl methacrylate (entry 4) and alpha-

methylene-gamma-butyrolactone (entry 5).

Table 4.4. AHF of other 1,1’-disubstituted alkenes

1% Rh(CO),acac

, OHC
JL 1.2% Ligand Me  CHO j\ . J\
R R CO/H,, 150 psi (4:1) R~ "R R "R R R

1.6 M in THF
9-11 9-11 b 9-11 | 9-11 h
i %conversion? 0
Entry Alkene L T(lhm)e bp | h /(Ob()ace
JL L1 839 (71) 1 3 85
1. AcO” “CF, L2 24 g7d 1 <1 92
9
JL L1 95 (77) 0 5 61
2. AcO” “CN L2 2 5 0 5 nd
10
R
L1 08 1 1 40
3. o L2 2 98 < | 1 71
11

adetermined via 'H NMR versus mesitylene ? isolated yield in parenthesis after 2 steps
(AHF, followed by Wittig olefination)® % ee determined via chiral GC of crude mixture

dremaining mass balance is unreacted starting material

A difficulty associated with AHF of alkenes 1-10 is that the aldehyde products are unstable
to common purification methods, such as silica gel chromatography or distillation.

Therefore, the crude aldehydes 1-10b were reacted with an vylide,
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(ethoxycarbonylmethyltriphenylphosphonium bromide, and the corresponding Wittig

olefination products 1-10w (see Sl) were isolated in 51 to 86% yield after two steps.

In some cases, it is not unusual for enantioselectivity to be improved at lower
temperatures (Table 4.5). Lowering the temperature from 60 to 40 °C, enantioselectivity
improves from 73% (Table 4.3, entry 2) to 85% ee (Table 4.5, entry 1) for a-acetoxy
acrylate 2 and from 71% (Table 4.4, entry 3) to 83% ee (Table 4.5, entry 2) for a-

methylene-B-lactam 11, while maintaining useful rates.

Table 4.5. Improved enantioselectivity at lower temperature

Rh(CO),acac

Licand OHC
JL igan MeXCHO . j\ . )\
R™ R"  CO/H,, 150 psi (4:1) R "R R~ R R OR
40 °C
2,11 2,11b 2,111 2,1 h
0, i a
Entry Alkene L Ca_t Time oeonversion % ee
Loading (h) b | h (b)P
kao
1, AcO L1 1% 14 96 0 4 85
OMe
2
Dad
2. N L2 0.5% 2 26°¢ <1 0 83
Ph
11

adetermined via crude *H NMR P % ee determined via chiral GC of crude mixture °the rest

is unreacted starting material

Not all investigated 1,1-alkenes proceeded with good branch selectivity (Table 4.6). AHF

of N-acylamino acrylate 12 (entry 1) favors the branched aldehyde, but the starting
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material undergoes competing polymerization. Entries 2 and 3 reveal how small structural
changes can lead to reversal of selectivity. While 2-phenyl-acrylic acid methyl ester 6
afforded predominantly the branched aldehyde, the addition of a methyl (13, entry 2) or
trifluoromethyl (14, entry 3) in the ortho position affords the linear aldehyde only. Entry 4
did not undergo productive hydroformylation. Unlike other a-substituted enol esters, such
as 2, 9 and 10, which show high branched selectivity in AHF, 1-acetoxy-1-phenylethene
15 afforded less than 5% branched aldehyde. The crude mixture revealed loss of acetic
acid accompanied by the branched and linear AHF products of styrene via a possible -
acetoxy elimination pathway. Entry 5 proceeds with linear selectivity. Replacing the
acrylate functionality with an enone (17, entry 6) proved unsuccessful in AHF.

Hydrogenation was the only reaction observed.
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Table 4.6. Substrates that do not yield tetrasubstituted aldehydes

1% Rh(CO),acac
J\ 1% L1 Me_ .CHO OHCJ\
R™ 'R"  CO/H,, 150 psi, 24 h, THF R” "R R "R R7 R
1217 1217 b 12171 1217 h
%conversion? %conversion?
Entry Alkene Entry Alkene
b I h b I h
1. MeOOCJ\NHAc 28 | 3 | 20 | a OAc | s | <1 | o
12
15
2. ©£LCOOM9 o | 10| 2 5. Chs | o0 | 20| o
13 16
COOMe o
3. dL 0 | 10 | <1 | &b ﬁ)LOAC o | o | 27
CFs Ph
14 17

adetermined via 'H NMR crude mixture °the rest of mass balance is unreacted starting
material ¢ AHF in toluene-d8, 20 h; This compound is unreactive in the presence of (S,S)-

Ph-BPE at 300 psi 5:1 CO/Hz, 19 h, <1% conversion of starting material

6% Rh(CO),acac OHC
6.6% L1
° 84% conversion
NHAC - CO/H,, 150 psi (1:1) NHAC  >50:1 regioselectivity
80°C, 16 h, THF 82% ee
18 18l

Dissertation, Leigh Abrams

Scheme 4.1. Linear selective AHF of N-(1-phenylvinyl) acetamide



104

Although branched selectivity is not always favored, the alternative linear selective
pathway could also lead to useful products. For example, AHF of N-(1-phenylvinyl)
acetamide 18 (Scheme 4.1) affords the linear aldehyde 18I with 84% conversion and 82%
ee. Although no tetrasubstituted aldehyde was detected, these results suggest that an
alternative linear AHF pathway to generate aldehydes with 3-chirality could be generated
effectively with proper optimization. The aldehyde 18l is valuable as precursor to

enantioenriched B3-amino acids, such as N-acetyl-B-phenylalanine.

Table 4.7. Attempts to form tetrasubstituted aldehydes via AHF of trisubstituted alkenes

R 1% Rh(CO),acac R"
E\ 1% L1 S(CHO +OHCIR . Rj\
R~ R 150 psiCO/Mp, 4:1.60 °C, 24 h, THF /g R ROR
b [ h
Trisubstituted %conversion?
Entry
Alkene b I h
o |
1. OAc <1 0 0
OMe
19
Br
2 Aol <1 0 0
(0]
20
0
3.5 /[léo 0 0 >99
o)
21

2determined via 'H NMR crude mixture; the rest of mass balance is unreacted starting
material °300 psi 5:1 CO/H2
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One of the limitations in the AHF of 1,1-disubstituted alkenes is that the products are
limited to a methyl group. Given the fast AHF rates of some 1,1’-disubstituted alkenes,
such as 1 and 2, it seemed possible that tetrasubstituted aldehydes could form via AHF
of electronically activated trisubstituted alkenes under the same conditions. Attempts to
form tetrasubstituted aldehydes were unsuccessful (Table 4.7). Entries 1 and 2 showed
no appreciable conversion of starting material, whereas entry 3 formed solely the
hydrogenation product. The observed hydrogenation product in entry 3 suggests that
alkene insertion occurs, but CO migratory insertion does not proceed competitively with
hydrogenation. In general, formation of hydroformylation versus hydrogenation product
might be controlled by the rate of CO migratory insertion. Therefore, we looked at catalyst

speciation of preformed Rh(H)(CO)z(L) catalyst under noncatalytic conditions using NMR.

4.3. Catalyst Speciation via Low Temperature NMR

Alkene hydrogenation is present as a side reaction in the AHF of 1,1’-alkenes. The
presence of the hydrogenated alkene side-product suggests a relatively slow CO
migratory insertion step, that leads to competitive trapping by Hz of a rhodium alkyl
intermediate (Figure 4.4). Such a scenario suggests that this competition would allow the
alkyl intermediate to accumulate in high enough concentration to be detected by NMR, in

the absence of hydrogen.
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Figure 4.4. Mechanistic model for the observed alkene hydrogenation during the

branched hydroformylation pathway

Monitoring the reaction between preformed [Rh(H)(CO)2(L7)] 22 and 10 equiv 1 by
31P{H} in the absence of Hz, at 0 °C, 1 atm CO, with passive gas-liquid mixing in a
standard NMR tube, revealed 22 being consumed and replaced by two major species
with two distinct P resonances each (Figure 4.5)?°. The NMR metrics are dd at 71 ppm
(X3 p-rh = 80 Hz, 2J p.p = 21 Hz) and ddd at 60 ppm (1Jp-rh = 167 Hz, 2Jpp = 21 Hz,*Jp-F =
12 Hz) for one species and ddd at 75 ppm (}J p-rnh = 81 Hz, 2] p-p = 11 Hz, 4Jp-r = 36 Hz)
and ddd at 43 ppm (}Jp-rh = 143 Hz, 2Jpp = 11 Hz, 4Jp-F = 29 Hz) for the second species.
The resonances at 71 and 60 ppm were assigned as rhodium branched acyl species
23acyl and the resonances at 75 and 43 ppm as rhodium branched alkyl species 23aikyi.

The larger 3P chemical shift difference between the downfield and upfield resonances in
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the case of 23aikyl is consistent with a stronger trans difference for an alkyl versus an acyl.
The Jprn values of 80 and 143 Hz for the alkyl and 81 and 167 Hz for the acyl,
respectively are consistent with both intermediates being five-coordinate trigonal
bipyramidal complexes. 1°F, 1°F{*H} and °F{3!P} NMR experiments distinguish between
branched and linear isomers. The presence of a quartet, 3Jr-1= 21 Hz and 23 Hz for acyl
and alkyl respectively, is consistent with branched complexes, and not linear. In addition
to these two species, minor resonances are visible at 74 and 42 ppm, both ddd, slightly
upfield from 23aiyi resonances. The resemblance in chemical shift and coupling constants

to 23akyl made us assign this minor species as the diastereomer of 23aikyi.
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Figure 4.5. 3'P{*H} monitoring the reaction between [Rh(H)(CO)2z(rac-L7)] 22 with methyl

2-fluoroacrylate 1 (10 equiv.) at 0 °C, under 1 atm CO, CD2Cl2. Spectra every 3.5 min

Under realistic AHF conditions, L7 is slower than L1, but both ligands display similar
selectivity (1% Rh/L7, CO/H2 150 psi 1:1, 40 °C, 3 h, [methyl 2-fluoroacrylate] = 1.4 M in
CH2Cl2: 17% conversion of starting material, >50:1 branch to linear, 11:1 AHF to

hydrogenation)

The reaction progress in Figure 4.5 shows 22 being consumed and replaced by the alkyl
intermediate 23aikyi, Which then slowly converts into the acyl 23acyi. Complete conversion
does not occur. As the reaction progresses and the acyl intermediate is formed, CO is
being consumed. While the exact concentration of CO in solution is unknown, we
anticipate the reaction would not go to completion. As CO is being depleted, the 3'P alkyl
resonances become broader as the reaction progresses at 0°C. When reaction is cooled
down to -30 °C, the alkyl and the minor peak, assigned as the other diastereomer, are
clearly distinguished in approximately 3:1 ratio (Figure 4.6). Bubbling with CO at -30 °C
leads to sharp peaks (Figure 4.6), suggesting that the observed broadness is facilitated
by decrease of CO concentration in solution as the reaction progresses. The peak
broadening could be consistent with CO loss from a five-coordinate alkyl dicarbonyl
species to form a four-coordinate alkyl monocarbonyl species as the available CO in
solution is depleted. After more CO is added, reaction progress while temperature is
raised from -30 °C to room temperature reveals that the major alkyl diastereomer gets

converted into the acyl faster than the minor diastereomer.(Figure 4.7).
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Figure 4.6 3'P{*H} of 23akyl (43 and 75 ppm) and 23acyi (60 and 71 ppm); bottom
spectrum: at -30 °C, before bubbling with CO; upper spectrum: at -30 °C, after bubbling
with CO
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Figure 4.7 3'P{*H} monitoring the reaction between [Rh(H)(CO)2z(rac-L7)] 22 (83 ppm, 20
mM) with 1 (10 equiv.) while temperature increases from -30°C to room temperature.

Spectra every 3.5 min

The two alkyl and acyl intermediates presented herein are the first tertiary alkyl and acyl
examples to be directly observed by NMR during hydroformylation of a 1,1’-alkene. Our
group has previously reported the detection of intermediates by NMR for several
monosubstituted alkenes?°. In that report, acyl species were most commonly observed,
while the interception of alkyl species was rare. A few alkyl species could be detected in
small amounts under special circumstances, such as low CO concentration or 1-allyl
stabilization (the latter in the case of butadiene). The tertiary alkyl observed during
hydroformylation of methyl 2-fluoroacrylate is not only visible in appreciable amount, but
its presence persists, suggesting a slow conversion of the alkyl into the acyl that would

allow alkene hydrogenation to become competitive.

4.4. Deuterioformylation of a linear selective alkene

Analysis of the product mixture in the AHF of 2-(2-methylphenyl)-acrylic acid methyl ester
13 reveals exclusive conversion of the starting material to the linear aldehyde 13I. No
branched aldehyde is detected under these reaction conditions. We can envision two
general scenarios: one where only the linear rhodium-alkyl intermediate forms which goes
on to form the observed linear aldehyde, and a second scenario where both linear and
branched alkyl intermediates are formed, but only the linear one can go on to form the

aldehyde, while the branched alkyl undergoes only beta-hydride elimination.
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Deuterioformylation of 13 is used to probe the reversibility of the branched alkyl
intermediate. This technique has been used before to probe reversibility of intermediates
for 1,1-diphenylethene??, as well as other monosubstituted examples??. Incorporation of
deuterium into unconverted substrate at the terminal vinyl position indicates reversible
formation of the branched alkyl intermediate. Analysis of the crude deuterioformylation
mixture at partial substrate conversion (3%) reveals two major products: the expected
deuterated linear aldehyde, and the deuterated alkene, in an approximate ratio of 1.2:1.
This suggests that the branched rhodium-alkyl intermediate is formed, but this
intermediate is more likely to undergo B-hydride elimination than migratory insertion,

consistent with the observed formation of linear aldehyde.

0
1% Rh-L1
O 120 CO/ 30 H, psi 0 no branch aldehyde
Tol-d8, 20 h
OMe 10% conv. OMe
13 131
(0]
D
1% Rh-L1 o P | o
O 120 CO/ 30 D, psi o
M
ome THF OMe OMe

3% conv. expected major  expected if a tertiary Rh-

13 alkyl forms reversibly

Figure 4.8. Linear selective hydroformylation (top scheme) and deuterioformylation
(bottom scheme) of 13
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Figure 4.9. H NMR (CDCIz) of crude deuterioformylation of 2-(2-methylphenyl)-acrylic

acid methyl ester 13 at partial substrate conversion

4.5. Conclusions

Tetrasubstituted stereogenic centers are prevalent in a lot of drug candidates and natural
products. Tetrasubstituted aldehydes are useful synthetic intermediates due to the
versatile aldehyde functionality, but their synthesis is a challenging task. Branched-
selective asymmetric hydroformylation of 1,1'-disubstituted alkenes represents a direct,

catalytic route to enantioenriched tetrasubstituted aldehydes.

The results herein show that fast, selective hydroformylation occurs to produce

tetrasubstituted aldehydes for various 1,1’-alkenes bearing electron withdrawing groups.
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Alpha-substituted acrylates and acetates are particularly reactive. In some cases,
unprecedented rates (up to 50 turnovers / hour) and selectivities (up to 95% ee and >50:1
branched selectivity) are obtained at mild conditions (150 psi, 60 °C) in the presence of

rhodium — BisDiazaphos or rhodium — (S, S)-Ph-BPE catalysts.

One of the competing reactions is alkene hydrogenation, predominantly in the case of
acrylate derivatives. Our model is that alkene insertion occurs to form a branched alkyl
intermediate, but a relatively slow CO migratory insertion step leads to competitive
trapping by Hz of this alkyl intermediate. Based on this model, higher CO partial pressures
and lower Hz partial pressures would favor hydroformylation over hydrogenation. Thus,
we were able to minimize the amount of hydrogenation by running the reactions at 150

psirich in CO (4:1 CO:H2).

This notion of a sluggish CO insertion was further investigated by monitoring the reaction
between Rh(H)(CO)2(L7) and methyl 2-fluoroacrylate by NMR, in the absence of
hydrogen. When Rh(H)(CO)2(L7) was reacted with methyl 2-fluoroacrylate, an alkyl
intermediate formed, but this intermediate only slowly converted into an acyl. This
observation is consistent with the model that alkene insertion occurs, but the alkyl

intermediate is slow to undergo CO migratory insertion to form an acyl.

Overall, this work demonstrates that tetrasubstituted aldehydes can be formed via
hydroformylation of 1,1’alkenes, with useful selectivities and rates, and at mild conditions.
This method provides a direct route to unique highly functionalized tetrasubstituted
aldehydes from inexpensive a-acrylate and acetate precursors, some of them

commercially available.
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4.6. Experimental
4.6.1 General

Dry and oxygen-free tetrahydrofuran (Sigma) and toluene (Sigma) solvents were
collected from solvent columns that use activated alumina. The following reagents and
solvents were used as received. Ethyl acetate, hexane, dichloromethane, toluene-d8,
dichloromethane-d2, acetonitrile-d3, a-methylene-y-butyrolactone 5, methyl methacrylate
4, (carbethoxymethylene)triphenylphosphorane, mesitylene were purchased from Sigma.
methyl 2-fluoroacrylate 1, 1-(trifluoromethyl)-ethenyl acetate 9 and (S)-(+)-1-Methoxy-2-
propylamine were obtained from Alfa Aesar, and 1-Cyanovinyl Acetate 10 from TCI.
(S,S)-Ph-BPE (L2) was purchased from Strem Chemicals. Synthesis gas (1:1 CO:H2) and
CO gas were obtained from Airgas. AHF reactions were run in glass pressure bottles
purchased from Ace Glass Inc. Reactors were assembled as previously reported?3. L1,

L7, Rh(acac)(L7) and Rh(H)(CO)2(L7) were synthesized as previously reported?°®,

Alkenes 224, 325 626, 727, 1128, 1326, 1426 1529 1730, 193! 20% were synthesized

according to literature procedures.

NMR spectra were acquired on Bruker Avance 111 400 and 500 spectrometers. Chemical
shifts are reported in ppm. *H NMR chemical shifts are referenced to tetramethylsilane
(for CDCIz) or to residual solvent (for toluene-d8 or dichloromethane-d2). 3C chemical
shifts are referenced to residual solvent. Splitting patterns in *H NMR are reported as
singlet (s), doublet (d), triplet (t), quartet (q), doublet of doublets (dd) and multiplet (m).
GC data was obtained on chiral BetaDex 225 column on a Shimadzu analytical GC-2010

Plus equipped with an FID detector. ESI mass spectrometry data were collected on a
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Thermo Q Exactive™ Plus spectrometer. Optical rotation was obtained on a Randolph
digital polarimeter using a 1 mL cell with 0.5 dm path length at room temperature.
Absolute configuration is determined for (S)-2-methyl-3-ox0-2-phenylpropanoate 6b and
(R)-2-fluoro-2-methyl-propanoic acid by comparison to reported literature values. The
sign of optical rotation is reported for products after Wittig olefination. Silica gel flash
column chromatography was performed on Silicycle Siliaflash P60 230-400 mesh, 40-63
um. Conversion and regioselectivity were determined by crude *H NMR. Isolated yields
are reported after 2 steps: AHF, followed by Wittig olefination of the crude AHF mixture

with (carbethoxymethylene)triphenylphosphorane.
4.6.2. Experimental Procedures and Characterization Data
General Procedure for Asymmetric Hydroformylation (150 psi or less)

An oven-dried 30 mL glass pressure bottle equipped with a stir bar is charged with THF
100 mM stock solution of Rh(acac)(CO)2 (1% catalyst loading, 300 pL) and THF 40 mM
stock solution of ligand (L1 or L2) (1.2%, 900 uL) inside a N2 glove box and then attached
to a reactor. Inside a fume hood, the reactor is subjected to three pressurization (150
psig) - depressurization (20 psig) cycles with syngas, then pressurized to 150 psig syngas
and placed in an oil bath at 60 °C for 30 minto 1 h. The reactor is allowed to cool down
for five minutes and depressurized to 10 psig. The alkene (3.00 mmol) and mesitylene
standard (1/3 eq, 140 ul, 1 mmol) are injected into the reactor using a syringe as a solution
in THF (amount of THF adjusted to reach 1.6 M alkene concentration). The reactor is
then pressurized-depressurized 3 times with CO, pressurized to 90 psig CO, followed by
60 psig syngas and placed in the oil bath set at the desired temperature. The mixture is

stirred vigorously, with the stir bar frequently breaking the gas-liquid interface for good
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gas-liquid mixing. After the reaction is complete, the reactor is allowed to cool down for
30 min and then depressurized. An aliquot of the crude mixture is used for 'H NMR and
chiral GC analysis. Since the aldehydes proved unstable during chromatographic or
distillation methods, these products were derivatized via Wittig olefination for isolation and

full characterization purposes.
General Procedure for Asymmetric Hydroformylation (>150 psi)

A CAT24 reactor is charged with THF or toluene 100 mM stock solution of Rh(acac)(CO)2
(1% catalyst loading, 48 uL), THF or toluene 20 mM stock solution of ligand (1.2%, 264
pL) and alkene (0.48 mmol) inside a N2 glove box and sealed. Inside a fume hood, the
reactor is pressurized, heated at the desired temperature, while stirring at 700 rpm. When
reaction complete, the reactor is allowed to cool down for 30 min and then depressurized.

Crude mixture is analyzed by *H NMR and chiral GC analysis.

General Procedure for Wittig olefination of the aldehydes:

0
1.2eq php? 7 0

CHO OEt S
R \R? <, OEt
THF / DCM, r.t., 24 h R'R
crude
1-10b 1-10w

The crude aldehydes 1-10b is transferred to a 50 mL oven-dried Schlenk flask. Under a
flow of N2, (carbethoxymethylene)triphenylphosphorane (1.2 eq, 1.25 g, 3.6 mmol) is
added as a solution in dichloromethane (7 mL) at room temperature. The mixture is

allowed to stir at room temperature overnight under N2. The mixture is concentrated
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under vacuo and purified via silica gel chromatography using 20% EtOAc/hexanes as

eluent to afford the products 1-10w as colorless oils.
General Procedure for Low Temperature Noncatalytic Experiments
The experiments were performed by a previously reported method?°®,

An oven-dried 15 mL glass pressure bottle equipped with a stir bar is charged with
Rh(acac)(L7) (60 mg) and 1 mL CD2Cl2 inside a N2 glove box and then attached to a
reactor. Inside a fume hood, the reactor is subjected to three pressurization (150 psig) -
depressurization (20 psig) cycles with syngas, then pressurized to 150 psig syngas and
placed in an oil bath at 60 °C for 3 h. The reactor is allowed to cool down for five minutes
and depressurized to 10 psig. The reactor is pressurized-depressurized 5 times with CO
to ensure removal of Hz, then depressurized to 15 psig. The reactor was connected to
an oven-dried septum-capped NMR tube via a cannula and the system was purged with
CO for 2 min. The solution in the pressure bottle was then transferred to the NMR tube
via same cannula. The NMR tube septum was sealed with parafim. The NMR
spectrometer was cooled to 0 °C and an initial spectrum was obtained of the
Rh(H)(L7)(CO)2 solution. The tube was ejected from the spectrometer and methyl 2-
fluoroacrylate 1 (18.26 pL) was injected quickly using a gas tight syringe. The tube was
inverted 3 times, quickly returned to the spectrometer and 3P spectra collected right

away.
General Procedure for Deuterioformylation

An oven-dried 15 mL glass pressure bottle equipped with a stir bar is charged with THF

100 mM stock solution of Rh(acac)(CO)2 (1% catalyst loading, 56.76 pL) and THF 30 mM
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stock solution of L1 (1.2%, 189.2 L) inside a N2 glove box and then attached to a reactor.
Inside a fume hood, the reactor is subjected to three pressurization (100 psig) -
depressurization (20 psig) cycles with CO, then pressurized with 120 psig CO and 30 psig
D2 and placed in an oil bath at 60 °C for 1 h. The reactor is allowed to cool down for five
minutes and depressurized to 10 psig. The alkene 2-(2-methylphenyl)-acrylic acid methyl
ester 13 (0.57 mmol, 100 mg) and 1,4-Bistrimethylsilylbenzene standard (1/10 eq, 6.31
mg) are injected into the reactor using a syringe as a solution in THF (amount of THF
adjusted to reach 1.6 M alkene concentration). The reactor is then pressurized-
depressurized 3 times with CO, pressurized to 120 psig CO, followed by 30 psig D2 and
placed in the oil bath set at 60 °C for 19 h. The mixture is stirred vigorously, with the stir
bar frequently breaking the gas-liquid interface for good gas-liquid mixing. After the
reaction is complete, the reactor is allowed to cool down for 30 min and then

depressurized. An aliquot of the crude mixture is used for NMR analysis.

Characterization Data

CHO

F COOMe 1b

'H NMR (500 MHz, Chloroform-d) & 9.65 (d, J = 5.7 Hz, 1H), 3.85 (s, 3H), 1.70 (d, J =

21.6 Hz, 3H). 19F NMR (377 MHz, Chloroform-d) & -167.30.

Chiral separation via GC: 80 °C, hold 6 min, ramp 2 °C/min to 90 °C, hold 6 min,
ramp 2 °C/min to 100 °C, hold 6 min, ramp 2 °C/min to 110 °C, hold 5 min, ramp 3 °C/min

to 120 °C, hold 5 min, tr (S) 14.8 min, tr (R) 21.1 min.

The crude aldehyde was oxidized to a carboxylic acid via a previously reported

procedure®?, and the sign of optical rotation, [a]?°0 = +19.4 (c = 1.00, MeOH), was
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compared to that of previously reported3* (S)-(-)-a-fluoro-a-methylmalonic acid monoethyl

ester, [0]?°p = -22.5 (¢ = 2.20, MeOH).

-, COOMe
“ / 1W
F COOEt

IH NMR (500 MHz, Chloroform-d) & 7.01 (dd, J = 20.2, 15.7 Hz, 1H), 6.19 (d, J = 15.7
Hz, 1H), 4.22 (d, J = 7.5 Hz, 2H), 3.82 (s, 3H), 1.72 (d, J = 21.4 Hz, 3H), 1.31 (t, J = 7.2
Hz, 3H). 13C NMR (126 MHz, Chloroform-d) & 169.59 (d, J = 25.9 Hz), 165.50, 143.43 (d,
J=20.6 Hz), 121.82 (d, J = 10.0 Hz), 93.05 (d, J = 189.8 Hz), 60.92, 53.16, 24.08 (d, J =

23.8 Hz), 14.19. °F NMR (377 MHz, Chloroform-d) d -158.20.

HRMS-(ESI) for COH13FO4 [M+Na]*: calculated 227.0690, found 227.0690

0]

CHO
)kOX 2b

COOMe
IH NMR (500 MHz, Chloroform-d) & 9.87 (s, 1H), 3.83 (s, 3H), 2.17 (s, 3H), 1.60 (s, 3H).

Chiral separation via GC: 50 °C, ramp 2 °C/min to 100 °C, hold 2 min, ramp 6 °C/min to

150 °C, hold 2 min tr (major) 12.7 min, tr (minor) 14.9 min.

O . CoOMe

)J\OMCOOEt 2w

H NMR (500 MHz, Chloroform-d) 6 7.16 (d, J = 15.9 Hz, 1H), 6.04 (d, J = 15.9 Hz, 1H),

4.21 (g, J = 7.1 Hz, 2H), 3.76 (s, 3H), 2.13 (s, 3H), 1.68 (s, 3H), 1.30 (t, J = 7.1 Hz, 3H).
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13C NMR (126 MHz, CDCI3) 5 170.3, 169.5, 165.8, 144.9, 121.7, 79.2, 61.0, 53.2, 23.6,

21.1,14.3

HRMS-(ESI) for C11H1606 [M+NH4]*: calculated 262.1281, found 262.1283

0]

CHO
I X coome 3

Ph O~ COOMe

'H NMR (500 MHz, Chloroform-d) & 10.00 (s, 1H), 8.21 — 7.94 (m, 2H), 7.69 — 7.56 (m,

1H), 7.47 (t, J = 7.8 Hz, 2H), 3.85 (s, 3H), 1.75 (s, 3H).

Chiral separation via GC: 80 °C, then ramp 1 °C/min to 185 °C, hold 1 min, tr

(major) 76.7 min, tr (minor) 77.1 min.

O - COOMe
Ph)J\OA/\COOEt 3w

IH NMR (500 MHz, Chloroform-d) & 8.07 (dd, J = 8.1, 1.5 Hz, 2H), 7.65 — 7.56 (m, 1H),
7.47 (t, J = 7.7 Hz, 2H), 7.31 (d, J = 15.9 Hz, 1H), 6.15 (d, J = 15.9 Hz, 1H), 4.22 (q, J =
7.2 Hz, 2H), 3.78 (s, 3H), 1.83 (s, 3H), 1.30 (t, J = 7.2 Hz, 3H). 13C NMR (126 MHz,
CDCI3) 5 170.1, 165.6, 164.8, 144.9, 133.6, 129.9, 129.2, 128.5, 121.6, 79.4, 60.8, 53.0,

23.6, 14.2.
HRMS-(ESI) for C16H1806 [M+NH4]*: calculated 324.1442, found 324.1441
[a]2% = +5.6 (c = 1.00, CHCls)

.CHO
MeO ‘COOMe 7b
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'H NMR (500 MHz, Chloroform-d) 8 9.62 (s, 1H), 3.81 (s, 3H), 3.42 (s, 3H), 1.53 (s, 3H).
Chiral separation via GC: 80 °C, hold 8 min, ramp 3 °C/min to 100 °C, hold 8 min,

ramp 5 °C/min to 120 °C, hold 4 min, tr (minor) 13.9 min, tr (Mmajor) 15.0 min.

-, COOMe
MeO = COOEt 7w

IH NMR (500 MHz, Chloroform-d) & 7.03 (d, J = 15.8 Hz, 1H), 6.13 (d, J = 15.8 Hz, 1H),
4.22 (g, J = 7.1 Hz, 2H), 3.79 (s, 3H), 3.33 (s, 3H), 1.55 (s, 3H), 1.30 (t, J = 7.1 Hz, 3H).
13C NMR (126 MHz, CDCls) & 171.9, 166.0, 146.4, 122.3, 80.1, 60.7, 52.9, 52.7, 22.9,
14.2.

HRMS-(ESI) for C10H1605 [M+Na]*: calculated 239.0890, found 239.0891

[a]2% = +234 (c = 1.00, CHCl3)

><CHO
COOMe 4b

'H NMR (400 MHz, Chloroform-d) & 9.66 (s, 1H), 2.27 (s, 3H), 1.36 (s, 6H).

A >coogt AW

IH NMR (400 MHz, Chloroform-d) & 7.11 (d, J = 16.0 Hz, 1H), 5.85 (d, J = 16.0 Hz, 1H),
4.20 (g, J = 7.2 Hz, 2H), 3.70 (s, 3H), 1.36 (s, 6H), 1.30 (t, J = 7.2 Hz, 3H). 13C NMR (101
MHz, CDCls) & 175.3, 166.5, 151.3, 119.7, 60.5, 52.4, 44.6, 24.5, 14.2.

HRMS-(ESI) for C10H1604 [M+Na]*: calculated 223.0941, found 223.0939
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640 5b
(@]

'H NMR (400 MHz, Chloroform-d) & 9.57 (s, 1H), 4.42 — 4.24 (m, 2H), 2.84 (ddd, J = 13.1,
7.8, 5.3 Hz, 1H), 2.07 (ddd, J = 13.2, 7.7 Hz, 1H), 1.53 (s, 3H).

Chiral separation via *H NMR after diastereomeric imine formation with ~ (S)-(+)-1-
Methoxy-2-propylamine as previously reported3® and by chiral GC after protection of the

aldehyde with ethylene glycol as previously reported=®.

o/§
cHo  4ed HOTY ‘Y, )~
0

(@) (@)

20% pyridinium tosylate
5b benzene, 80 °C, 3 h

Chiral separation via GC: 100 °C, ramp 1 °C/min to 180 °C, hold 2 min, ramp 6 °C/min

to 200 °C, hold 2 min, tr (minor) 41.1 min, tr (Major) 41.4 min.

'H NMR (500 MHz, Chloroform-d) & 6.96 (d, J = 15.8 Hz, 1H), 5.96 (d, J = 15.9 Hz,
1H), 4.38 — 4.25 (m, 2H), 4.21 (9, J = 7.1 Hz, 2H), 2.47 — 2.37 (m, 1H), 2.29 — 2.20 (m,
1H), 1.44 (s, 3H), 1.30 (t, J = 7.1 Hz, 3H). 3C NMR (126 MHz, CDCI3) d 178.0, 165.8,

146.9, 122.0, 65.1, 60.8, 45.1, 35.4, 22.5, 14.2.
HRMS-(ESI) for CLOH1404 [M+Na]*: calculated 221.0784, found 221.0784

[0]2° = +109.4 (¢ = 1.00, CHCla)



123

-, CHO

-
4

Ph”™ ~COOMe 6b

'H NMR (500 MHz, Chloroform-d) & 9.87 (s, 1H), 7.43 — 7.38 (m, 2H), 7.37 — 7.31 (m,

1H), 7.26 — 7.15 (m, 2H), 3.81 (s, 3H), 1.69 (s, 3H).

Chiral separation via 'H NMR after diastereomeric imine formation with (S)-(+)-1-
Methoxy-2-propylamine as previously reported3. One drop of acetic acid was added to

the NMR tube for fast imine formation.

[0 = -22.6 (c = 1.00, CHCI3), literature: (R)-methyl 2-methyl-3-0x0-2-

phenylpropanoate, [a]?°p = +102.1 (c = 0.45, CHCls; 77% ee)

=, COOMe
Ph = COOEt 6w

IH NMR (500 MHz, Chloroform-d) & 7.48 (d, J = 16.0 Hz, 1H), 7.36 — 7.30 (m, 2H), 7.29
— 7.24 (m, 1H), 7.24 — 7.20 (m, 2H), 5.83 (d, J = 16.0 Hz, 1H), 4.21 (q, J = 7.2 Hz, 2H),
3.71 (s, 3H), 1.70 (s, 3H), 1.29 (t, J = 7.2 Hz, 3H). 13C NMR (126 MHz, CDCls) & 173.9,

166.3, 150.1, 141.6, 128.7, 127.4, 126.4, 121.5, 60.6, 53.3, 52.7, 23.4, 14.2.
HRMS-(ESI) for C15H1804 [M+NHA4]*: calculated 280.1543, found 280.1540

[0]2 = -2.2 (¢ = 1.00, CHCl3)

-, CHO

Fs;C OAc
3 9b

characterization data agrees with previously reported data®®
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F,;C Z COOEt 9w

1H NMR (500 MHz, Chloroform-d) & 6.89 (d, J = 16.0 Hz, 1H), 6.08 (d, J = 15.9 Hz, 1H),
4.22 (q, J = 7.1 Hz, 2H), 2.12 (s, 3H), 1.83 (s, 3H), 1.31 (t, J = 7.2 Hz, 3H). 13C NMR (126
MHz, Chloroform-d) & 168.28, 164.98, 140.68, 125.60, 124.70 (q, J = 287.0 Hz), 79.85

(q, J = 32.0 Hz), 61.07, 21.49, 17.31, 14.16.
HRMS-(ESI) for CLOH13F304 [M+Na]*: calculated 277.0658, found 277.0657
- CHO
NC” ~OAc 10b
'H NMR (400 MHz, Chloroform-d) & 9.37 (s, 1H), 2.24 (s, 3H), 1.76 (s, 3H).

Chiral separation via GC: 110 °C, hold 5 min, ramp 1.5 °C/min to 150 °C, hold 4 min,

ramp 5 °C/min to 180 °C, hold 2 min, tr (major) 27.2 min, tr (minor) 27.9 min.
- OAc
NG~ N Scooet 10w

IH NMR (400 MHz, Chloroform-d) & 6.78 (d, J = 15.7 Hz, 1H), 6.33 (d, J = 15.7 Hz, 1H),
4.23(q, J = 7.2 Hz, 2H), 2.14 (s, 3H), 1.85 (s, 3H), 1.31 (t, J = 7.1 Hz, 3H). 3C NMR (101

MHz, CDCI3) 6 168.3, 164.9, 141.6, 124.2, 116.5, 69.8, 61.2, 26.4, 20.8, 14.1.
HRMS-(ESI) for CLOH13NO4 [M+Na]*: calculated 234.0737, found 234.0734

[0]2% = -18.6 (C = 1.00, CHCl3)
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CHO

0%

N 11b
Ph

'H NMR (400 MHz, Chloroform-d) 8 9.72 (s, 1H), 7.41 — 7.33 (m, 5H), 4.13 (d, J = 6.2 Hz,

1H), 3.49 (d, J = 6.2 Hz, 1H), 1.65 (s, 3H)

Chiral separation via GC: 80 °C, hold 5 min, ramp 1 °C/min to 170 °C, ramp 4 °C/min to

190 °C, hold 3 min, tr (major) 94.7 min, tr (minor) 92.9 min.
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NMR Spectra for Chapter 2
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HSQC of the aldehyde to identify isomers
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NMR spectra for Chapter 3
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NMR Spectra for Chapter 4
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31P{IH} monitoring the reaction between [Rh(H)(CO)2(rac-L7)] with methyl 2-

fluoroacrylate (10 equiv.) at 0 °C, under 1 atm CO. Spectra every 3.5 min
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room temperature. Spectra every 3.5 min



198

F coOMe 75 ppm, ddd 43 ppm, ddd
\Kco "J p.rp = 81 Hz and " p.rp = 143 Hz
PRV 2pp=11Hz 2) op =11 Hz
P 4J P-F = 36 Hz 4J P-F = 29 Hz
F
COSMe 71 ppm, dd 60 ppm, ddd
co "Vprn=80Hz and 'J_o. =167 Hz
P-Rhv.o 2 pp=21Hz 2) pp=21Hz
P 4 pr=12Hz
-y N\w i ,M
9‘0 éS éO 7‘5 7‘0 " E(SS ) éO 5‘5 5‘0 “15 “IO
ppm

31P{H} NMR at -30 °C during

methyl 2-fluoroacrylate.

|

reaction between [Rh(H)(CO)z(rac-L7)] (83 ppm) with

il
|II 4

I '
| fif
____j Ill\q___ m.)-vw—w") WJ \-—-»-Juw
L e e B L (S . E— —— T
6.0 15.9 15.8 15.7 15.6 15.5 154 15.3 -95 -9.6 -9.7 -98 -09 -10.0-10.1
f1 (ppm) f1 (ppm)
F COOMe F COOMe
Cco ©
P-RhY .CO
I CO P-Rh:
P v,
L QF" co
85 80 75 70 65 60 55 50 40 35 30 25 20 15 10

4.5
f1 (ppm)
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HPLC and SFC traces for Chapter 2
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App: HPLC, Rur: FFAO30413_01107_SMerac @ 3/4/2013 1:25:59 PM, Method: Variable Analvtical Run, [ter. B, Ini &
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B 44.7 148067052.4987 47.911
B 51.6 7419669.9993 2.401
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Chiral run: peaks show up at earlier retention times compared to racemic due to
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s
=
o

20.0

0.0

mv

300.0
2?5.D:
250.0
225.0:
200.0
175.0
130.07
125.0_
100.0
75.0 1
S0.0 ]
23.0 ]
007
-23.0 ;

App: HPLE, Run: FFAO31414_01210_AcS55 @ 3/14/2014 2.57:12 PM. Method: Variable Analytical Run, lter: 3. Inj: 3

PMN:i1

-50.0

Peak Number
(PN)

1
2

0.0

I 1I]|.I] I 2D|.I] I 3D|.I] 4D‘.D I 48.0 l
Minutes
Area (uVmin
x100)
71835284.9266  96.533

2579833.1423 3.467

isomer rr (min) % Area

B 31.3
B 38.8
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OH
0 fo o J/ 0
., NaBH Y NN W\
0O NN 4 (o) /}
QA i . 0
H
ClH,C MeOH, 6h, r.t. CIH,C CIH,C 9]
A B
Resolution by HPLC:
App: HPLC, Run: FFAD10713CH2Ckac2 @& 1/7/2013 1:11:39 PM, Method: Variable Analptical Run, Iter: 9, Inj: 9
100.0 1750.0 _
i 1500.0
80.0 B PM:3
1250.0
A ] Phi:L oo PN:4
o 1000.0 '
@ 50.0
2 4
5 >
© 4
2 £ 750.0
=) 4
= 40.0
e 500.0
250.0
20.0 4
| 0.0 N
] Y
0.0 -250.0 kﬁ ‘/‘I T T T T T T T T T : T T ]
0.0 5.0 10.0 15.0 20.0 250 30.0 330

Minutes

Chiral run: peaks show up at longer retention times compared to racemic due to
different flow rates used (0.7 ml/min for chiral run and 0.8 mL/min for racemic)

App: HPLC, Aun: FFADT1013_0186_CH2CIS55_and_OMe & 1/10/2013 12:22:09 PM, Method: Variable Analytical Run, lter: 4, Inj 4

100.0 1400‘07 ]
1300.0
| 1200‘07
80.0 1000
IDDD‘D_
i Q00.0 ]
8600 B00.0 ]
§ . 7000 ]
g £ 6000 |
§4D,D s00.0 ]
400.0 ]
| 300.0 ]
200 2000 ]
100.0 ]
.
oo -100.0 T T T T ; T T T T \ T T T 1
0.0 50 100 150 00 250 0.0 im0 |0
Minutes
Peak Number isomer rr (min) Area (uUVmin % Area
x100)
(PN)
1 A 24.8 103527229.1501 30.298

2 A 27.3 4598088.8746 1.346
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o) fo 0 - o)
N NaBH4 AN+ NN
o > 0 o/\‘
HO MeOH, r.t., 5h HO HO OH

Resolution by SFC:

Total Absorbance

100 ~
1000 -+ ’
90 + l
.é a0 l
8
3
3 A0 4
. l
A
200 + f l f
I '\‘_/\_...A,A | S ! e
51 [ S VSIS ISP IS Y S RS

a i ‘ L ] m n "

Epaed Time(mn)

Total Absorbance

900 -+~
i 40
; A0 4 'q }
20 + ,f || l
|
”'F—“—_/\J \w I \_A H-,
4% a T --«: YT -_,:..,. -MV’--—:---‘- T :‘._ o ------|‘n>-- .-----1‘;- T “1.1
Elapaed Time(men)
rr (min) isomer Area (uVmin) % Area
6.36 A 9090.0904 99.3047

8.66 A 63.6455 0.6953
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0 fo 0 jo” o
/©)J\O i, NN NaBH4 /@)\o 0 NN . O/\‘\\\\/\/
Br MeOH, 6h, r.t. Br Br OH
A B
Resolution by SFC:
-~
m
aq
o
e
B | M—
:;:\ Nt S " N, —_—
:: 3 " YR CERAEL £ LSS SN SN TN ARG SR S 0 SIS SIS T RS S A YA TR S \ LA A A -
rr (min) isomer Area (uvVmin) % 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

Abzarbanca(mALl

Single Absorbance

Azsorbancelmall)

rr (min)
4.36
5.45
5.9

00 4-

SFC Separation:
m%acemlc B(R) B(S) . IOH + ©\f°
. | o
}‘ A B
| AS) ||
| | (A
| L (L
| \'I | |
0 lr——-y*‘-—'v—\_,\ﬁ_,_l l‘l__,/ "v‘ l‘; -
| , , ‘ ,
=knantioenriched @
(o] OH (o]
B(S) | 8 S I
HO ™ NN
A B
] Note: The ratio of isomer A to
' B varies from sample to
l sample.
l
l
B(R) ||
A (S) '

isomer
A
B
B

Area (uvVmin)
26.525
41.4194
2478.6963

% Area
1.0416
1.6264
97.332

[ N
| b somanis o 233 em

209



SFC separation:

210

L

)

2,800
2,600
2400 Racemic vs. enantioenriched
2,200
2,000
1,800 O J/OH
1,600
1,400] N e
1,200 H k/\
1,000
8007
6007
4007
200 / E
" %: [
O-ﬁ_,_.—'—'—fh §
9 10 11 12 13 15 16 17 18 19 20
‘1 enantioenriched:
2,600 /\
74003
2.200 |/ |l
2,000 |
\,
1.600 |
1,800 1]
1.200/ \I
1,000 H
DOy ‘ l\ R
00
p |
- J\-P | y\
[ . 2 . 4 —— —————— —_— . 1
10 " 12 3 " 15 h W7 18 9

Peak Name Retention
Time (min)

S 14.78

R 16.86

Area (uvVmin) Area %
2313.1 84.937
192.1 7.055



HPLC separation:

&5.0
&1.0
““Racemic:
0.0 ]
3.0
(I.D-
h.u‘
Zx0]
'.‘S.D:
20.0 |
15.0]
10.0 |
3.0 |

Appz HRLL Run 120212 MLADOT72:2 @ 12112/2012 112351 AN, Mathod Varwtsle Anshtcal Aun bee 34 iy 14
N2

e -
| //\ SRRUN
|

211

S0

0.0
\-. -
0.0

240 lZ‘1
0.0
4
200
4
180.0
i0a.0
4
140.0
4
i 120.0
ll:CLD4
80.0
0.0
40.0

IS
B

.0 150 200 250
Mewtes

App WRLC R 121210 MLANITE-2 @& 92N2/2012 91 2951 AM. Mutoct Varistde Aratcsl fn liee 30 g 10
Pho

| s
SRR

[LR4)

Peak Name

Retention Area (uVmin x100) Area %

Time (min)
7.98 23098779.1658 92.214
11.026 1950412.4969 7.786



HPLC separation:

App: HPLC, Run: 12192012-153137 @ 12/19/2012 3:31:39 PM, Method: Vanable Analtical Run, Iter: 7, Inj: 7

12.0
11.0
10.0

9.0
8.0
7.0
- 6.0
€
5.0
4.0
3.0
20
10
0.0
-1.0

130.0 1
120.0_
110.0 |
lDD.D_
90.0
80.0
70.0

% 60.0
50.0
40.0
30.0
20.0
10.0

0.0

-10.0

Racemic:

i1
PN:2

| o

212

0.0

2.0 4.0

6.0

|
8.0 10.0 12.0 14.0 16.0 18.0
Minutes

App: HPLC, Run: 130109_MLA2121_22_23 @ 1/9/2013 6:06:01 PM, Method: Variable Analytical Run, Iter: 3, Inj: 3

Enantioenriched:

Peak Name

8.0 10.0 12.0 14.0 16.0 18.0 20.0
Minutes

Retention Area (uVmin x100) Area %
Time (min)

10.229 6971986.2537 95.077
13.728 361028.7597 4.923
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HPLC separation:

2400
220, ()-
200 \'l‘
1800
00
Nu.’J.
130.0‘
1o
0o V

App HPLL Aun 3295029507 G 1212012 251089 PM, Method Visiatie Aneytesl Alun e & Irg 6
PN:L

Racemic:

oo

85040
€000
w=on
sm.o:
1500
400 ﬂ-
=00
:E a00
E'..0.0-
con
LSD;')-
100 Q:
s00
Do

App HPLL, P 130D MLAZTN 22 23 & 17922000 ROG DY PM. Mathod Varabde Ansbtcal Slun, ttee 5 Iy 5§

Enantioenriched:

-50.40

a.0

Peak Name

730

Retention
Time (min)

Area (uVmin x100) Area %

8.509 28931946.6674 91.896

12.571 2551569.1691 8.104



HPLC separation:

4200

0.0
0.0

333.0‘
0.0
4

200

2400 |

> 2100

1800
1500

‘.30,04
500 ]
€00

J0n :

co
-3040

2750

Racemic:

App HALE Aure 130000 MLADE -2 @ 1/W012 33514 PM. Mwhad Varsbls Anstiscal R lee 4 i 4
PN

W

2

Q.0 20

0 IOH
Lo
YL\.. stk

N T T J T N T
14.0 150 B0 200 20 240 26.0
Minutes

=
T N T v T
<0 60 L

Aggr HRLE, Plars 1307100 MLA292Y_22 20 @ 10N 3 G601 PM, Metrad Vawtle Arafgscal Run liee 7 Ing 7
PNIL

[

0
| Enantioenriched: I J/
0 N N
H
kACl

1
80

Q.0 20

Peak Name

1
2

3 (impurity)

120 14.0 150 8.0 A0 20 240 25.0

Retention  Area (uVmin x100) Area %
Time (min)

9.216 13707290.7953  93.202
14.983 441835.835 3.004
10.014 557908.081 3.793
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HPLC separation:

Apee HPLC Auer 1703013 MLAII0_ 0 @ 3172013 22627 PM. Method Varabls Anshdcal Aun e 3 I 8

(5 P8
140.0 ﬂﬁ
mmo{Racemic: |' | o
\
si6in OH | \ \

' T 4 T T Y 1
a.n 3.0 104 50 2.0 2.0 300 330

Minutes
*Note that scales are different on the enantioenriched vs racemic traces.

Apo HALL Au MLAROO0Y 15550 @ 470220 3 2322 PM. Muthedt Variatle Ansbtcal Aun e 12 Iy 12

0] S N1

A
||

”:”“ Enantioenriched: 1 Q J/
240.0 N e
2100 ' | ©)‘\H K/\
; CN

a.n S0 00 150 seo =50 00 30 3|0

Peak Name Retention Area (uVmin x100) Area %
Time (min)

1 13.446 31690445.414 93.997
2 24.071 2024017.91 6.003
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HPLC separation:

Aoy HALC, Rure 121212 MLAOPAZ @ 1271202010 31:2351 AM, Muthed: Vasatle Ansbtcsl Aun, llee 18, iy 18

1000
>0 1
“Racemic:
M0
0.0

- 3.0

3'_c.E_nantioenriched:

00

Peak Name

a A W N

>

0.0

A on B

0 j 0
N Sape
|| ""

a (major)

B (minor)

Ape: HALL Plon 15032013 MLA2930 32 38 _cone @ 35720713 517 31 PH. Mathod Vasebie Anebtcal Aun, e 4 I 4

N2

Retention
Time (min)

11.483
13.885
19.352
21.825

H
4

¥y O

a (major)

B (minor)

B

L B
"\

Area (uUVmin x100) Area %

29252597.4926
768988.3313
1472231.6663
8638956.6561

72.508
1.906
3.649
21.413



Peak Name

A W N P

HPLC separation:

0.0
o300 |
00,0
S50.0
S30.0
#\Ill"
400.0 |
FN0|
300.0 |
200
200.0 |
1500
100.0 |
€00 |

m

oo

217

fop HPLE, Aun MLAGM201 3 NS558 @& &/ VN3 62322 PM, Methed Vel Ansbtcsl Aun lber 7 Ig 7

Fre:l

Racemic:

400

OH

B (minor)

S00.0
430.0
0 x:<
F500
L0 4] r_

2300

m

2000
150.0
1000
b= AR

oo

App HALC Ru MLAROO01I_ 215550 @ 47220 3 € 2322 PM. Mathodt Vanatle Ansbtal Aun e 18 Iy 18

FN:L
n
I

J | OH

|l
a(s)

Fnantioenriched:

+0.0

OH

B (minor)

4.0

Retention

Time (min)
8.211 34620060.4828
9.528 2875018.0774
12.898 1206989.9988

14.11 364094.1667

Area (uVmin x100) Area %

88.619
7.359
3.09
0.932
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App HPLE. Aurs BEOS20 4_1070:_1A G2 S/20/2014 128328 PM, Mathod Vasable Anabticel Aun e 9 I 3
™00
1 P
5000 1
. |I 2
=u.0 | A
|
] I
10000 J l
. ] l l
£ 700 | l‘
i
‘ .
oo 1 |
B | ‘ ‘.
0.0 ‘ "\ [\ i“' 4
\
| \ b oV 2
00 - —— "‘-—-—;——( \“!l—\-"—’—- — — .
2500 T T T T T T T 1
0o =0 10.0 %0 200 =0 0.0 0 4“0 430
Mrores
App HPLE, Aurs BECS2014_1070:_1A G 5/20/2014 126324 PM. Mathod Vassble Arabtical Aun et 7.1 7
€000
y Pl
=00 !
. |
s0aq |
4500 l‘
400.0 | l
F00 |
200 !
£ |
200 R
200 ‘ '
B |
1200 | “ |
1000 | \
\
0 | | A N P2 //\~
oo - - f S e @ ———ee,e———
-=00 T T T M T T T T 1
oo %0 10.0 %0 200 =0 2.0 =0 4«00 430
Mrases

Enantioenriched run shows no 3 isomer because sample was purified before HPLC and

only a isomer was collected.

Peak Name

Retention  Area (uVmin x100) Area %
Time (min)

13.092 37901592.4973  98.899
16.678 422008.3301 1.101
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GC traces for Chapter 4
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Chiral GC separation

Racemic with rac-BDP:

Of= &
40000+ F f
30000
20000}

10000

f S -

[

—_— T -
o

|
hadnansg

M4 &

0_:. R . e
' 10 ' 20 ' 0 ' 40 i
Enantioenriched with (S,S,S)-BDP (L1)
11 o
1| i CHO
50000+ z e O
: \ -0
25000 ‘ 1|
: | | ‘u: \‘
10 L ; | \
0__|- ! _ Lu _#_,_.':-et o
0 I llﬂI I Zl[)l - 3|0 I 4|[] I_

Peak# RetTime — Area Height Area% Peak StartPeak End
1 14820 432124 18632 76495 14724 15895
2 21124 5216955 63897 023505 20968 24081
Total 5649079 82529 100.0000
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Chiral GC separation

Racemic with rac-BDP:

Intensity
10000 -
- o 77 j\ CHO
] o Ph o><fo
0 { _O
-10000—| -
N
:u e . M l &.—-————””—'
] |
IIIII''''|""I""|''''I'"'I'"'I''''|'"'I""|"''I'"'|""I""|"''I''''|'"'I""|""I""|""I
0 10 20 30 40 50 60 70 £0 00 100
min
Enantioenriched with (S,S,S)-BDP (L1)
Intensity
I j\ CHO &
1 Ph o><,//o
30000+ 0
250004 | - ‘
. '|!_
0 LS . _..iil__.—
¢ 1w 0 3 4 s e 70 g 90

Peak®  Ret Time Area Height Cone.  Peak Start PeakEnd  Area’
1 16.783 £16950 SRS 57.868 76.163 76045 30.8676
2 71145 554813 38317 42.132 76.945 78013 42131
Total 1411774 o402 100.0000




Enantioenriched with (S,S)-Ph-BPE (L2)

Intensity
g
j\ CHO
25000 (0]
- Ph o><~,4
. o}
20000 -
15000 |
10000 - | |,
|y
| ]
sood || I
' Cl
o ul_.__'._u__ — ___/"ﬁl'-\______,.\___,"'___ Mt I__. |
T T T T T T T T T T T T T T T T
10 20 30 40 50 60 70 80 o0
min
Peak# RetTime  Area Height Peak StartPeak End Area%
1 76754 100302 6094 76445 76977 479047
2 77161 109076 6701 76977 77878 52090353

Total

209378 13695 100.0000
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Chiral GC separation

Racemic with rac-BDP:

Intensity
15000H z
#
| : CHO
125004 i o
(0]
MeO | MeO
100004 -
Y | Y
75004 Sa |
50004 0
I
25004 il i
t I )
S | N o I
& — ——
T | T | T | T | T
0 10 20 £ 40

Enantioenriched with (S,S,S)-BDP (L1)

Intensity
30000+ T

Peak# RetTime Area Height Peak StartPeak End Area%
1 13.966 19208 4064 13875 14220 6.0976
2 15062 295805 20056 14085 15615 93.9024

Total 315013 34020 100.0000
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Enantioenriched with (S,S)-Ph-BPE (L2)

Infenzity
25000 ‘ [l I
- 1 GC taken at 12% conversion
20000 olll
\‘ MeO I CHO
o .
15000-] | /\ I j MeO\/I\*fO
Il 0O
10000 | ll
| li
. ll
So00- | ;
| i h
N o o
o—.._,l R (S N i
8 ' 10 ' 20 ' 10

Peak# RetTime — Area Height Area% Peak StartPeak End
1 13874 173564 21702 890870 13809 14341
2 15253 19313 3288 100130 15162 15532
Total 192877 25080 100.0000
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Chiral GC separation

Racemic with rac-BDP:

Intensity

75000 I -

0 10 20 30

Enantioenriched with (S,S,S)-BDP (L1)

Intensity
1 (o]
. |
i | CHO

20000 [
i , F3C OAc
4 |!
- ) I l
) E'\;'l l I'H ;=

10000 ‘ | (il
] |
_ l.
4 ‘ . | |\
1 [l
1 T T T L T T T
0 10 20 30

Peak# RetTime Area Height Peak StartPeak End Area%
1 12038 8737 1628 12829 13128 32871
2 14775 257067 24035 14686 15256 96.7129
Total 265804 235663 100.0000




Chiral GC separation

Racemic with rac-BDP:

Intensity
. - CHO
! i__ NC\/l\fo
AN
20000—_ |‘ O
i _ i
1 ; (|}
1 I I
10000 ' |
- |
i | ’ | it
I / | I
S I N P ST _ TV 1 R U
L U
0 10 20 30
min
Enantioenriched with (S,S,S)-BDP (L1)
i
CHO
(0]
15000+ NC\/IY
| O~
-I
10000 |
-
i
50004 | [l
H
|| I
o] I'-M_i._'; s e
0 Y I ' 20 ' 30 ' 40 )
juaiiial
Peak# RetTime Area Height Peak StartPeak End Area%
1 27216 252857 16297 27.133 27884 702851
2 27977 ao064 6191 27384 28458 207149
Total 318021 22488 100.0000
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Chiral GC separation

Racemic with rac-BDP:

Intensity
532
25000+ Ez
- i
20000 O%CHO -:
N 1
15000- @ -t
10000 |
sooed || " |I\
I | | il W,
o] 'L-.l.u__ o ,_.ﬂL__h;w———m“""‘w
T | | T 1 T | 1 T 1 T | | T | 1 I
10 20 30 40 50 0 70 &0 %0 100
Tty
Enantioenriched with (S,S,S)-BDP (L1)
Tmtensity
100000 ‘ i
?jom__ O%CHO 000 « -
3 ' =
] N - 1
@ |
25000 | I‘
i | ]
4| S A U
o 1 2 3 4 s e 70 g 9% 100
mn
Pesk# RetTime  Area Height  Conc  PeakStat PeakEnd  Area%

1 92959 1472633 63204 30332 92722 04398 303317
2 947744 3382467 06386 69.668 94.538 06.661  60.6683
Total 4833102 161590 100.0000




Enantioenriched with (S,S)-Ph-BPE (L2)

Intensity
40000 T 3
- : H
o CHO |
300001 '
N e |
| ——— oA
10000 { | : %’
| |
L (Y .
o — i A s
T 1 v | T J T | L ) T 1 T | L 1 | T 1
0 10 20 30 a0 50 80 70 80 %0 100
min
Pesk®  RetTime  Area Height  Conc  PeakStart PeakEnd Area%
1 93262 74240 36097 86132 93017 04389 861316
) o543l 116615 8228 13868 95215 05938 138684

Total 240364 44325 100.0000
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Chiral GC separation

Racemic with rac-BDP:

[ntensity
20000- L
15000+ " 0
; \- 0 0
10000+ _— | «— ~0 j
] 0 \ - o
] (0] —» | |
5000+ Ii | | o
b |
ﬂ' a0
oH I L | N N
T | T | TTrr T | T T | T T T
0 10 20 30 40 30 60
min

Enantioenriched with (S,S)-Ph-BPE (L2)

Intensity
-560000~

. 7 ')
(@]

- |

570000

] - _ o
-580000- ey

-500000-] | . ‘ ‘ NN |

! Eg:
1 o, !l
600000+ _

0 10 20 30 40 50 60

Peak# RetTime  Area Height Area% Peak StartPeak End
1 41069 15270 1705 23650 40885 4114
2 41355 630182 37714 976341 41174 42514
Total 645452 39419 100.0000




