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Abstract

Chapter 1. Catalytic directing group, I, which was designed with the ability to form a
reversible covalent bond with a substrate and bind a metal, was shown to direct the
hydroformylation of allylic amines. The efficient regioselective hydroformylation of a
variety of 1,2-disubstituted allylic sulfonamides to form B-amino-aldehydes under mild

conditions has been shown.

Chapter 2. Building off of the successful application of I, enantioenriched catalytic
directing group, II, was designed and synthesized. It retained the essential features to
direct hydroformylation to obtain good regioselectivity while also providing a chiral
environment to induce absolute stereocontrol. Under mild conditions, a variety of
disubstituted olefins react to give good yields and excellent enantioselectivites. Thus, the
first enantioselective reaction performed with a catalytic directing group was

demonstrated.



Chapter 3. A new set of organocatalysts was developed that benefits from reversible
covalent bonding and induced intramolecularity. The desymmetrization of meso-1,2-diols
was accomplished using organocatalyst III, which was synthesized easily and cheaply.
Experimental results indicate that the selectivity and increased reactivity are a result of
the ability of III to pre-organize the substrate through a reversible, covalent bond. A
variety of cyclic and acylic substrates were shown to react efficiently with good
enantioselectivities under mild conditions. The catalyst’s ability to functionalize cis-1,2-
diols selectively indicated it might be successfully applied to site selective catalysis.
Thus, the selective functionalization of a secondary alcohol in the presence of a primary
alcohol was developed using a combination of binding selectivity and stereoselectivity.
The (S)-enantiomer forms the secondary functionalized product while the (R)-enantiomer
forms the primary functionalized product with high selectivity. As the enantiomers
preferentially form different functionalized products, a regiodivergent reaction on a

racemic mixture resulted giving two valuable enriched products.
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Chapter One: Regioselective Hydroformylation

1.1 Directing Groups

Obtaining selectivity in organic chemistry is a large area of research which
scientists have addressed with multiple approaches. In some cases, electronic effects have
been used to obtain selectivity. For instance, in hydroformylation, it is known that aryl
substrates preferentially form the product with the aldehyde proximal to the phenyl ring

(Scheme 1.1).! However, selectivity can also be influenced by steric effects. In the case

Scheme 1.1 Hydroformylation of a 1,2-Disubstituted Aryl Olefin.

0.1 mol % Rh(acac)(CO), M
30 bar H,/CO, Toluene 0 H Ph e
Me ¥
80°C,3h Ph Me H X0

62:38

)

Ph

of the hydroformylation of aryl olefins, the selectivity can be overturned using a 1,1-
disubstituted aryl olefin (Scheme 1.2)."! Another reliable method that has been developed

to obtain selectivity is the use of directing groups.”

Scheme 1.2 Hydroformylation of a 1,1-Disubstituted Aryl Olefin.

0.1 mol % Rh(acac)(CO), o

Me 30 bar H,/CO, Toluene Me H &Me
> +
Ph/& 80 °C, 18 h PhMO H Me

1Carrilho, R. M. B.; Neves, A. C. B.; Lourengo, M. A. O.; Abreu, A. R.; Rosado, M. T. S.; Abreu, P. E.;
Eusébio, M. E. S.; Kollar, L.; Bayon, J. C.; Pereira, M. M. J. Organomet. Chem. 2012, 698, 28-34.

*(a) Hoveyda, A.; Evans, D.; Fu, G. Chem. Rev. 1993, 93, 1307-1370. (b) Itami, K.; Yoshida, J. Synlett
2006, 2, 157-180. (c) Oestreich, M. Eur. J. Org. Chem. 2005, 5, 783-792. (d) Kakiuchi, F.; Chatani, N. Adv.
Syn. Catal. 2003, 345, 1077-1101.
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Directing groups are functional groups within a substrate that are able to pre-
associate with a reagent in the reaction in order to affect the outcome.”® As well as
increasing selectivity, sometimes directed reactions are accelerated due to their
intramolecular-like reactivity.® Thus, directing groups have allowed for some difficult
intermolecular reactions to be possible. Directing groups have been used in a variety of
transformations such as oxidations, reductions, and C-C bond forming reactions.” The
directing group can be a common functional group (“useful directing groups”) within the
substrate (Section 1.2) or a less common group that can be installed prior to the reaction

and removed after the desired transformation is complete (Section 1.3)

1.2 Useful Directing Groups

One excellent example of a directed reaction using a common functional group is
the Sharpless asymmetric epoxidation.* For example, 1.1 is shown to give 1.2 in high
yield and enantioselectivity (Scheme 1.3). Although 1.1 has two trisubstituted olefins that
can be oxidized, only the olefin proximal to the alcohol reacts. The high site selectivity
and enantioselectivity are a result of the alcohol binding to the titanium catalyst and
directing oxidation to the top face of the allylic olefin. As a testament to the importance
of the reaction, Sharpless received the 2001 Nobel Prize in Chemistry for his work in this

area.

Tan, K. L. ACS Catal. 2011, 1, 877-886.
4(a) Katsuki, T.; Sharpless, K. B. J. Am. Chem. Soc. 1980, 102, 5974-5976. (b) Finn, M. G.; Sharpless, K.
B. J. Am. Chem. Soc. 1991, 113, 113-126.



Scheme 1.3 Sharpless Asymmetric Epoxidation.

tBUOCH, Ti(OiPr),

Me
l CHchQ, -20 °C
Me_ _—
(+)-diethyl tartrate
Me OH Me OH

77%, 95% ee
11 1.2

=
jl?
s

Chapter 1, Page 3

EtO,C  CO,Et

HO ©OH

(+)-diethyl tartrate

Sharing the 2001 Nobel Prize with Sharpless was Knowles for the asymmetric

reduction of enamides, such as 1.3, using very low catalyst loadings and mild conditions.’

The reaction proceeds through a chelated intermediate in which the acetamide directs the

rhodium catalyst to the top face of the olefin, forming 1.4. This powerful method was

used to synthesize L.-DOPA, a drug used in the treatment of Parkinson’s disease (Scheme

1.4).

Scheme 1.4 The Monsanto L-DOPA Process.

1x 10 mol %
Rh(COD)(R,R)-DIPAMP

MeO x9N 3parh,, 50 °c, Meon  Me© COM g,
NHAG ‘ NHAG
AcO AcO

Ph:. o o, o,
P P‘ 100%, 95% ee
1.3 Ph OMe 1.4
OMe
(R,R)-DIPAMP

HOD/\‘/C%H
o NH,

L-DOPA

More recently, selective catalytic C-H bond activation is another challenging

problem that has interested many researchers. Directing groups have been used

effectively to control site selectivity in C-H activation reactions. In an example by Murai,

the ketone in 1.5 is able to direct the ruthenium catalyst to activate the ortho-C-H bond

*Vineyard, B. D.; Knowles, W. S.; Sabacky, M. J. J. Mol. Cat. 1983, 19, 159-169.
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and insert ethylene to obtain 1.6 quantitatively (Scheme 1.5).® Subsequently, directing

group strategies have become ubiquitous in C-H activation.’

Scheme 1.5 Selective ortho-C-H Activation.

O 2 mol % RuH,(CO)(PPh3); 0o
PhMe, reflux

Ethylene (6 equiv)

100%
1.5 1.6
These examples demonstrate that common functional groups are able to facilitate
very powerful and diverse transformations that are sometimes difficult or not possible

otherwise.

1.3 Removable Directing Groups

Some reactions cannot be directed by the functional groups that exist in the
substrate so a directing group has to be installed prior to the reaction and removed after
the desired transformation has occurred. While this is not ideal because it adds additional
steps and creates stoichiometric byproducts, it has allowed for the expansion of the scope

of reactions that can be directed.®

Fortunately, some directing groups can be removed with a simple work-up, such

®Murai, S.; Kaiuchi, F.; Sekine, S.; Tanaka, Y.; Kamatani, A.; Sonoda, M.; Chatani, N. Nature 1993, 366,
529-531.

"For reviews on directed C-H functionalization, see: (a) Ritleng, V_; Sirlin,C.; Pfeffer, M. Chem. Rev. 2002,
102, 1731-1770. (b) Kakiuchi, F.; Murai, S. Acc. Chem. Res. 2002, 35, 826-834. (¢) Kakiuchi, F.; Chatani,
N. Adv. Synth. Catal. 2003, 345, 1077-1101. (d) Dick, A.; Sanford, M. Tetrahedron 2006, 62, 2439-2463.
(e) Arockiam, P. B.; Bruneau, C.; Dixneuf, P. H. Chem. Rev. 2012, 112, 5879-5918.

*Rousseau, G.; Breit, B. Angew. Chem., Int. Ed. 2011, 50, 2450-2494.
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as in Scheme 1.6. Jun showed that, in this case, the ketimine is necessary to direct the
ortho-C-H activation for the selective alkylation of 1.7. After the reaction, the imine can

be cleaved easily with aqueous acid to give 1.8 (Scheme 1.6).’

Scheme 1.6 Selective ortho-Alkylation by C-H Activation.

Ph
1) 2 mol % Rh(PPhy),Cl o
MeoN 150 °C, PhMe
+ C4H -
e 2) H'/H,0 CaHo
17 1.8

Because amines are known to be ligands in palladium catalysis, Hallberg used a
proline based directing group to add aryl groups to the top face of the olefin in 1.9
creating quaternary centers with high enantioselectivities.'® This group could also be

removed easily by acid hydrolysis to give the corresponding ketone 1.10 (Scheme 1.7).

Scheme 1.7 Formation of Quaternary Centers by Heck Reaction.

(0] (0] +
NMe DMF, H,0 NMe H30 Ve
Me ArX wMe \
Ar Ar
90-98% ee
1.9 1.10

Designing a practical removable directing group for reactions that typically utilize
a phosphine ligand is more challenging. However, during the synthesis of (+)-

phyllanthocin, Burke installed a triarylphosphine directing group, using an ester

9Jun, C.; Hong, J.; Kim, Y.; Chung, K. Angew. Chem., Int. Ed. 2000, 39, 3440-3442.
"Nilsson, P.; Larhed, M.; Hallberg, A. J. Am. Chem. Soc. 2003, 125, 3430-3431.
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linkage.'" The phosphine was incorporated into the molecule in order to increase the
selectivity of the hydroformylation of 1.11. Impressively, when the phosphine is meta,
the directing group is able to deliver the rhodium to the bottom face of the olefin resulting

in good regio- and diasteroselective ratios for 1.12 (Scheme 1.8, Eq 1).

Scheme 1.8 Examples of Directed Regio- and Diastereoselective Hydroformylation.

H Yo Hi HTo HH
Me 8 mol % [(COD)Rh(OAc)], Me
: 85 °C, 710 psi CO/H - :
) e} o O psi 2 OHC ) e} O
o (1)
rr=80:20
dr =96:4

PhyP 8o PhoP
1.1 1.12
2.5 mol % Rh(acac)(CO), i i
j’ 4 bar CO/Hy, 65 °C, CH,CN ) . ] 2
o o~ o o~ o
90% /y\/u\
iPr dr: 94:6 iPr” > H iPr/H)J\H
| Me Me
PPh, 1.8 mol % Rh(acac)(CO), PPh, PPh,
40 bar CO/H,, 30 °C, toluene . 3)
o Xp 05 0“0 o 0“0 o
o
) o) AN A,
| dr: 98:2 e Me

Subsequently, Jackson and Perlmutter,'? Leighton,' and Breit'* demonstrated that

phosphorus-based stoichiometric directing groups are successful in the highly regio- and

"Burke, S. D.; Cobb, J. E.; Takeuchi, K. J. Org. Chem. 1990, 55, 2138-2151.

R.W. Jackson, P. Perlmutter and E. E. Tasdelen, J. Chem. Soc., Chem. Commun., 1990, 763-764.
PKrauss, I. I.; Wang, C. C. Y.; Leighton, J. L. J. Am. Chem. Soc. 2001, 123, 11514 — 11515.

"(a) Breit, B. Angew. Chem., Int. Ed. 1996, 35, 2835-2837. (b) Breit, B. Liebigs Ann. 1997, 1841-1851. (¢)
Breit, B.; Heckmann, G.; Zahn, S. K. Chem. Eur. J. 2003, 9, 425-434. (d) Breit, B.; Demel, P.; Gebert, A.
Chem. Commun. 2004, 114 — 115.
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diastereoselective hydroformylation of terminal and disubstituted allylic alcohols

(Scheme 1.8, Eq 2 and Eq 3).

While it is clear from these examples that removable directing groups are
powerful tools, it is at the cost of additional synthetic steps for their installation and

removal, as well as the creation of stoichiometric byproducts.

1.4 Developing a Catalytic Directing Group

In order to address the disadvantages of removable directing groups, the Tan
group developed a catalytic directing group. Using a directing group catalytically
maintains the benefits of a directed reaction while improving the overall efficiency of the

process by eliminating installation and removal steps.”

Previously, other groups have shown the use of catalytic directing groups. For
example, Lewis showed C-H activation and deuterium incorporation into phenol using a
catalytic amount of a phosphite (Scheme 1.9, Eq 1)."** Lewis and Smith expanded this
work to the coupling of olefins to phenol, and Cole-Hamilton developed a more efficient
system using a rhodium catalyst (Scheme 1.9, Eq 2)." ®16 Bedford was able to achieve
coupling of phenolic derivatives with aryl halides under similar conditions. (Scheme 1.9,

Eq3)."

(a) Lewis, L. N. Inorg. Chem. 1985, 24, 4433-4435. (b) Lewis, L. N.; Smith, J. F.; J. Am. Chem. Soc.
1986, 108, 2728-2735.

"Carrion, M. C.; Cole-Hamilton, D. J. Chem. Commun. 2006, 43, 4527-4529.

"Bedford, R. B.; Coles, S. J.; Hursthouse, M. B.; Limmert, M. E. Angew. Chem., Int. Ed. 2003, 42, 112—
114. Bedford, R. B.; Limmert, M. E. J. Org. Chem. 2003, 68, 8669—8682.
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Scheme 1.9 C-H Activation using a Catalytic Directing Group.

OH OH
@ Dy, 25 °C, toluene D\©/D
@ PQEh)s ™
O\P ‘P(OPh)3
(e} h
OH 2.5 mol % RhCI(PPhj); OH
8.3 mol % Ph,P(OPh)
30 bar ethylene, 120 °C, toluene )
93%
Br e}

OH
Bu . 5 mol % RNCI(PPh); OH O
1.7 equiv Cs,CO3, 110 °C tBu
toluene (3)
O 15 mol % j

OP(iPr),
tBu 96%

Jun and coworkers showed the use of 2-amino-3-picoline as a catalytic directing
group to prevent decarbonylation in the hydroacylation of aldehydes with terminal olefins
(Scheme 1.10)."®

Scheme 1.10 Hydroacylation with a Catalytic Directing Group.

O O

2 mol % RhCI(PPh3)3
+ 2 pCH
©)J\H 4 60 mol % aniline, toluene nCaHo
6 mol % benzoic acid, 130 °C

20 mol %

Ny Me 98%
»

N NH,

Similar to previous strategies, to maximize efficiency, our catalytic directing

group was designed to be an organic scaffold with the ability to bind the substrate

1gJun, C.H.; Lee, D. Y.; Lee, H.; Hong, J. B. Angew. Chem., Int.Ed. 2000, 39, 3070-3072.
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covalently and reversibly under mild conditions while, simultaneously, binding a metal.
Thus, under the reaction conditions, the substrate binds to the organic scaffold allowing
for a directed reaction to proceed. Upon release of the product, the directing group is

regenerated, rendering the process catalytic (Figure 1.1).

Figure 1.1 General Catalytic Directing Group Cycle.

Cat
B - A
Scaffold
Product Substrate
Release Binding A = Substrate
B = Product
Scaffold Scaffold
AN
B N A

Conversion of Ato B

Catalytic directing group I was designed with a simple organic backbone and a
hemiaminal as the substrate-binding site, in which the lone pair on the amine can assist
with alcohol expulsion prior to binding another alcohol (Scheme 1.11). A phosphorus

atom was also incorporated into the molecule to act as a metal-binding site.

Scheme 1.11 Alcohol Exchange with L.

HOMe

HX
Me Me Me
N YN N
C[ >—=OiPr @[ Y o ©: )—OMe
R P X P
Ph Ph Ph
I

HOIPr HX
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Taking inspiration from Burke’s application of a phosphorus-based removable
directing group to hydroformylation,'' our group decided to use hydroformylation as a
testing ground for the feasibility of this concept. Hydroformylation is the efficient
addition of hydrogen and carbon monoxide across an olefin yielding valuable aldehyde
products.'” However, two products are possible, the iso and normal isomers (Figure 1.2).
In the case of terminal olefins, the normal product is usually favored for steric reasons.
For unactivated 1,2-disubstituted olefins, a product mixture of around 1:1 is often

obtained.?

Figure 1.2 Hydroformylation Reaction.

Rh catalyst Me

(6]
/: HZ/ CO + )YO
R R
R/\)]\H I
normal iso

Our group believed that applying a catalytic directing group could alter the
reaction’s regio- and stereoselectivity. Lightburn applied I to the hydroformylation of
homoallylic alcohols with good yields, regioselectivities, and diastereoselectivities
(Scheme 1.12).*! It is believed that the reaction is regioselective for the iso product due to
the energy difference between the ring sizes (seven vs. eight) of the two chelated

intermediates in the hydride insertion step. The seven-membered chelate, 1.13, is favored

(a) Rhodium Catalyzed Hydroformylation; Van Leeuwen, P. W. N. M., Claver, C., Eds.; Springer-Verlag:
New York, 2002. (b) Frohning, C. D. Kohlpaintner, C. W. Bohnen, H. W. In Applied Homogeneous
Catalysis with Organometallic Compounds; Cornils, B., Herrmann, W. A., Eds.; Wiley: Weinheim,
Germany, 2002; Vol. 1, p 31.

Breit, B.; Seiche, W. Synthesis 2001, 1, 1-36.

*'Lightburn, T. E.; Dombrowski, M. T.; Tan, K. L. J. Am. Chem. Soc. 2008, 130, 9210-9211.
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over 1.14 which leads to the iso product being formed (Figure 1.3). The iso product
cyclizes under the reaction conditions and was oxidized to the lactone for ease of

1solation and characterization.

Scheme 1.12 Tan’s Regio- and Diastereoselective Hydroformylation of Homoallylic Alcohols.

1) 6 mol % Rh(acac)(CO),

25 mol % I, 0.2 mol % p-TsOH, 0o
Benzene, 200 psi CO/H,, 65 °C Yield: 88%
~ OH P 2 - 07N LEt Regioselectivity: 98:2
2) PCC, NaOAc, CH,Cl,, 3 A mol sieves Diastereoselectivity: >98:2

\_ @E%o P Jh

At the same time, the Breit group published a paper using a simple phosphinite as
a catalytic directing group in the hydroformylation of homoallylic alcohols with good
yields and regioselectivities.” The phosphinite also reversibly binds alcohols and may
achieve selectivity through the energy difference between the two chelated intermediates
in the hydride insertion step (Scheme 1.13). Mechanistic studies for both systems need to

be performed to verify this hypothesis.

Scheme 1.13 Breit’s Regioselective Hydroformylation of Homoallylic Alcohols.

1) 1 mol % Rh(acac)(CO),, THF, 40 °C

O
f\/\OH 10 mol % Ph,POMe, MS 4A, 20 bar CO/H, Me Yield: 88%
(e} ; ity .
2) PCC/ALO5, NaOAc, CH,Cly, rt Regioselectivity: >99:1

Me

The Breit group has since expanded the use of this phosphinite to other substrates.

22(a) Griinanger, C. U.; Breit, B. Angew. Chem., Int. Ed. 2008, 47, 7346-7349. (b) Smejkal, T.; Breit, B.
Angew. Chem., Int. Ed. 2008, 47, 311-315.



Chapter 1, Page 12

The regio- and diastereoselective hydroformylation of bishomoallylic alcohols and cyclic
dienes occurs with high yields.”*" The application of this catalytic directing group to the
hydroformylation of 1,1-disubstituted olefins also allows the formation of quaternary

carbon centers with good yields and regioselectivities.”*

Figure 1.3 Catalytic Cycle of the Directed Hydroformylation.

Me
N
>—=OiPr
OH =]
Ph
o) Me 1
\/\/OH
Me iPrOH

o +
=0 [Rh]

[Rh] Ph
Y
NOH
I\N/Ie
M
(e} N ©

Me l
NYO I\N/Ie o
Q.P\ or Q;’
PR RN PR Rh
1.14

Me

1.13

(a) Griinanger, C. U.; Breit, B. Angew. Chem. Int. Ed. 2010, 49, 967 —970. (b) Usui, I.; Nomura, K.;
Breit, B. Org. Lett., 2011, 13, 612-615. (c) Ueki, Y.; Ito, H.; Usui, L; Breit, B. Chem. Eur. J. 2011, 17,
8555-8558.
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1.5 Regioselective Hydroformylation of Sulfonamides®*

Since homoallylic alcohols were able to bind I and undergo selective
hydroformylation,” we were interested in expanding the substrates that could bind I to
undergo directed hydroformylation. In particular, we were interested in applying this
methodology to the hydroformylation of allylic amines to form B-amino-aldehydes. Much
like the reaction with homoallylic alcohols, the substrate could exchange onto I under the
reaction conditions, the phosphorus could bind the rhodium catalyst to undergo
hydroformylation, and another molecule of substrate could exchange off the product

(Figure 1.4).

Investigations began with varying the protecting group on nitrogen. For the
reaction to work, the exchange of amines with I would need to be faster than the
hydroformylation without substrate-bound I, which will afford unselective background
reaction. It was expected that the protecting group would greatly affect the rate of
exchange with I. Carbamates and amides were quickly ruled out as potential substrates
because they did not exchange with I. Sulfonamides, however, exchanged under mild
conditions with I to give 1.16. The more electron-withdrawing sulfonamides have greatly
increased exchange rates with the 3,5-bis(trifluoromethyl)benzenesulfonamide reaching
69% conversion after 6 hours (Table 1.1). The increased exchange rate is most likely

because the electron-withdrawing sulfonamides have lower pK,s.”

24Worthy, A. D.; Gagnon, M. M.; Dombrowski, M. T.; Tan, K. L. Org. Lett. 2009, 11, 2764-2767.
25Eckert, F.; Leito, I.; Kaljurand, I.; Kiitt, A.; Klamt, A.; Diedenhofen, M. J. Comp. Chem. 2009, 30, 799-
810.



Figure 1.4 Catalytic Cycle of Allylic Amine Hydroformylation.
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The self-exchange between substrates was tested to make sure that the exchange

occurring during the reaction would be rapid. First 1.15 was exchanged onto I to give

1.16. When 1.17 was added at room temperature, the exchange was fast showing a ratio

of 53:47 (1.16 to 1.18) after just 1 hour. An equilibrium ratio of 43:57 (1.16 to 1.18) was

expected given the steric and electronic similarity of 1.15 and 1.17 (Scheme 1.14).



Table 1.1 Sulfonamide Exchange Rates.
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N° N® SO
45 °C, CgD ;o2
@ ><OiPr . ROzS\N/\/ - 86 @[ >—-N +  HOIPr
P H P \_\
Ph 10 equiv Ph N\
| 1.15 1.16
R Conversion at 6 h (%)? PK,"
p-OMe-Ph 0 17
p-Me-Ph 0 16
p-NO,-Ph 23¢ 14
(3,5-CF3)-Ph 69¢ 13
aDetermined by 3'P NMR. PBased on ref. 16. ©>95% conversion reached
in 6 days. 9>95% conversion reached in 13 h.
Scheme 1.14 Exchange Between Substrates.
1) RO,S. = M
Me 15 N/?/_ N SOR
©: ><OiPr - equv P><N 100% conversion
R 55 °C, CgDg 2
Ph Ph \
I R= (3,5-CF4)-Ph 1.16
2
) ROZS\”/\/\Me
1.17 5 equiv
25°C, C¢Ds
Me
Me N.  SOR
N><N/SOZR ©: =N By 'P NMR:
B + R 1 hr at rt; 53:47
Ph < Ph \ equilibrates to: 43:57
Me
1.16 1.18
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We were also concerned that the product, 1.19, may inhibit the reaction.

However, when I was exchanged with 1.19, it was found that 1.20 was unfavorable to

form and ligand decomposition occurs over time (Table 1.2). Decomposed ligand appears

by *'P NMR as oxidation of the phosphorus atom which is believed to occur through the

exchange intermediate seen in Scheme 1.11 and 1.15. The iminium ion intermediate is in

resonance with the phosphonium ion which can be attacked by water or a molecule of

substrate. In the case of an oxygen based nucleophile, protonation of the resulting ylide

would give the proposed structure of decomposed ligand, I-decomp (Scheme 1.15). A

crystal structure of the decomposed ligand confirmed the identity of I-decomp (Figure

1.5). During the reaction with 1.15, however, the decomposition is likely the

corresponding sulfonamide derivative.

Table 1.2 Product Exchange with 1.

1) ROZS\N Me
Me
I\Nﬂe 1.19 H/I 5 equiv N SOR
(CIpmomr M cmiemn, (= e
P P
Ph Ph H

25 °C, CgDg
I R= (3,5-CF5)-Ph 1.20
Time Ie 1.20° Decomp?
5 min 84 12 4
25h 42 48 10
5h 34 54 12
24 hP 6 5 69

@percentages determined by 3'P NMR. PMultiple unknown

peaks appear over time.

o



Chapter 1, Page 17

Scheme 1.15 Ligand Decomposition Pathway.

Me Me Me
®N N HOR N
A\

(e —— Uy —=- LY
P X P X + P.
\ \ H '\\O

Ph Ph Ph
I-decomp

Figure 1.5 Crystal Structure of Decomposed Ligand (CCDC # 837337).

Vad
t/‘

-

Since 1.20 formed at room temperature over a few hours, a competition
experiment between 1.19 and 1.15 was performed to see which would be favored to bind
I. By first reacting 1.19 and I to form 1.20 and then adding 1.15, it was determined that
1.16 is more stable than 1.20. Within five minutes of adding 1.15, 1.20 is no longer

detectable by *'P NMR. 1.20 was exchanged completely with 1.15 to form 1.16 (Table

1.3).
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Table 1.3 Product vs. Substrate Exchange Competition.

1)  RO,S. Me
N Me
Me H N.  SOR
@[ oiPr 5equiv. 07 “H 1.19 @ =N Me

P
> 45 °C, CgD 3
h 6’6 Ph H
o)

- T

R= (3,5-CF3)-Ph 1.20
2 RO S\
) 2 H/\/

1.15 5 equiv

25 °C, C¢Dg

Me Me

N SO,R N SOzR
@[ >—-N . >—-N Me

P P \—gﬁ

Ph < Ph g H
1.16 1.20
Time I2 1.202 Decomp? 1.162
1h 31 45 24 -
2h 31 45 24 -
-added 1.15-
5 min® 42 0 21 36
20 min 32 0 28 40
45h 23 0 29 48
@Percentages determined by 3P NMR. PNumbers are slightly off due
to low signal:noise ratio in 3P NMR.

In order to be thorough, the experiment was run reversing the addition of 1.15 and
1.19. By first reacting 1.15 and I to form 1.16 and then adding 1.19 (at time=0 min), it

was reaffirmed that 1.16 is more stable than 1.20. 1.20 did not form, and 1.16
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decomposed over time (Table 1.4). We believe the increased sterics of 1.19 compared to

1.15 is the reason for its more unfavorable binding.

Table 1.4 Substrate vs. Product Exchange Competition.

Me

N
©: >—OiPr

B

1) RO,S.
) RO, N

Me
H N SO;R
1.15 5 equi
quiv ©:P>—N 100% conversion
<

S 45 °C, CgDg ?’h
I R= (3,5-CF3)-Ph 1.16
Time 1.162 1.202 Decomp?
15 min 93 0 7
2) R028\N Me
85h 74 0 26 H/I
o~ H
4 days 57 0 43 25 °C, CgDg
@Percentages determined by 3P NMR.
Me Me
N ,SozR N /SOZR
o N
P { i Lgﬁ
Ph Ph H
\ J
1.16 1.20

After determining that sulfonamides were promising substrates based on

exchange data, optimization of the regioselective hydroformylation of 1.15 was started.

Hydroformylation of 1.15 using 4% PPhjs as a ligand gave a 50:50 ratio of iso:normal

products. As PPhj is incapable of binding the substrate, this gave the inherent selectivity

of the hydroformylation of 1.15. As a terminal substrate usually strongly favors the

normal product, we believe the sulfonamide moiety itself can direct the hydroformylation
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to some degree.”® Using 10% of I gave a 60:40 of iso:normal products with good
conversion. Encouraged by the increase in the ratio of iso product formed using I, the
ligand loading was increased to 20% and 40% to test if the maximum selectivity had been
reached. Fortunately, it was found that increasing the amount of I resulted in higher

selectivity for the iso product (Table 1.5).
Table 1.5 Ligand Loading Screen.

2 mol % Rh(acac)(CO),

OH
Rozs\N/\/ Xmol % I ROZS\N Me )
H H RO,S-N
45 °C, Benzene o H
200 psi H,/CO, 16 h
1.15 1.19 1.21

R= (3,5-CF3)-Ph

Ligand (mol %)  Regioselectivity (1.19:1.21)2  Conversion (%)°

4¢ 50:50 >95
10 60:40 >95
20 75:25 >95
40 83:17 >95

aDetermined by SFC analysis. PDetermined by 'H NMR using 1,3,5-trimethoxy-
benzene as an internal standard.“PPh; was used instead of 1.

However, to develop a practical and efficient methodology, we optimized the
conditions at lower ligand loadings. Previous exchange results had showed that while
initial exchange of I with 1.15 was slow compared to the reaction time (Table 1.1), the

exchange between substrate bound ligand, 1.16, and 1.17 was much faster (Scheme 1.14).

% For examples of amide directed hydroformylation see: (a) Ojima, L.; Zhang, Z. J. Org. Chem. 1988, 53,
4422-4425, (b) Ojima, 1.; Zhang, Z. J. Organomet. Chem. 1991, 417,253-276. (c) Ojima, 1.; Korda, A.;
Shay, W. R. J. Org. Chem. 1991, 56, 2024-2030. (d) Dickson, R. S.; Bowen, J.; Campi, E. M.; Jackson, W.
R.; Jonasson, C. A. M.; McGrath, F. J.; Paslow, D. J.; Polas, A.; Renton, P.; Gladiali, S. J. Mol. Cat. A
1999, 150, 122-146.
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Therefore, the exchange of I and 1.15 was carried out prior to the hydroformylation
reaction. Exchanging 5% of I with 1.15 prior to hydroformylation gave similar results to
using 20% I without the pre-exchange procedure (Table 1.5 and Table 1.6). Impressively,
when 10% of I was used, a ratio of 90:10 (1.19:1.21) was obtained with good conversion

(Table 1.6).

Table 1.6 Ligand Loading Screen with Pre-exchange of I and 1.15.

1) X mol % I, Benzene

OH
RO.S. (A~ F 55 °C - ROZS\HXMG .
RO,S~
H 2) 2 mol % Rh(acac)(CO), Y 25=N
45 °C, 200 psi Ho/CO
1.15 Benzene 1.19 1.21

R= (3,5-CF3)-Ph

Ligand (mol %)  Regioselectivity (1.19:1.21)2  Conversion (%)°

5 77:23 >95

10 90:10 >95

@Determined by SFC analysis. bDetermined by "H NMR using 1,3,5-
trimethoxybenzene as an internal standard.

Having developed an effective procedure, the temperature of the reaction was
screened in order to discover the mildest conditions that would still afford high levels of
selectivity. At 35 °C, the conversion and regioselectivity are low. Increasing the
temperature to 45 °C increases the conversion as well as the regioselectivity. The
increased regioselectivity can be attributed to an increased exchange rate between I and
1.15 that occurs with increased temperature. Using 20% I, there is no effect to increasing
the temperature to 55 °C from 45 °C, as both entries give optimal conversion and

selectivities (Table 1.7).
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Table 1.7 Temperature Screen.

1) 10 mol % I, Benzene

OH
ROS. A~ 55 °C ROZS\NiMe .
H 2) 2 mol % Rh(acac)(CO), RO:S-

H N
0" H
X °C, 200 psi H,/CO

1.15 Benzene 1.19 1.21
R= (3,5-CF3)-Ph

Temperature (°C)  Regioselectivity (1.19:1.21)2  Conversion (%)°

35 81:19 65
45 91:9 >95
45° 99:1 >05
55° 98:2 >95

@Determined by SFC analysis. PDetermined by "H NMR using 1,3,5-trimethoxy-
benzene as an internal standard.°Reaction run with 20 mol % I.

The effect of adding acid, which was previously shown to accelerate the exchange

between I and alcohol substrates, was also examined.'” In this case using 0.2% p-

toluenesulfonic acid gave lower regioselectivity for 1.19 (Table 1.8). Because 1.15

Table 1.8 Acid Loading Screen.

1) 10 mol % I, Benzene

OH
ROS. o~ _ X%pTsOH, 55°C ROZS\N/IMG
H 2) 2 mol % Rh(acac)(CO), Y RO;S-N
45 °C, 200 psi H,/CO
1.15 Benzene 1.19 1.21

R= (3,5-CF3)-Ph

Acid (%) Regioselectivity (1.19:1.21)2 Conversion (%)P
0 84:16 >95
0.2 69:31 >95

aDetermined by SFC analysis. PDetermined by 'H NMR using 1,3,5-trimethoxy-
benzene as an internal standard.
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already contains an acidic proton, adding p-TsOH was not necessary. Making the
exchange rate faster increases the concentration of the exchange intermediate through
which I can decompose (Scheme 1.11 and 1.15). The decomposition of I results in lower

regioselectivities because directed reaction does not occur without I.

The amount of thodium was screened knowing that it would have an effect on the
rate of selective reaction with I, as well as the unselective, undirected background
reaction. At low loadings of rhodium, the directed reaction is able to outcompete the
background reaction most effectively, resulting in high regioselectivities; however, the
efficiency of the reactions suffers. At 2 mol % rhodium, the balance between complete

conversion and high selectivity was reached (Table 1.9).
Table 1.9 Rhodium Loading Screen.

1) 10 mol % I, Benzene

OH
ROzS\N/\/ 55°C N RO?S\”XMG N
H 2) X mol % Rh(acac)(CO), R RO,S-N

45 °C, 200 psi H,/CO
1.15 Benzene 1.19 1.21

R= (3,5-CF3)-Ph

Rhodium (mol %) Regioselectivity (1.19:1.21)2  Conversion (%)?

0.5 91:9 65
1 88:12 84
2 87:13 >95
3 84:16 >95
4 84:16 >95

aDetermined by SFC analysis. "Determined by '"H NMR using 1,3,5-trimethoxy-
benzene as an internal standard.
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A pressure screen showed the most dramatic effect on selectivity. At 200 psi and
above, the conversion is complete. (For a direct comparison of selectivites, reactions with
PPh; and I without the pre-exchange were run at 200 psi.) The regioselectivity shows a
strong dependence on pressure, with 400 psi being the optimal pressure (Table 1.10). It is
possible that the increased CO pressure inhibits olefin binding to rhodium which would
slow the background reaction.”” Because 1.16 can chelate the metal, the directed reaction
would be more competitive under those circumstances. Another possibility is that high

H,/CO pressure changes the rate and selectivity determining step in the reaction.*®

Table 1.10 Pressure Screen.

2 mol % Rh(acac)(CO),
ROQS\N/\/ 10 mol % I - RO.S. Me )
H H RO,S-N
45 °C, Benzene, H,/CO 0“  H

1.15 R= (3,5-CF3)-Ph 1.19 1.21

Pressure (psi)  Regioselectivity (1.19:1.21)2  Conversion (%)°

200° 50:50 >95
200 60:40 >95
2004 91:9 >95
1009 88:12 83
3004 96:4 >95
4009 97:3 >95

@Determined by SFC analysis. bDetermined by "H NMR using 1,3,5-trimethoxy-
benzene as an internal standard. °Reaction run with 4% PPhj as the ligand.
41.15 and T were exchanged at 55 °C prior to hydroformylation.

?7(a) van Leeuwen, P. W. N. M.; Casey, C. P.; Whiteker, G. T. Rhodium Catalyzed Hydroformylation;
Leeuwen, P. W. N. M., Claver, C., Eds.; Kluwer Academic Publishers: Norwell, MA, 2001; Chapter 4, pp
63-106. (b) van Rooy, A.; Orij, E. N.; Kamer, P. C. J.; van Leeuwen, P. W. N. M. Organometallics 1995,
14, 34-43.

28(a) Ghio, C.; Lazzaroni, R.; Alagona, G. Eur. J. Inorg. Chem. 2009, 1, 98-103. (b) Watkins, A. L.; Landis,
C.R.J. Am. Chem. Soc. 2010, 132, 10306-10317.
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With the optimal conditions established, the substrate scope was expanded to 1,2-
disubstituted olefins. The more reactive terminal olefin, 1.15, resulting in a ratio of 97:3
favoring 1.19 indicated that the disubstituted olefins would also be highly regioselective.
Accordingly, the alkyl substrates all react with excellent regioselectivities in good yields
(Table 1.11, Products 1.19, 1.22, and 1.23). A substrate containing a free alcohol was not
successful as the alcohol can also bind to I, but the protected alcohol substrate gives
similar results to the other alkyl substrates (Table 1.11, 1.24). In general, styrene
substrates prefer to form the aldehyde at the position proximal to the aryl group.” Using I
completely overturned this inherent preference with both electron-withdrawing and
donating aryl substrates (Table 1.11, Products 1.25-1.28). An ester substrate, which
yields mostly reduced olefin when PPhjs is used as the ligand, gives high selectivity for
the 1,4 dicarbonyl product, 1.29, when I is used with less than 10% reduced starting
material (Table 1.11). The high selectivity is impressive as esters are known to direct
hydroformylation.”® This demonstrates the ability of I to overcome a stoichiometric
directing group. A skipped diene substrate gives greater than 95:5 selectivity in the
presence of I leaving the distal olefin untouched. The hydroformylation of this diene with

PPh; gives a very complex mixture of aldehyde products (Table 11, Product 1.30).

*(a) Tolman, C. A.; Faller, J. W. In Homogeneous Catalysis with Metal Phosphine Complexes; Pignolet, L.
H., Ed.; Plenum: New York, 1983; pp 81-109. (b) van der Veen, L. A.; Boele, M. D. K.; Bregman, F. R.;
Kamer, P. C. J.; van Leeuwen, P. W. N. M.; Goubitz, K.; Fraanje, J.; Schenk, H.; Bo, C. J. Am. Chem. Soc.
1998, 120, 11616-11626.

*Neibecker, D.; Réau, R. Angew. Chem., Int. Ed. 1989, 28, 500-501.
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Table 1.11 Substrate Scope of Hydroformylation of Allylic Sulfonamides.

o) H
“S/N\/\,wR

1) 10 mol % I, 55 °C

Ar” 0

2) 2 mol % Rh(acac)(CO), p,~

HOR
i @
/

\
S

45 °C, 400 psi CO/H,

Ar= 3,5-Bis-CF3-Ph Benzene iso normal
O._H O H
H
2 /N\J\: Me
F3C S\ Me
\
1.19 CF 81%?2, 97:3° (53:47)° 85%?2, 99:1° (71:29)°
3
O M o H
H
Ni/Cy
OTBS

FaC \s\\’
i
1.23 84%2, 99:1° (82:18)°
\
FsC 5
)
1.25

CF, 86%? 99: 1° (65:35)°

F3C\©/S\\
69%2°, 99:1° (13:87)%¢

O H
O

OEt
; 79%2, 87:4:92h

Fs (<1:45:55)ch

83%29, 97:3° (54:46)°

i/(Ph'P'CFs)

92%%°, 98:2P (12:88)¢°

g
Res

Oo._H

o i L

N Ph-p-OM
F\C \s\\’ (Ph-p-OMe)
w@r 0

1.28 87%2, 97:3° (22:78)°9

\
FsC Y > Me
Tr
1.30
CF3

75%2, >95:5!

8Isolated yields of the mixture of regioisomers. bRegioselectivity of iso:normal products as
determined by SFC analysis. °“Regioselectivity for reactions run with 4% PPhj3 instead of 1.
9Hydroformylation performed at 40 °C. ®Hydroformylation performed in 5% THF/benzene.
nydroformyIation performed in 10% THF/benzene with 3 mol % Rh(acac)(CO), at 55 °C.
9Hydroformylation peformed in 10% THF/benzene with 3 mol % Rh(acac)(CO), and 6 mol %
PPh; at 55 °C. "Ratio of iso:normal:hydrogenated product. iSelectivity determined by analysis

of crude "H NMR.
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1.6 Conclusions

Using catalytic directing group, I, the efficient regioselective hydroformylation of
substituted allylic sulfonamides to form B-amino-aldehydes under mild conditions has
been shown. A complete reversal of the inherent selectivity is obtained in many cases, as

well as, excellent site selectivity in the case of 1.30.

1.7 Experimental

General Considerations

Unless otherwise noted, all reagents were obtained from commercial suppliers and used
without further purification. Lithium reagents were titrated against 2-pentanol or 2,6-di-
tert-butyl-4-methylphenol (BHT) using 1,10-phenanthroline as the indicator. Flash
column chromatography was performed using EMD Silica Gel 60 (230-400 mesh) and
ACS grade solvents as received from Fisher Scientific. All experiments were performed in
oven or flame-dried glassware under an atmosphere of nitrogen or argon using standard
syringe and cannula techniques, except where otherwise noted. All reactions were run
with dry, degassed solvents dispensed from a Glass Contour Solvent Purification System
(SG Water, USA LLC). lH, 13C, and *'P NMR were performed on either a Varian Gemini-
2000 400 MHz or a Varian Unity 300 MHz instrument. Deuterated solvents were
purchased from Cambridge Isotope Labs and stored over 3A molecular sieves. C¢Dg was
degassed by three successive freeze-pump-thaw cycles and stored over 3A molecular
sieves in a dry box under a nitrogen atmosphere. All NMR chemical shifts are reported in

ppm relative to residual solvent for "H and "°C and external standard (neat HsPO,) for *'P
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NMR. Coupling constants are reported in Hz. All IR spectra were gathered on a Bruker
Alpha FT-IR equipped with a single crystal diamond ATR module and values are reported
in cm™. Analytical supercritical fluid chromatography (SFC) was performed on a Berger
Instruments Supercritical Chromatograph equipped with an Alcott auto sampler and a
Knauer UV detector using methanol as the modifier. An achiral Princeton SFC 4.6x150
mm silica column (henceforth Silica) with 60A mesh silica, 6 particle size was used for
analysis of some compounds. All SFC retention times are reported as t.. HRMS and X-ray
crystal structure data were generated in Boston College facilities. Hydroformylation was
performed in an Argonaut Technologies Endeavor” Catalyst Screening System using 1:1

H,/CO supplied by Airgas, Inc.

Substrate Syntheses and Characterization

The following compounds were made according to literature procedures and matched

31-33 1 34-
2

reported spectra: (E)-ethyl-3-cyclohexylacrylate, (E)-3-cyclohexyl-2-propen-1-o

% (E)-but-2-en-1-amine, >’ (E)-3-phenylprop-2-en-1-amine,***'
phenyliprop

31Charette, A. B.; Molinaro, C.; Brochu, C. J. Am. Chem. Soc. 2001, 123, 12168-12175.

32Aggarwal, V. K.; Fulton, J. R.; Sheldon, C. G.; de Vicente, J. J. Am. Chem. Soc. 2003, 125, 6034-6035.
33Nishizawa, M.; Hirakawa, H.; Nakagawa, Y.; Yamamoto, H.; Namba, K.; Imagawa, H. Org. Lett. 2007,
9, 5577-5580.

*Takeuchi, R.; Ue, N.; Tanabe, K.; Yamashita, K.; Shiga, N. J. Am. Chem. Soc. 2001, 123, 9525-9534.
**Lombardo, M.; Morganti, S.; Trombini, C. J. Org. Chem. 2000, 65, 8767-8773.

3%Chini, M.; Crotti, P.; Flippin, L. A.; Gardelli, C.; Giovani, E.; Macchia, F.; Pineschi, M. J. Org. Chem.
1993, 58, 1221-1227.

Calsen, P. H. J.; Jorgensen, K. B. J. Heterocycl. Chem. 1997, 34, 797-806.

*Nishikawa, Y.; Nakamura, Y.; Kawaguchi, S. Bull. Chem. Soc. Jpn. 1972, 45, 155-160.

**Hamada, J.; Tsunashima, S.; Sato, S. Bull. Chem. Soc. Jpn. 1983, 56, 662-666.

*“Moody, C. J.; Rahimtoola, K. F.; Porter, B.; Ross, B. C. J. Org. Chem. 1992, 57,2105-2114.

41Bartoli, G.; Di Antonio, G.; Giovannini, R.; Giuli, S.; Lanari, S.; Paoletti, M.; Marcantoni, E. J. Org.
Chem. 2008, 73, 1919-1924.
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1,4-but-2-enediol cyclic sulfite,*™* 2-isopropoxy-2,3-dihydro-1H-
benzo[d][1,3]azaphosphole (I),”' (E)-but-2-en-1-o0l,*° (E)-1-bromobut-2-ene,*’ (E)-hept-
5-en-2-yn-1-ol* and (2E,5E)-hepta-2,5-dien-1-0l.*

P — i ___CCPBS2.tmp DAT - Berger TOM-2000 Signal 1
3,800
3,600
3,400
3,200
3,000
2800

fe) H 2,600
“ _N 2400
FsC SN e
\O 3 2000
1800
1,800
1,400
CF 1,200 |
3 1,000] | |
800 ! |
500 |
400
20— — .
K B A Il 1 T EE] 4

B
Min

N-allyl-3,5-bis(trifluoromethyl)benzenesulfonamide.” To a flame-dried round-bottom
flask was added 3,5-bis(trifluoromethyl)benzenesulfonyl chloride (4.01 g, 12.8 mmol)
and CH,Cl, (50 mL). The solution was cooled to 0 °C and allyl amine (4.78 mL, 63.9
mmol) was added dropwise. The solution was allowed to warm to room temperature. The
reaction was diluted with CH,Cl, (20 mL) and washed with 1:1 brine/H,O (2x30 mL) and
brine (1x30 mL). The organic layers were combined, dried over Na,SOy, filtered, and
concentrated. Chromatography (15% EtOAc/Hex) afforded a white solid (4.15 g, 97%).

SFC (AS-H, 1.0 mL/min, 1.0% MeOH, 220 nm, 150 bar, 50 °C) ¢, = 7.44 min;

*Chaudhari, S. S.; Akamanchi, K. G. Synlett 1999, 11, 1763-1765.

“Shellhamer, D. F.; Anstine, D. T.; Gallego, K. M.; Ganesh, B. R.; Hanson, A. A.; Hanson, K. A_;
Henderson, R. D.; Prince, J. M.; Heasley, V. L. J. Chem. Soc. Perkin Trans. 2 1995, 7, 1569-1570.
“Friedrich, M.; Savchenko, A. I.; Wachtler, A.; de Meijere, A. Eur. J. Org. Chem. 2003, 11,2138-2143.
45Morino, Y .; Hidaka, I.; Oderaotoshi, Y.; Komatsu, M.; Minakata, S. Tetrahedron 2006, 62, 12247-12251.
46Haynes, R. K.; Au-Yeung, T.; Chan, W.; Lam, W.; Li, Z.; Yeung, L.; Chan, A. S. C.; Li, P.; Koen, M.;
Mitchell, C. R.; Vonwiller, S. C. Eur. J. Org. Chem. 2000, 18, 3205-3216.

47Loughin, W. A.; Haynes, R. K. Aust. J. Chem. 1995, 48, 651-661.

48Davies, S. G.; Haggitt, J. R.; Ichihara, O.; Kelly, R. J.; Leech, M. A.; Price, M. A. J.; Roberts, P. M.;
Smith, A. D. Org. Biomol. Chem. 2004, 2, 2630-2649.

“Pickard, S. T.; Smith, H. E.; Polavarapu, P. L.; Black, T. M.; Rauk, A.; Yang, D. J. Am. Chem. Soc. 1992,
114, 6850-6857.

SOBrummond, K. M.; Chen, H.; Mitasev, B.; Casarez, A. D. Org. Lett. 2004, 6,2161-2163.
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'H NMR (CDCls, 400 MHz) § 8.32 (s, 2H), 8.08 (s, 1H), 5.66-5.75 (m, 1H), 5.13-5.22
(m, 2H), 4.91 (t, 1H, J = 5.9), 3.72 (ddd, 2H, J = 12.0, 6.0, 1.3); *C NMR (CDCl;, 100
MHz) § 143.4, 133.1 (q, J = 34.5), 132.3, 127.5, 126.4, 122.6 (q, J = 273.6), 118.6, 46.0;
IR: 3274, 3087, 1626, 1430, 1362, 1340, 1281, 1196, 1175, 1160, 1132, 1110, 906, 886,
697, 682, 645, 589, 515 cm™'; HRMS (DART-TOF) calcd. for CyH;oFgNO,S [M+H]":

334.0336, found: 334.0340.
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cis/trans-(1:4.5 mixture)-N-(but-2-enyl)-3,5-
bis(trifluoromethyl)benzenesulfonamide. To a flame-dried round-bottom flask was
added but-2-en-1-amine hydrochloride (4.11 g, 37.5 mmol), triethylamine (713 pL, 5.12
mmol) and CH,Cl, (150 mL). The solution was cooled to 0 °C and 3,5-
bis(trifluoromethyl)benzenesulfonyl chloride (11.7 g, 37.5 mmol) was added. The
reaction was allowed to warm to room temperature. The solution was diluted with
EtOAc (50 mL) and washed with 1:1 brine/H,O (2x50 mL) and brine (1x50 mL). The
organic phase was dried over Na,SQOy, filtered, and concentrated. Chromatography
(CH,Cl,) afforded a white solid (5.36 g, 41%). SFC (AS-H, 1.0 mL/min, 1.0% MeOH,
220 nm, 150 bar, 50 °C) , = 8.67 min; "H NMR (CDCls, 400 MHz) 5 8.30 (s, 2H), 8.07

(s, 1H), 5.58-5.67 (m, 1H), 5.27-5.34 (m, 1H), 4.62 (s, 1H), 3.75 (app. t, 0.4H, J = 6.4),
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3.65 (ddd, 2H, J=12.5, 6.2, 1.1), 1.61 (d, 3H, J = 5.3); *C NMR (CDCls, 100 MHz) §
143.7,133.1 (q, J=33.7), 131.1, 127.6, 126.3, 125.0, 122.6 (q, J = 272.8),45.7, 17.7,
IR: 3277, 3058, 1626, 1359, 1342, 1279, 1265, 1161, 1141, 1110, 904, 735, 698, 681,
590, 414 cm'l; HRMS (DART-TOF) calcd. for C;2H2F¢NO,S [M+H]+: 348.0493,

found: 348.0502.

F3C

CF;

3,5-bis(triﬂuoromethyl)benzenesulfonamide.5 ! 3,5-
bis(trifluoromethyl)benzenesulfonyl chloride (1.0 g, 3.2 mmol) was suspended in water
in a round-bottom flask. Ammonium hydroxide (1.3 mL, 32 mmol) was added. The
mixture was heated to 100 °C. After reaching 100 °C, the reaction was cooled to room
temperature and concentrated. Excess water was removed by azeotroping the product
with toluene three times to yield a white solid (1.0 g, 100%). "H NMR (CDCls, 300
MHz) & 8.39 (s, 2H), 8.09 (s, 1H), 4.99 (s, 2H); IR: 3356, 3262, 1323, 1312, 1277,
1266, 1198, 1163, 1131, 907, 731, 699, 682 cm™'; HRMS (DART-TOF) calcd. for

CsHgFsNO,S [M+H]': 294.0023, found: 294.0037.

Yuriev, E.; Kong, D. C. M.; Iskander, M. N. Eur. J. Med. Chem. 2004, 39, 835-847.
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(E)-N-(3-cyclohexylallyl)-3,5-bis(triﬂuoromethyl)benzenesulfonamide.52 3,5-
bis(trifluoromethyl)benzenesulfonamide (658 mg, 4.69 mmol), (E)-3-cyclohexyl-2-
propen-1-ol (2.75 g, 9.38 mmol) and triphenylphosphine (2.46 g, 9.38 mmol) were
dissolved in CH,Cl, (94 mL) in a round-bottom flask. DIAD (1.90 g, 9.38 mmol) was
added, and the reaction was stirred at room temperature for 2.5 h. The reaction was
concentrated. Chromatography (2-25% EtOAc/Hex) yielded a white solid (371 mg,
19%). SFC (AS-H, 2.0 mL/min, 0.5% MeOH, 220 nm, 150 bar, 50 °C) ¢, = 9.87 min,;
"H NMR (CDCl;, 400 MHz) 5 8.31 (s, 2H), 8.07 (s, 1H), 5.52 (dd, 1H, J = 15.5, 6.5),
5.22 (dtd, 1H,J=154,6.4,1.1),4.75 (t, 1H, J=5.8), 3.64 (t, 2H, J=6.2), 1.82-1.85
(m, 1H), 1.55-1.69 (m, 5H), 1.03-1.26 (m, 3H), 0.86-0.96 (m, 2H); *C NMR (CDCls,
100 MHz) 5 143.6, 141.9, 133.0 (q, J = 34.5), 127.5, 126.3, 122.6 (q, J = 272.7), 121.2,
45.8,40.3, 32.6, 26.2, 26.0; IR: 3291, 2928, 2855, 1450, 1424, 1360, 1279, 1161, 1142,

1114, 905, 699, 682, 593 cm™'; HRMS (DART-TOF) caled. for C17HxFsNO,S [M+H]':

¢}
o}

(Z)-2-(4-(tert-butyldimethylsilyloxy)but-2-enyl)isoindoline-1,3-dione. Potassium

416.1119, found: 416.1127.

52Guisado, C.; Waterhouse, J. E.; Price, W. S.; Jorgensen, M. R.; Miller, A. D. Org. Biomol. Chem.
2005, 3. 1049-1057.
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phthalimide (15.2 g, 82.1 mmol) was added to 1,4-but-2-enediol cyclic sulfite (5.51 g,
41.1 mmol) in DMF (22 mL). The suspension was stirred and heated to 100 °C for 1
h. After cooling, the reaction was quenched with H,O (100 mL). The aqueous phase
was extracted with Et,O (3x50 mL). The combined organic extracts were washed
with H,O (1x50 mL), dried with anhydrous MgSOQy, filtered, and concentrated. The
resulting white solid was dissolved in CH,Cl, (50 mL) and filtered to remove excess
potassium phthalimide. The filtrate was concentrated to give a 3:1 ratio of product to
potassium phthalimide and was used without further purification. In a flame-dried 100
mL round bottom flask, the filtrate (6.36 g, 29.3 mmol) was dissolved in CH,Cl, (49
mL) and DMAP (183 mg, 1.50 mmol) was added. The solution was cooled to 0 °C,
and triethylamine (4.90 mL, 35.2 mmol) was added. TBSCI (5.32 g, 35.3 mmol) was
dissolved in CH,Cl, (10 mL) and added slowly at 0 °C. The solution was allowed to
warm to room temperature and stirred overnight at room temperature. Saturated
aqueous NaHCOs3 (20 mL) was added, and the solution was extracted with CH,Cl,
(3x30 mL). The combined organics were washed with brine (1x50 mL), dried over
MgSOQy,, filtered, and concentrated. Chromatography (10% EtOAc/Hex) afforded a
white solid (6.63 g, 49% over two steps). 'HNMR (CDCls;, 400 MHz) 5 7.83-7.86
(m, 2H), 7.70-7.73 (m, 2H), 5.63-5.75 (m, 1H), 5.47-5.55 (m, 1H), 4.45 (d, 2H, J =
4.8),4.33 (d, 2H, J="17.1), 0.92 (s, 9H), 0.11 (s, 6H); *C NMR (CDCls, 100 MHz) &
168.0, 134.1, 134.0, 132.3, 123.7, 123.4, 59.6, 35.2, 26.2, 18.6, —4.8; IR: 3379, 2955,
2920, 2857, 1773, 1716, 1430, 1089, 838, 779, 716 cm™ ; HRMS (DART-TOF) calcd.

for C1gHa6NO5Si [M+H]": 332.1682, found: 332.1675.
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(Z)-N-(4-(tert-butyldimethylsilyloxy)but-2-enyl)-3,5-
bis(trifluoromethyl)benzenesulfonamide. (Z)-2-(4-(tert-butyldimethylsilyloxy)but-2-
enyl)isoindoline-1,3-dione (7.71 g, 23.3 mmol) and hydrazine hydrate (2.30 mL, 46.6
mmol) were refluxed in EtOH (23 mL) for 30 minutes. After cooling to room
temperature, the mixture was filtered, and the solid was washed with CH,Cl, (3x30 mL).
The filtrate was concentrated. The resulting oil (3.42 g, 17.0 mmol) was dissolved in
CH,Cl; (57 mL) in a round-bottom flask. The reaction was cooled to 0 °C, and 3,5-
bis(trifluoromethyl)benzenesulfonyl chloride (5.29 g, 17.0 mmol) was added. Hunig’s
base (8.92 mL, 129 mmol) was added slowly, and the reaction was allowed to warm to
room temperature. The reaction was diluted with CH,ClI, (20 mL) and washed with 1:1
brine/H,0 (2x30 mL) and brine (1x30 mL). The organic phase was dried over Na,;SOy,
filtered, and concentrated. Chromatography (10% EtOAc/Hex) afforded an off-white
solid (3.69 g, 39% over two steps). SFC (AS-H, 1.0 mL/min, 1.0% MeOH, 220 nm, 150
bar, 50 °C) £, = 9.76; "H NMR (CDCls, 400 MHz) & 8.31 (s, 2H), 8.07 (s, 1H), 5.63-5.73
(m, 1H), 5.38-5.42 (m, 1H), 5.18 (t, 1H, J=5.7),4.16 (d, 2H, J=5.7), 3.76-3.79 (m, 2H),
0.87 (s, 9H), 0.05 (s, 6H); *C NMR (CDCls, 100 MHz) § 143.6, 133.7, 133.1 (q, J =
34.5), 127.5, 126.2, 125.3, 122.6 (q, J = 273.6), 59.6, 40.6, 26.0, 18.4, —5.2; IR: 3293,
2956, 2933, 2887, 2859, 1359, 1277, 1137, 1109, 1064, 905, 836, 699, 681, 590, 414;

HRMS (DART-TOF) calcd. for CsHysFsNO3SSi [M+H]': 478.1307, found: 478.1328.
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N-cinnamyl-3,5-bis(trifluoromethyl)benzenesulfonamide.” The procedure for N-
allyl-3,5-bis(trifluoromethyl)benzenesulfonamide was followed. Chromatography (15%
EtOAc/Hex) afforded a white solid (1.69 g, 50%). SFC (AS-H, 2.0 mL/min, 2.0%
MeOH, 220 nm, 150 bar, 50 °C) #,.= 16.69 min; '"H NMR (CDCl3, 400 MHz) 6 8.25 (s,
2H), 7.93 (s, 1H), 7.22-7.13 (m, 5H), 6.38 (d, 1H, J=16.0), 5.91 (dt, 1H, J=15.7, 6.4),
4.85 (t, 1H, J=6.0), 3.79 (dd, 2H, J = 6.2, 6.0); *C NMR (CDCls, 100 MHz) & 143.5,
135.6, 134.2, 133.1 (q, J = 34.5), 128.8, 128.4, 127.5, 126.5, 126.3, 123.0, 122.5 (q, J =
273.6), 45.8; IR: 3281, 3091, 1361, 1340, 1157, 1139, 1110, 970, 907, 749, 696, 682,
590 cm'; HRMS (DART-TOF) caled. for Ci7H3FsNO,S [M]": 409.0571, found:

409.0588.
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(E)-3,5-bis(trifluoromethyl)-VN-(3-(4-
(trifluoromethyl)phenyl)allyl)benzenesulfonamide.’® To a flame-dried two-neck
round-bottom flask fitted with a reflux condenser was added N-allyl-3,5-
bis(trifluoromethyl)benzenesulfonamide (1.51 g, 4.49 mmol) followed by palladium (II)
acetate (50.5 mg, 0.225 mmol) and tri(o-tolyl)phosphine (137 mg, 451 pmol). The flask
was temporarily placed under vacuum and refilled with nitrogen three times to remove any
oxygen followed by addition of acetonitrile (8.4 mL), triethylamine (1.26 mL, 9.01 mmol)
and 4-iodobenzotrifluoride (661 pL, 4.51 mmol). The reaction mixture was placed in a
preheated oil bath and stirred for 3 h to yield an orange solution. The reaction was cooled
below reflux and a second portion of each: palladium (II) acetate (25.3 mg, 0.113 mmol),
tri(o-tolyl)phosphine (68.5 mg, 0.225 mmol) and 4-iodobenzotrifluoride (278 pL, 1.89
mmol) was added and heated for an additional 16 h. The reaction mixture was diluted
with H,O (28 mL) and extracted with EtOAc (3x20 mL). The organic layers were
combined, dried over MgSOQy, filtered, and concentrated to yield a yellow oil that was
dry-loaded (CH,Cl,) onto silica gel. Chromatography (15-25% EtOAc/Hex) yielded a
light yellow solid (925 mg, 47%). SFC (Silica, 5.0 mL/min, 1.0% MeOH, 220 nm, 150
bar, 50 °C) , = 5.07 min; "H NMR (CDCls, 400 MHz) & 8.24 (s, 2H), 7.96 (s, 1H), 7.46

53Busacca, C. A;; Dong, Y. Tet. Lett. 1996, 37, 3947-3950.
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(d, 2H, J = 8.4), 7.26 (d, 2H, J = 8.4), 6.45 (d, IH, J = 16.0), 6.05 (dt, 1H, J= 6.0, 16.0),
4.79 (t, 1H, J = 6.0), 3.83 (t, 2H, J = 6.0); *C NMR (CDCls, 100 MHz) 5 143.5, 139.1,
133.3 (q, J=34.5), 132.7, 130.4 (q, J = 35.2), 127.5, 126.8, 126.5, 126.0, 125.9, 124.2
(q, J=275.9), 122.5 (q, J = 273.6), 45.6; IR: 3290, 3089, 2925, 2854, 1618, 1416, 1360,
1327, 1279, 1160, 1067, 725, 699, 682 cm'; HRMS (DART-TOF) calcd. for

ClngngNOzS [M]+.I 477.0445, found: 477.0447.
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(E)-N-(3-(4-chlorophenyl)allyl)-3,5-bis(trifluoromethyl)benzenesulfonamide.” The
procedure for (E)-3,5-bis(trifluoromethyl)-N-(3-(4-
(trifluoromethyl)phenyl)allyl)benzenesulfonamide was followed except that 4-
bromochlorobenzene was used instead of 4-iodobenzotrifluoride. Chromatography (25%
EtOAc/Hex) yielded a white solid (561 mg, 42%). SFC (Silica, 5.0 mL/min, 1.0%
MeOH, 220 nm, 150 bar, 50 °C) ¢, = 4.8 min; '"H NMR (CDCls, 300 MHz) § 8.32 (s, 2H),
8.04 (s, 1H), 7.27 (d, 2H, J=8.4), 7.17 (d, 2H, J = 8.4), 6.45 (d, 15.9, J=15.9), 6.00 (dt,
1H, J=6.3,15.9),4.76 (t, 1H, 5.7), 3.85-3.90 (m, 2H); *C NMR (CDCl;, 100 MHz) &
143.5, 134.2, 134.2, 132.7 (q, J = 34.5), 133.0, 129.0, 127.8, 127.6, 122.6 (q, J = 272.8),

126.4, 123.8,45.7; IR: 3159, 3085, 2960, 2924, 2853, 1625, 1593, 1492, 1427, 1318,
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1296, 1159, 1096, 926, 698, 681, 592 cm™'; HRMS (DART-TOF) calcd. For

C17H,CIF6NO,S [M]': 443.0182, found: 443.0190.
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(E)-N-(3-(4-meth0xyphenyl)allyl)-3,S-bis(triﬂuoromethyl)benzenesulfonamide.53
The procedure for (£)-3,5-bis(trifluoromethyl)-N-(3-(4-
(trifluoromethyl)phenyl)allyl)benzenesulfonamide was followed except that 4-
bromoanisole was used instead of 4-iodobenzotrifluoride. Chromatography (10-25%
EtOAc/Hex) yielded an off-white solid (925 mg, 47%). SFC (Silica, 5.0 mL/min, 1.0%
MeOH, 220 nm, 150 bar, 50 °C) ¢, = 4.84 min; "H NMR (Acetone d-6, 400 MHz) &
8.45 (s, 2H), 8.30 (s, 1H), 7.21 (d, 2H, J = 8.8), 6.84 (d, 2H, J=8.8), 6.42 (d, 1H, J =
16.0), 5.94 (dt, 1H, J= 6.4, 16.0), 3.84 (dd, 2H, J= 5.6, 6.4). 3.78 (s, 3H); *C NMR
(CDCl3, 100 MHz) & 160.5, 145.4, 133.2, 133.1 (q, J=33.7), 129.8, 128.5, 128.3,
126.9, 123.8 (q, J=272.8), 122.7, 114.8, 55.7, 46.3; IR: 3356, 3262, 2958, 2922, 2851,
1626, 1607, 1364, 1323, 1277, 1163, 1132, 1030, 907, 845, 698 cm '; HRMS (DART-

TOF) caled. for CgH;sFsNO3S [M+H]': 440.0753, found: 440.0753.



Chapter 1, Page 39

000 CCPB50.1mp.DAT - Berger TCM-2000 Signal 1

CF;

(E)-ethyl 4-(3,5-bis(trifluoromethyl)phenylsulfonamido)but-2-enoate.”* N-allyl-3,5-
bis(trifluoromethyl)benzenesulfonamide (4.1 g, 12 mmol) was dissolved in MeOH (40
mL) and cooled to —78 °C. Ozone was bubbled through the solution until it turned blue.
The excess ozone was bubbled out with nitrogen, and dimethyl sulfide (1.3 mL, 18
mmol) was added. The solution was kept at —78 °C for 5 h then slowly allowed to warm
to room temperature. The solvent was evaporated. The residue was dissolved in CHCl3
(80 mL), washed with 2% HCI (30 mL) and saturated aqueous NaHCO3 (30 mL), and
dried over MgSO,. The organic layer was filtered and concentrated. NaH (314 mg, 13.1
mmol) was suspended in THF (45 mL) and triethylphosphonoacetate (2.67 g, 11.9
mmol) in THF (5 mL) was added. The solution was stirred for 1.5 h. The crude
ozonolysis product (4.1 g, 12 mmol) in THF (10 mL) was added, and the solution was
stirred at room temperature overnight. The reaction was quenched with H,O (5 mL) and
concentrated. The residue was dissolved in CHCIl; (60 mL), washed with 2% HCI (20
mL) and saturated aqueous NaHCO3 (30 mL), dried over MgSQy, filtered, and
concentrated. Chromatography (20% EtOAc/Hex) afforded a white solid. A minor
impurity was removed by recrystallization (EtOH/Hex) to give a white solid (590 mg,

12%). SFC (AS-H, 2.0 mL/min, 0.5% MeOH, 220 nm, 150 bar, 50 °C) £,= 17.99 min; 'H

**Liu, S.; Hanzlik, R. P. J. Med. Chem. 1992, 35, 1067-1075.



Chapter 1, Page 40

NMR (CDCls, 400 MHz) § 8.31 (s, 2H), 8.09 (s, 1H), 6.73 (dt, 1H, J= 15.6, 5.2), 5.93
(dt, 1H, J=16.0, 1.2), 5.11 (t, 1H, J=5.8), 4.17 (q, 2H, J = 7.0), 3.87-3.91 (m, 2H,), 1.27
(t, 3H, J= 6.8); *C NMR (CDCLs;, 100 MHz) § 165.5, 143.2, 141.3, 133.3 (q, J = 34.5),
127.5,126.6, 123.8, 122.5 (q, J = 274.4), 61.1, 44.1, 14.3; IR: 3278, 3089, 2988, 1703,
1360, 1279, 1162, 1139, 1113, 906, 699, 682, 592 cm™'; HRMS (DART-TOF) caled. for

C14H14FeNO,S [M+H]': 406.0548, found: 406.0554.

Synthesis of N-((2E.5E)-hepta-2.5-dienyl)-3.5-bis(trifluoromethyl)benzenesulfonamide:

LiAIH, PBr3
OM\ — HO N ————— g NN
THF,0°C Et,0
Ref. 46 Ref. 47
CF3
1) EtMgBr, THF = LiAIH, PPh;, DIAD
wo & ———————~ HO\W\ = HO VN ————— 0
2) CuCl, crotyl bromide THF,0°C Bis(CF3)SO,NH, F3C S// = X
~ /\/\/\/
g
Ref. 48 Ref. 49 Ref. 52
o H
N R
FsC 'S NNF

CF3

N—((2E,5E’)—hepta-2,5-dienyl)—3,5-bis(trifluoromethyl)benzenesulfonamide.52 The
procedure for (E)-N-(3-cyclohexylallyl)-3,5-bis(trifluoromethyl)benzenesulfonamide
was followed. Chromatography (2-7% EtOAc/Hex) afforded light yellow oil that

solidified upon standing to yield a white solid (654 mg, 34%). "H NMR (CDCls, 300
MHz) 6 8.30 (s, 2H), 8.07 (s, 1H), 5.59 (dt, 1H, J=1.2, 5.1), 5.55-5.63 (m, 3H), 4.56
(t, 1H, J=6.0), 3.67 (dd, 2H, J= 1.2, 6.3), 2.59-2,62 (m, 2H), 1.61-1.64 (m, 3H); *C

NMR (CDCl3;, 100 MHz) 5 143.7, 134.5, 133.1 (q, /= 35.4), 127.9, 127.6, 126.9,
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126.3,124.2,122.6 (q, J = 273.5), 45.6, 35.1, 18.0; IR: 3289, 3088, 2924, 1625, 1426,
1277, 1134, 1109, 969, 904, 843, 698, 680, 631, 589 cm '; HRMS (DART-TOF)

caled. for CysH;sFsNO,S [M+H]": 388.0806, found: 388.0792.

Authentic Linear Hydroformylation Product Synthesis and Characterization

0 nBuLi, THF e DIBAL, CH,Cl, o oH

/ /

HN™ Y ke SO,ClI ”S'\Nfb ”s'\Nb
\©/ FsC o FsC o

Ref. 55 Ref. 56

CF3

1-(3,5-bis(trifluoromethyl)benzenesulfonyl)pyrrolidin-2-one.>> Pyrrolidinone (401
mg, 4.69 mmol) was brought up in THF (15 mL) and cooled to 0 °C. nBuLi (3.45 mL,
5.17 mmol) was added via syringe. The reaction mixture was stirred at 0 °C for 40
minutes. A cold solution of 3,5-bis(trifluoromethyl)benzenesulfonyl chloride (1.48 g,
4.75 mmol) in THF (6 mL) was added via cannula. The reaction was stirred at 0 °C.
After ~1 h, the reaction was warmed to room temperature and concentrated. The
concentrate was diluted with CH,Cl, (15 mL), washed with H,O (3x10 mL), dried over
MgSO., filtered, and concentrated. Chromatography (20-100% EtOAc/Hex) yielded a
white solid (958 mg, 80%). "H NMR (CDCls, 400 MHz) & 8.52 (s, 2H), 8.15 (s, 1H),

3.97 (t, 2H, J=7.1), 2.51 (t, 2H, J=8.1), 2.17 (tt, 2H, J = 7.7, 7.5); "*C NMR (CDCl,,

>Harling, J. D.; Steel, P. G.; Woods, T. M.; Yufit, D. S. Org. Biomol. Chem. 2007, 5, 3472-3476.
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100 MHz) 6 173.6, 140.8, 133.0 (q, J = 34.5), 128.8, 127.7, 122.5 (q, J = 272.8), 47.6,
32.1, 18.6; IR: 3095, 2994, 2915, 1750, 1626, 1362, 1279, 1165, 1133, 1109, 965, 906,
696, 682, 634, 593, 540, 415 cm™'; HRMS (DART-TOF) cald. for C;,H;(FNO3S

[M+H]": 362.0256, found: 362.0287.

CF;

1-(3,5-bis(trifluoromethyl)benzenesulfonyl)pyrrolidin-2-o0l.”° 1-(3,5-
bis(trifluoromethyl)benzenesulfonyl)pyrrolidin-2-one (250 mg, 0.69 mmol) was
dissolved in CH,Cl; (3.5 mL) and cooled to —78 °C under Ar. With stirring, the reaction
mixture was treated with DIBAL (140 pL, 0.76 mmol) dropwise, stirred for 1 h at —78
°C, and 1 h at room temperature. The reaction was cooled to —78 °C, quenched with
MeOH (520 pL) and allowed to warm to room temperature slowly overnight. The
reaction was poured on to a 1M aqueous solution of Rochelle’s salt (15 mL). This
mixture was extracted with CH,Cl, (3x40 mL). The combined organic layers were
washed with brine (30 mL), dried with MgSQOy, filtered, and concentrated.
Chromatography (25% EtOAc/Hex) afforded a white solid (160 mg, 64%). SFC (AS-H,
1.0 mL/min, 1.0% MeOH, 220 nm, 150 bar, 50 °C) ¢, = 6.48 min; '"H NMR (CDCls, 400
MHz) & 8.34 (s, 2H), 8.08 (s, 1H), 5.56-5.57 (m, 1H), 3.54 (s, 1H), 3.20 (s, 1H), 3.03 (s,
1H), 2.12-2.21 (m, 1H), 1.90-1.99 (m, 3H); *C NMR (CDCl;, 100 MHz) & 143.1, 133.9

(q,J=34.5),128.3,127.1, 123.3 (q, J = 272.8), 84.4, 47.6, 34.4, 23.2; IR: 3502, 3090,

56Unthank, M. G.; Hussain, N.; Aggarwal, V. K. Angew. Chem., Int. Ed. 2006, 45, 7066-7069.
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2986, 1361, 1280, 1158, 1136, 1114, 907, 731, 700, 682, 652, 600 cm™'; HRMS (ESI)

calcd. for C;,H 1 FsNO3S [M+Na]+: 386.0262, found: 386.0267.

Exchange Reactions with Sulfonamides (Table 1.1)

General Exchange Reaction Procedure: In a dry glovebox, the sulfonamide, 1.15, (0.10
mmol) was mixed with I (0.01 mmol) in benzene (1.0 mL) and heated to 45 °C. The

reaction progress was followed by 3P NMR. *'P NMR of I: —22.1 ppm.

Table 1.1, Entry 1: N-allyl-4-methoxybenzenesulfonamide (23 mg, 1.0 x 10" mmol) and

ligand I (2.9 mg, 1.0 x 10 mmol) were mixed in benzene (1.0 mL) and heated to 45 °C.

3'P NMR: —18.7 ppm.

Table 1.1, Entry 2: N-allyl-4-methylbenzenesulfonamide (21 mg, 1.0 x 10" mmol)

and ligand T (2.9 mg, 1.0 x 10 mmol) were mixed in benzene (1.0 mL) and heated to

45°C.*'P NMR: —18.8 ppm.

Table 1.1, Entry 3: N-allyl-4-nitrobenzenesulfonamide (24 mg, 1.0 x 10”! mmol) and

ligand T (2.9 mg, 1.0 x 10? mmol) were mixed in benzene (1.0 mL) and heated to 45

°C.*'P NMR: —17.9 ppm.

Table 1.1, Entry 4: N-allyl-3,5-bis(trifluoromethyl)benzenesulfonamide (33 mg, 1.0

x 10" mmol) and ligand I (2.9 mg, 1.0 x 10 mmol) were mixed in benzene (1.0 mL)

and heated to 45 °C. *'P NMR: —17.8 ppm.
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Exchange Reaction Between Substrates (Scheme 1.14)

In a dry glovebox, N-allyl-3,5-bis(trifluoromethyl)benzenesulfonamide, 1.15, (17 mg,
5.0 x 10” mmol) and I (2.9 mg, 1 x 10 mmol) were mixed in benzene d-6 (0.6 mL)
and heated to 55 °C. Reaction was followed by *'P NMR. After 48 h, the reaction was
complete. The reaction was concentrated and redissolved in benzene d-6 (1.0 mL)
with (E)-N-(but-2-en-1-yl)-3,5-bis(trifluoromethyl)benzenesulfonamide, 1.17 (18 mg,
5.0 x 10 mmol). The reaction was monitored by *'P NMR. After 1 h at room
temperature, the ratio between 1.16 and 1.18 was 53:47. At equilibrium (after 22 h),

the ratio was 43:57, respectively.

Exchange Reaction with Product (Table 1.2)

In a dry glovebox, N-(2-methyl-3-oxopropyl)-3,5-
bis(trifluoromethyl)benzenesulfonamide, 1.19, (18 mg, 5.0 x 102 mmol) and I (2.9
mg, 1.0 x 10? mmol) were mixed in benzene d-6 (0.6 mL). The reaction was

monitored by *'P NMR at room temperature for 24 h.



Crystal Structure of I-decomp (CCDC # 837337) (Figure 1.5)

Table 1.12 Crystal data and structure refinement for I-decomp.

Identification code

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

- -
/ 1
i -

| 3

S

=

C14H ,NOP
C1,H;NOP
243.23
100(2) K
0.71073 A

Monoclinic
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Space group P12l/c1

Unit cell dimensions a=9.7934(11) A a=90°.
b=10.0938(11) A b= 108.5370(10)°.

c=12.8098(14) A  g=190°.

Volume 1200.6(2) A’

Z 4

Density (calculated) 1.346 Mg/m’

Absorption coefficient 0.211 mm™

F(000) 512

Crystal size 0.17x 0.16 x 0.10 mm’

Theta range for data collection 2.19 to 28.30°.

Index ranges -13<=h<=13, -13<=k<=13, -16<=1<=17

Reflections collected 14018
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Independent reflections 2941 [R(int) = 0.0188]
Completeness to theta = 28 .30° 98.6%

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.9793 and 0.9651

Refinement method Full-matrix least-squares on F*
Data/ restraints/ parameters 2941/ 14/ 196

Goodness-of-fit on F* 1.065

Final R indices [I>2sigma(])] R1=0.0362, wR2 =0.0954

R indices (all data) R1=0.0372, wR2 = 0.0964
Extinction coefficient na

Largest diff. peak and hole 0.556 and -0.222 e. A 7



Table 1.13 Bond lengths [A] and angles [°] for I-decomp.

P(1)-O(1)

P(D-C(7)

P(1)-C(1)

P(1)-C(14)

N(1)-C(8)

N(1)-C(13)

N(1)-C(14)

C(1)-C(6)

C-C2)

C(2)-C3)

C(2)-H(2)

1.4894(9)

1.7778(11)

1.7935(12)

1.8246(12)

1.3897(15)

1.4546(15)

1.4621(15)

1.3939(16)

1.3946(16)

1.3901(17)

0.966(13)
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C(3)-C(4)

C(3)-H(3)

C(4)-C(5)

C(4)-H()

C(5)-C(6)

C(5)-H(5)

C(6)-H(6)

C(7)-C(12)

C(7)-C(8)

C(8)-C(9)

C(9)-C(10)

C(9)-H(9)

1.3889(19)

0.960(13)

1.3834(19)

0.931(14)

1.3915(17)

0.944(13)

0.937(13)

1.3910(15)

1.4069(15)

1.4036(16)

1.3873(18)

0.932(13)
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C(10)-C(11)

C(10)-H(10)

C(11)-C(12)

C(11)-H(11)

C(12)-H(12)

C(13)-H(13A)

C(13)-H(13B)

C(13)-H(13C)

C(14)-H(14A)

C(14)-H(14B)

O(1)-P(1)-C(7)

O()-P(1)-C(1)
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1.3881(18)

0.957(13)

1.3895(17)

0.924(13)

0.957(13)

0.985(14)

0.955(14)

0.980(14)

0.955(13)

0.976(12)

115.94(5)

112.20(5)



C(7)-P(D)-C()

O(1)-P(1)-C(14)

C(7)-P(1)-C(14)

C(1)-P(1)-C(14)

C(8)-N(1)-C(13)

C(8)-N(1)-C(14)

C(13)-N(1)-C(14)

C(6)-C(1)-C(2)

C(6)-C(1)-P(1)

C(2)-C(1)-P(1)

C(3)-C(2)-C(1)

C(3)-C(2)-H(2)

109.96(5)

115.89(5)

90.48(5)

110.52(5)

120.06(10)

111.64(9)

115.92(9)

119.78(11)

118.59(9)

121.59(9)

120.12(11)

120.1(10)
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C(1)-C(2)-H(2)

C(4)-C(3)-C(2)

C(4)-C(3)-HB)

C(2)-C(3)-H(3)

C(5)-C(4)-C(3)

C(5)-C(4)-H(4)

C(3)-C(4)-H(4)

C(4)-C(5)-C(6)

C(4)-C(5)-H(5)

C(6)-C(5)-H(5)

C(5)-C(6)-C(1)

C(5)-C(6)-H(6)

119.8(10)

119.71(12)

119.8(10)

120.4(10)

120.49(12)

121.2(11)

118.3(11)

120.03(11)

119.6(10)

120.4(10)

119.88(11)

121.7(10)
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C(1)-C(6)-H(6)

C(12)-C(7)-C(8)

C(12)-C(7)-P(l)

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

N(1)-C(8)-C(9)

N(D)-C(8)-C(7)

C(9)-C(8)-C(7)

C(10)-C(9)-C(8)

C(10)-C(9)-H(9)

C(8)-C(9)-H(9)

C(9)-C(10)-C(11)

C(9)-C(10)-H(10)

118.4(10)

121.12(10)

130.09(9)

108.38(8)

125.51(11)

114.92(10)

119.52(11)

118.14(11)

120.5(10)

121.3(10)

122.51(11)

119.4(10)
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C(11)-C(10)-H(10)

C(10)-C(11)-C(12)

C(10)-C(11)-H(11)

C(12)-C(11)-H(11)

C(11)-C(12)-C(7)

C(11)-C(12)-H(12)

C(7)-C(12)-H(12)

N(1)-C(13)-H(13A)

N(1)-C(13)-H(13B)

H(13A)-C(13)-H(13B)

N(1)-C(13)-H(13C)

H(13A)-C(13)-H(13C)

118.0(10)

119.46(11)

118.5(10)

122.0(10)

119.21(11)

122.4(9)

118.4(9)

111.6(11)

109.4(11)

108.0(15)

110.6(11)

108.4(15)
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H(13B)-C(13)-H(13C)

N()-C(14)-P(1)

N()-C(14)-H(14A)

P(1)-C(14)-H(14A)

N(1)-C(14)-H(14B)

P(1)-C(14)-H(14B)

H(14A)-C(14)-H(14B)

108.7(15)

103.58(7)

111.5(10)

111.4(10)

111.1 (9)

108.1(9)

110.9(13)

Exchange Reactions with Product/Substrate (Table 1.3)

In a dry glovebox, N-(2-methyl-3-oxopropyl)-3,5-
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bis(trifluoromethyl)benzenesulfonamide, 1.19, (18 mg, 5.0 x 102 mmol) and I (2.9

mg, 1.0 x 107 mmol) were mixed in benzene d-6 (0.6 mL) and heat to 45 °C for 2 h.

N-allyl-3,5-bis(trifluoromethyl)benzenesulfonamide, 1.15, (17 mg, 5.0 x 10 mmol)

was added with benzene (0.4 mL). The reaction was monitored by *'P NMR at room

temperature for 5 h.
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Exchange with Substrate/Product (Table 1.4)

In a dry glovebox, N-allyl-3,5-bis(trifluoromethyl)benzenesulfonamide, 1.15,
(17 mg, 5.0 x 10 mmol) and I (2.9 mg, 1.0 x 10> mmol) were mixed in benzene d-6
(0.6 mL) and heated to 45 °C for 24 h. The reaction was complete. The reaction was
concentrated and N-(2-methyl-3-oxopropyl)-3,5-
bis(trifluoromethyl)benzenesulfonamide, 1.19, (18 mg, 5.0 x 10 mmol) was added
with benzene (1.0 mL). The reaction was monitored by 3P NMR at room temperature

for 4 days.

Optimization of Branch Selective Hydroformylation

General Optimization Procedure. The Endeavor was charged with 500 puL of
benzene per reaction well to fill the void volume between reactor wall and reaction
tube, and oven-dried glass reaction vials were placed in the Endeavor. The Endeavor
was sealed and purged with nitrogen (4x100 psi). The necessary injection(s) were made
(see below). The Endeavor was purged with nitrogen (1x100 psi), stirring was started

at 250 rpm, and the Endeavor was heated to 45 °C and held for 10 minutes. Stirring
was stopped, the Endeavor was charged with H,/CO, stirring was re-initiated at 700
rpm, and the Endeavor was maintained at a constant temperature of 45 °C and pressure
of H,/CO for 16 h. The Endeavor was vented to ambient pressure and cooled to
ambient temperature. The reaction vials were removed from the Endeavor, a solution of

1,3,5-trimethoxybenzene (100 puL, 0.2 M) was added, and the sample was concentrated.
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"H NMRs were taken to determine conversion and selectivities. The reaction was
chromatographed to determine isolated yield. SFC analysis of the products was used to

determine regioselectivities.

Ligand Loading Screen (Table 1.5)

Table 1.5, Entry 1: The General Optimization Procedure was followed. A solution of

N-allyl-3,5-bis(trifluoromethyl)benzenesulfonamide, 1.15, (67 mg, 2.0 x 10™' mmol),
triphenylphosphine (4.0 mol %, 2.1 mg, 8.0 x 10~ mmol) and
dicarbonylacetylacetonato rhodium (I) (2.0 mol %, 1.1 mg, 4.0 x 10 mmol) in
benzene (1.50 mL) was prepared in a dry box and injected into the Endeavor via
syringe. An additional 500 puL of benzene was added to wash the injection port. The

Endeavor was kept at a constant H,/CO pressure of 200 psi.

Table 1.5, Entry 2: The General Optimization Procedure was followed. A solution

of N-allyl-3,5-bis(trifluoromethyl)benzenesulfonamide, 1.15, (67 mg, 2.0 x 107
mmol), ligand I (10 mol %, 5.7 mg, 2.0 x 10 mmol) and dicarbonylacetylacetonato
rhodium (I) (2.0 mol %, 1.1 mg, 4.0 x 10~ mmol) in benzene (1.50 mL) was prepared
in a dry box and injected into the Endeavor via syringe. An additional 500 pL of
benzene was added to wash the injection port. The Endeavor was kept at a constant

H,/CO pressure of 200 psi.
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Table 1.5, Entry 3: The General Optimization Procedure was followed. N-allyl-3,5-

bis(trifluoromethyl)benzenesulfonamide, 1.15, (67 mg, 2.0 x 10" mmol 2.0 x 10”
mmol) and ligand 1 (20 mol %, 11 mg, 4.0 x 102 mmol) in benzene d-6 (600 pL) was
heated to 55 °C for 6 h. The solution was concentrated in a dry box. The resulting white
solid, dicarbonylacetylacetonato rhodium (I) (2.0 mol %, 1.1 mg, 4.0 x 10 mmol) and
benzene (1.50 mL) were mixed in a dry box and injected into the Endeavor via syringe.
An additional 500 pL of benzene was added to wash the injection port. The Endeavor

was kept at a constant H,/CO pressure of 200 psi.

Table 1.5, Entry 4: The General Optimization Procedure was followed. N-allyl-3,5-

bis(trifluoromethyl)benzenesulfonamide, 1.15, (67 mg, 2.0 x 10™ mmol 2.0 x 10
mmol) and ligand 1 (40 mol %, 23 mg, 8.0 x 10> mmol) in benzene d-6 (600 pL) was
heated to 55 °C for 6 h. The solution was concentrated in a dry box. The resulting white
solid, dicarbonylacetylacetonato rhodium (I) (2.0 mol %, 1.1 mg, 4.0 x 10 mmol) and
benzene (1.50 mL) were mixed in a dry box and injected into the Endeavor via syringe.
An additional 500 pL of benzene was added to wash the injection port. The Endeavor

was kept at a constant H,/CO pressure of 200 psi.

Ligand Loading Screen with Pre-exchange (Table 1.6)

General Pre-exchange Procedure. N-allyl-3,5-
bis(trifluoromethyl)benzenesulfonamide, 1.15, (67 mg, 2.0 x 10" mmol) and I (10 mol

%, 5.7 mg, 2.0 x 102 mmol) were dissolved in benzene d-6 in a dry box and heated to
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55 °C for 6 h. After the solution was concentrated, dicarbonylacetylacetonato rhodium
(D) (2.0 mol %, 1.1 mg, 4.0 x 10~ mmol) in benzene (1.50 mL) was added to the
residue in a dry box and injected into the Endeavor via syringe. An additional 500 puL
of benzene was added to wash the injection port. The Endeavor was kept at 45 °C and a

constant H,/CO pressure of 200 psi.

Table 1.6, Entry 1: The General Optimization Procedure and the General Pre-

exchange Procedure were followed using 5 mol % I. (2.9 mg, 1.0 x 10 mmol).

Table 1.6, Entry 2: The General Optimization Procedure and the General Pre-

exchange Procedure were followed.

Temperature Screen (Table 1.7)

Table 1.7, Entry 1: The General Optimization Procedure and the General Pre-

exchange Procedure were followed. The Endeavor was kept at 35 °C during the

reaction.

Table 1.7, Entry 2: The General Optimization Procedure and the General Pre-

exchange Procedure were followed. The Endeavor was kept at 45 °C during the

reaction.
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Table 1.7, Entry 3: The General Optimization Procedure and the General Pre-

exchange Procedure were followed using 20 mol % I (23 mg, 8.0 x 102 mmol) The

Endeavor was kept at 45 °C during the reaction.

Table 1.7, Entry 4: The General Optimization Procedure and the General Pre-

exchange Procedure were followed using 20 mol % I (23 mg, 8.0 x 10 mmol). The

Endeavor was kept at 55 °C during the reaction.

Acid Loading Screen (Table 1.8)

Table 1.8, Entry 1: The General Optimization Procedure and the General Pre-

exchange Procedure were followed.

Table 1.8, Entry 2: The General Optimization Procedure and the General Pre-

exchange Procedure were followed adding 0.2% p-TsOH (650 uL, 6.21 x 10™ M) to

the pre-exchange.

Rhodium Loading Screen (Table 1.9)

Table 1.9, Entry 1: The General Optimization Procedure and the General Pre-

exchange Procedure were followed using dicarbonylacetylacetonato rhodium (I) (0.5

mol %, 0.26 mg, 1.0 x 10™ mmol).
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Table 1.9, Entry 2: The General Optimization Procedure and the General Pre-

exchange Procedure were followed using dicarbonylacetylacetonato rhodium (I) (1.0

mol %, 0.52 mg, 2.0 x 10™ mmol).

Table 1.9, Entry 3: The General Optimization Procedure and the General Pre-

exchange Procedure were followed using dicarbonylacetylacetonato rhodium (I) (2.0

mol %, 1.1 mg, 4.0 x 10° mmol).

Table 1.9, Entry 4: The General Optimization Procedure and the General Pre-

exchange Procedure were followed using dicarbonylacetylacetonato rhodium (I) (3 mol

%, 1.5 mg, 6.0 x 10° mmol).

Table 1.9, Entry 5: The General Optimization Procedure and the General Pre-

exchange Procedure were followed using dicarbonylacetylacetonato rhodium (I) (4 mol

%, 2.1 mg, 8.0 x 10 mmol).

Pressure Screen (Table 1.10)

Table 1.10, Entry 1: The General Optimization Procedure was followed. A solution of

N-allyl-3,5-bis(trifluoromethyl)benzenesulfonamide (67 mg, 2.0 x 10" mmol),
triphenylphosphine (4.0 mol %, 2.1 mg, 8.0 x 10~ mmol) and
dicarbonylacetylacetonato rhodium (I) (2.0 mol %, 1.1 mg, 4.0 x 10~ mmol) in

benzene (1.50 mL) was prepared in a dry box and injected into the Endeavor via



Chapter 1, Page 62

syringe. An additional 500 pL of benzene was_added to wash the injection port. The

Endeavor was kept at a constant H,/CO pressure of 200 psi.

Table 1.10, Entry 2: The General Optimization Procedure was followed. A solution

of N-allyl-3,5-bis(trifluoromethyl)benzenesulfonamide (67 mg, 2.0 x 10" mmol), I
(10 mol %, 5.7 mg, 2.0 x 10 mmol) and dicarbonylacetylacetonato rhodium (I) (2.0
mol %, 1.1 mg, 4.0 x 10~ mmol) in benzene (1.50 mL) was prepared in a dry box and
injected into the Endeavor via syringe. An additional 500 pL of benzene was added to

wash the injection port. The Endeavor was kept at a constant H,/CO pressure of 200

psi.

Table 1.10, Entry 3: The General Optimization Procedure and the General Pre-

exchange Procedure were followed. N-allyl-3,5-
bis(trifluoromethyl)benzenesulfonamide (67 mg, 2.0 x 10”" mmol) and ligand 1 (10 mol
%, 5.7 mg, 2.0 x 10 mmol) in benzene d-6 (600 pL) was heated to 55 °C for 6 h. The
solution was concentrated in a dry box. The residue, dicarbonylacetylacetonato
rhodium (I) (2.0 mol %, 1.1 mg, 4.0 x 10~ mmol) and benzene (1.50 mL) were mixed
in a dry box and injected into the Endeavor via syringe. An additional 500 puL of
benzene was added to wash the injection port. The Endeavor was kept at a constant

H,/CO pressure of 200 psi.

Table 1.10, Entry 4: The procedure for Table 10, Entry 3 was followed except the

Endeavor was kept at a constant H,/CO pressure of 100 psi.
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Table 1.10, Entry 5: The procedure for Table 10, Entry 3 was followed except the

Endeavor was kept at a constant H,/CO pressure of 300 psi.

Table 1.10, Entry 6: The procedure for Table 10, Entry 3 was followed except the

Endeavor was kept at a constant H,/CO pressure of 400 psi.

Hydroformylation Substrate Scope (Table 1.11)

General Hydroformylation Procedure. The Endeavor was charged with 500 pL of
benzene per reaction well to fill the void volume between reactor wall and reaction
tube, and oven dried glass reaction vials were placed in the Endeavor. The Endeavor
was sealed and purged with nitrogen (4x100 psi). The necessary injection(s) were made
(see below). The Endeavor was purged with nitrogen (1x100 psi), stirring was started
at 250 rpm, and the Endeavor was heated to and held at reaction temperature for 10
minutes. Stirring was stopped, the Endeavor was charged with 400 psi H,/CO, stirring
was reinitiated at 700 rpm, and the Endeavor was maintained at constant reaction
temperature of 45 °C and pressure of 400 psi Ho/CO for 16 h. The Endeavor was
vented to ambient pressure and cooled to ambient temperature. The reaction vials were
removed from the Endeavor and a solution of trimethoxybenzene (100 pL, 0.2 M) was
added and the sample was concentrated. '"H NMRs were taken to determine conversion
and selectivities. The reaction was chromatographed to determine isolated yield. SFC

analysis of the products was used to determine regioselectivities.
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Procedure A. A solution of N-allyl-3,5-bis(trifluoromethyl)benzenesulfonamide (67
mg, 2.0 x 10" mmol), triphenylphosphine (4.0 mol %, 2.1 mg, 8.0 x 10~ mmol),
dicarbonylacetylacetonato rhodium (I) (2.0 mol %, 1.1 mg, 4 x 10~ mmol), and
benzene (1.50 mL) was prepared in a dry box and injected into the Endeavor via
syringe. An additional 500 pL of benzene was added to wash the injection port. The

Endeavor was heated to 45 °C.

Procedure B. This procedure is identical to Procedure A except the Endeavor was

heated to 40 °C.

Procedure C. N-allyl-3,5-bis(trifluoromethyl)benzenesulfonamide (67 mg, 2.0 x 10™"
mmol) and ligand T (10 mol %, 5.7 mg, 2.0 x 10> mmol) in benzene d-6 (600 L) was
heated to 45 °C for 6 h. The solution was concentrated in a dry box. The resulting
white solid, dicarbonylacetylacetonato rhodium (I) (2.0 mol %, 1.0 mg, 4 x 10~ mmol),
and benzene (1.50 mL) were mixed in a dry box and injected into the Endeavor via
syringe. An additional 500 pL of benzene was added to wash the injection port. The

Endeavor was heated to 45 °C.

Procedure D. This procedure is identical to Procedure C except the Endeavor was

heated to 40 °C.

Procedure E. A solution of (£)-3,5-bis(trifluoromethyl)-N-(3-(4-

(trifluoromethyl)phenyl)allyl)benzenesulfonamide (95 mg, 2.0 x 10" mmol),
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triphenylphosphine (4.0 mol %, 2.1 mg, 8.0 x 10 mmol) and
dicarbonylacetylacetonato rhodium (I) (2.0 mol %, 1.0 mg, 4.0 x 10~ mmol) in
tetrahydrofuran (100 pL) and benzene (1.4 mL) was prepared in a dry box and
injected into the Endeavor via syringe. An additional 500 uL of benzene was added

to wash the injection port. The Endeavor was heated to 45 °C.

Procedure F. A solution of (£)-N-(3-(4-methoxyphenyl)allyl)-3,5-
bis(trifluoromethyl)benzenesulfonamide (88 mg, 2.0 x 10" mmol), triphenylphosphine
(6.0 mol %, 3.1 mg, 1.2 x 10 mmol) and dicarbonylacetylacetonato rhodium (I) (3.0
mol %, 1.3 mg, 6.0 x 10~ mmol) in tetrahydrofuran (200 pL) and benzene (1.3 mL)
was prepared in a dry box and injected into the Endeavor via syringe. An additional
500 pL of benzene was added to wash the injection port. The Endeavor was heated to

55 °C.

Procedure G. A solution of N-((2E,5E)-hepta-2,5-dienyl)-3,5-
bis(trifluoromethyl)benzenesulfonamide (77 mg, 2.0 x 10™" mmol) and ligand T (10 mol
%, 5.7 mg, 2.0 x 102 mmol) in benzene d-6 (600 pL) was heated to 45 °C for 2 h. The
solution was concentrated in a dry box. The resulting white solid,
dicarbonylacetylacetonato rhodium (I) (2.0 mol %, 1.0 mg, 4.0 x 10~ mmol), and
benzene (1.50 mL) were mixed in a dry box and injected into the Endeavor via syringe.
An additional 500 pL of benzene was added to wash the injection port. The Endeavor

was heated to 45 °C for 5 h.
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Procedure H. A solution of (£)-3,5-bis(trifluoromethyl)-N-(3-(4-
(trifluoromethyl)phenyl)allyl)benzenesulfonamide (38 mg, 8.0 x 10? mmol) and
ligand I (10 mol %, 5.7 mg, 2.0 x 10 mmol) in benzene d-6 (500 pL) and
tetrahydrofuran (100 uL) was heated to 55 °C for 16 h. The solution was concentrated
in a dry box. The resulting white solid and dicarbonylacetylacetonato rhodium (I)
(2.0 mol %, 1.0 mg, 4.0 x 10™ mmol) were dissolved in benzene (1.40 mL) and
tetrahydrofuran (100 pL) were mixed in a dry box and injected into the Endeavor via
syringe. An additional 500 pL of benzene was added to wash the injection port. The

Endeavor was heated to 45 °C.

Procedure I. A solution of (£)-N-(3-(4-methoxyphenyl)allyl)-3,5-
bis(trifluoromethyl)benzenesulfonamide (35 mg, 8.0 x 10 mmol) and ligand I (10 mol
%, 5.7 mg, 2.0 x 10 mmol) in benzene d-6 (400 pL) and tetrahydrofuran (200 pL) was
heated to 55 °C for 16 h. The solution was concentrated in a dry box. The resulting white
solid was combined with (E£)-N-(3-(4-methoxyphenyl)allyl)-3,5-
bis(trifluoromethyl)benzenesulfonamide (53 mg, 1.2 x 10" mmol) and
dicarbonylacetylacetonato rhodium (I) (3.0 mol %, 1.3 mg, 6.0 x 107 mmol) were
dissolved in benzene (1.30 mL) and tetrahydrofuran (200 pL) were mixed in a dry box
and injected into the Endeavor via syringe. An additional 500 pL of benzene was added

to wash the injection port. The Endeavor was heated to 55 °C.
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Hydroformylation Results and Product Characterization

Table 1.11, Entry 1:

N-allyl-3,5-bis(trifluoromethyl)benzenesulfonamide was hydroformylated using
General Procedure C. Analysis of the crude reaction mixture by 'H NMR showed
conversion and approximate selectivity. A mixture of normal and iso products was
isolated as a white solid (58.2 mg, 80%) and analyzed by SFC (AS-H, 1.0 mL/min,

1.0% MeOH, 220 nm, 150 bar, 50 °C) to determine the selectivity (97:3).

P _CCPT24.4mp DAT - Berger TCH-2000 Signal 1 _
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% 5 § 7 B 9 1 " 2 13 i s
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Index | Nare Start | Time | - £nd | RT Offset:| Quantity | Height Area Area

[Min] [ [Min] | [Min] [Win] | % Area] | [oV] | [aV-Min] %]

1 |UNKNOWN| §.17| 6.31| 7.04 0.00 2.75 55.0 58.5 2.751

2 |UNKNOWN| 7.28 | 9.34 | 12.64 0.00 97.25 [ 1075.6 | 2067.3| 97.249

Total 100.00[ 11305 | 2126.8 [ 100.600
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N-(2-methyl-3-oxopropyl)-3,5-bis(trifluoromethyl)benzenesulfonamide, 1.19. SFC
(AS-H, 1.0 mL/min, 1.0% MeOH, 220 nm, 150 bar, 50 °C) ¢, = 9.54 min; "H NMR
(CDCls, 400 MHz) 4 9.63 (s, 1H), 8.30 (s, 2H), 8.09 (s, 1H), 5.22 (t, 1H, J=6.1), 3.10-
3.24 (m, 2H), 2.73-2.78 (m, 1H), 1.24 (d, 3H, J = 7.5); *C NMR (CDCl;, 100 MHz) &
203.5,143.1, 133.2 (q, J = 34.3), 127.4, 126.4, 122.6 (q, J = 271.9), 46.7,43.4, 11.5;
IR: 3279, 2930, 1721, 1361, 1280, 1163, 1139, 1115, 906, 845, 699, 682, 591 cm™';

HRMS (DART-TOF) caled. For C,H,FsNO3S [M+H]": 364.0442, found: 364.0454.

4,000, - CCP709.4mp.DAT - Berger TCM-2000 Signal 1
3,500

3.4000
3,000

HO P

o i
(@] 2,400
N N 2,200
FSC S\\ = 2000,
@] 1,800

1.600)

1,400

1,200

CF3 1,000

800

00— P S W

1-(3,5-bis(trifluoromethyl)benzenesulfonyl)pyrrolidin-2-ol. See above for

characterization data.

Table 1.11, Entry 2:

(E)-N-(but-2-enyl)-3,5-bis(trifluoromethyl)benzenesulfonamide was hydroformylated
using General Procedure C. Analysis of the crude reaction mixture by 'H NMR showed
conversion and selectivity. A mixture of normal and iso products was isolated as a
white solid (63.8 mg, 85%) and analyzed by SFC (AS-H, 1.0 mL/min, 1.0% MeOH,

220 nm, 150 bar, 50 °C) to determine the selectivity (99:1)
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sty T
IndexhName: w02 [ -Start ] Fime [ End: | RT-Offset |2 Ouantity: |- Height Ares i sArea
[Min] | [Min] | [Min] [Min) | [% Area] | [uV] [ [pV.Min] [%]
1 UNKNOWWM| 14.47 { 15.65 | 21.07 0.00 100.00 | 2878.8 1 5456.5 | 100.000
Tetal 100.00 | 2878.8 | 5456.5 | 100.00G

N-(2-formylbutyl)-3,5-bis(trifluoromethyl)benzenesulfonamide, 1.22. SFC (AS-H,
1.0 mL/min, 1.0% MeOH, 220 nm, 150 bar, 50 °C) ¢, = 15.65; "H NMR (CDCls;, 400
MHz) & 9.66 (s, 1H), 8.30 (s, 2H), 8.30 (s, 2H), 8.09 (s, 1H), 5.20 (t, 1H, J = 6.6),
3.16-3.24 (m, 2H), 2.55-2.61 (m, 1H), 1.79-1.86 (m, 1H), 1.55-1.62 (m, 1H), 1.05 (t,
3H, J=7.5); *C NMR (CDCls, 100 MHz) 5 178.2, 143.2, 133.2 (q, J = 34.5), 127.4,
126.4, 122.6 (q, J=272.8), 46.5,43.4,22.8, 11.4; IR: 3298, 2971, 2931, 1721, 1625,
1460, 1427, 1360, 1279, 1167, 1137, 1114, 906, 844, 699, 682, 591 cm™'; HRMS

(DART-TOF) calcd. for C13H4FsNO5S [M+H]": 378.0599, found: 378.0582.
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CCP345.1mp.DAT - Borger TCM-2000 Signal 1 i
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1-(3,5-bis(trifluoromethyl)benzenesulfonyl)-3-methylpyrrolidin-2-ol. SFC (AS-H,
1.0 mL/min, 1.0% MeOH, 220 nm, 150 bar, 50 °C) £, = 9.74 min; '"H NMR (CDCls, 400
MHz, 1:1 diastereomer ratio) & 8.34 (s, 3H), 8.08 (app d, 2H, J=3.8), 5.35 (t, I1H, J =
4.2),5.13 (t, 1H, J=3.5), 3.44-3.52 (m, 2H), 3.29-3.35 (m, 1H), 3.16-3.23 (m, 1H), 3.00
(d, 1H,J=3.1), 2.68 (d, 1H, 4.0), 2.23-2.25 (m, 2H), 1.97-2.07 (m, 3H), 1.81-1.85 (m,
1H), 1.08 (d, 3H, J = 6.8), 0.85 (d, 3H, J = 7.2); *C NMR (CDCl;, 100 MHz) & 142.4,
142.3, 133.1 (q, J=34.5), 127.6, 126.3, 122.6 (q, J =275.1), 90.5, 85.3, 46.9, 46.2,
41.1, 39.5, 30.3, 30.1, 16.1, 13.0; IR: 3483, 3092, 2969, 2911, 1626, 1363, 1345, 1286,
1183, 1150, 1130, 1107, 904, 696, 682, 650, 599 cm™'; HRMS (ESI) calcd. for

C13H3FsNO;3;SNa [M+Na]": 400.0418 found: 400.0416.

Table 1.11, Entry 3:

(E)-N-(3-cyclohexylallyl)-3,5-bis(trifluoromethyl)benzenesulfonamide was
hydroformylated using General Procedure C. Analysis of the crude reaction mixture
by 'H NMR showed conversion and selectivity. A mixture of normal and iso products
was isolated as a white solid (74.8 mg, 84%) and analyzed by SFC (AS-H, 2.0

mL/min, 0.5% MeOH, 220 nm, 150 bar, 50 °C) to determine the selectivity (99:1).
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Mridex | Name' "~ [ Staft {-Time | - End | .RT Offset:|” Quantity [Height | & iArea’[ 7 Arsa:
[Min] | [Min] | [Min} [Min] | {% Area] [Vl { [WV.Min] {%]
1 UNKNOWN| 8.85 | 10.74 | 14.25 0.00 100.00 | 172.2 350.5 | 100.000
Tofal 100.00 | 172.2 350.5 | 100.000
400 - CCP7CD.tmp. DAT - Berger TCK-2000 Signal 1
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N-(3-cyclohexyl-2-formylpropyl)-3,5-bis(trifluoromethyl)benzenesulfonamide,

1.23. SFC (AS-H, 2.0 mL/min, 0.5 % MeOH, 220 nm, 150 bar, 50 °C) ¢ = 10.89 min;

'H NMR (CDCls, 400 MHz) § 9.60 (s, 1H), 8.30 (s, 2H), 8.09 (s, 1H), 5.22 (t, 1H, J =

6.3), 3.08-3.22 (m, 2H), 2.71-2.72 (m, 1H), 1.67-1.74 (m, 4H), 1.52-1.57 (m, 2H), 1.14-

1.34 (m, 5H), 0.87-0.96 (m, 2H); *C NMR (CDCls, 100 MHz) & 204.0, 143.2, 133.2 (q,

J=34.5),127.4,126.4,122.6 (q, J=273.6), 49.3, 42.0, 35.1, 33.8, 32.9, 26.5, 26.2; IR:

3299, 2926,1723, 1360, 1279, 1163, 1140, 1114, 906, 845, 700, 682, 592 cm™'; HRMS

(DART-TOF) calcd. for C13H»FsNO;S [M+H]+: 446.1225, found: 446.1224.
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4,000 _ __ GCPSC3.mp.DAT - Barger TOM-2000 Signal 1

1-(3,5-bis(trifluoromethyl)benzenesulfonyl)-3-cyclohexylpyrrolidin-2-ol. SFC (AS-H,
2.0 mL/min, 0.5% MeOH, 220 nm, 150 bar, 50 °C) £, = 5.10; "H NMR (CDCls, 300
MHz, 1:1 diastereomer ratio) 6 8.34 (s, 2H), 8.07 (s, 1H), 5.47-5.49 (m, 1H), 5.33-5.35
(m, 1H), 4.20-4.23 (m, 1H), 3.65-3.66 (m, 1H), 3.47-3.53 (m, 1H), 3.37 (dd, 1H, J= 8.3,
8.0), 3.11-3.20 (m, 1H), 3.03-3.07 (m, 1H), 2.57-2.61 (m, 1H), 2.00-2.07 (m, 1H), 1.81-
1.88 (m, 2H), 1.60-1.69 (m, 6H), 1.54-1.56 (m, 3H), 1.41-1.47 (m, 3H), 1.09-1.11 (m,
4H), 0.83-0.94 (m, 6H); IR: 3511, 2925, 2855, 1724, 1451, 1360, 1280, 1169, 1143,
1061, 1034, 682, 594 cm™; LRMS (DART-TOF) calcd. for C1sH,,FsNO3S [M+H] ™

446.1225; found: 446.1293.

Table 1.11., Entry. 4:

(Z2)-N-(4-(tert-butyldimethylsilyloxy)but-2-enyl)-3,5-
bis(trifluoromethyl)benzenesulfonamide was hydroformylated using General
Procedure D. Analysis of the crude reaction mixture by 'H NMR showed
conversion and selectivity. A mixture of normal and iso products was isolated
as a white solid (84.2 mg, 83%) and analyzed by SFC (AS-H, 1.0 mL/min,

1.0% MeOH, 220 nm, 150 bar, 50 °C) to determine the selectivity (97:3).
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2 UNKNOWN| 5.14 | 5,86 | 6.83 0.00 2.64 99.0 81.8 2.636
1 UNKNOWN| 6.85 | 8.83 | 11.86 0.00 97.36 | 1682.9| 3014.9| 97.364
Total 100.00 | 1681.8 [ 3096.5 | 100.000
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N-(4-(tert-butyldimethylsilyloxy)-2-formylbutyl)-3,5-
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bis(trifluoromethyl)benzenesulfonamide, 1.24. SFC (AS-H, 1.0 mL/min, 1.0% MeOH,

220 nm, 150 bar, 50 °C) #, = 9.00 min; "H NMR (CDCls, 400 MHz) § 9.65 (s, 1H), 8.30

(s, 2H), 8.07 (s, 1H), 5.70 (s, 1H), 3.73 (t, 2H, J = 5.6), 3.21-3.28 (m, 2H), 2.75-2.78 (m,

1H), 1.96-2.01 (m, 1H), 1.82-1.88 (m, 1H), 0.85 (s, 9H), 0.03 (d, 6H, J = 2.8); *C NMR

(CDCls, 100 MHz) 5 202.9, 142.9, 132.9 (q, J = 34.5), 127.1, 126.0, 122.3 (q, J = 273.6),

59.9,49.3,41.4,29.5, 25.6, 18.0, =5.7; IR: 3286, 3089, 2955, 2932, 2860, 1712, 1359,

1278, 1137, 1108, 905, 835, 809, 777, 699, 681, 589, 413 cm™'; HRMS (DART-TOF)

calcd. for C9HygFsNO4SS1 [M+H]+: 507.1413, found: 508.1429.
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1-(3,5-bis(trifluoromethyl)benzenesulfonyl)-3-((zert-
butyldimethylsilyloxy)methyl)pyrrolidin-2-ol. SFC (AS-H, 1.0 mL/min, 1.0%
MeOH, 220 nm, 150 bar, 50 °C) ¢ = 6.06 min; '"H NMR (CDCls, 300 MHz, 1.1:1
diastereomer ratio) 8 8.45 (s, 2H), 8.34 (s, 2H), 8.06 (app. d, 2H, J=8.6), 5.65 (t, I1H, J
=4.8),5.40 (t, 1H, J=3.3),3.97 (d, IH, J=4.6), 3.89-3.94 (m, 1H), 3.73-3.78 (m,
1H), 3.34-3.48 (m, 6H), 3.10 (d, 1H, J = 3.4), 2.24-2.36 (m, 2H), 1.95-2.17 (m, 3H),
1.71-1.80 (m, 1H), 0.83 (app. d, 18H, J=11.3), 0.06 (d, 3H, J=3.6),-0.03 (d, 3H, J =
4.1); ¥C NMR (CDCls, 100 MHz) & 142.6, 142.4, 133.1 (q, J = 34.5), 132.7 (q, J =
34.5), 128.3, 127.6, 126.4, 126.1, 122.7 (q, J = 272.8), 122.6 (q, J = 273.6), 86.3, 85.1,
61.8,61.6,49.6,46.7,46.3,45.4,25.9,25.8,25.3,25.0, 18.4, 18.8, —5.4; IR: 3514,
2956, 2932, 2859, 1360, 1280, 1169, 1142, 1110, 840, 779, 682, 641, 598 cm™; HRMS

(ESI) calcd. for C19H»7FsNO4NaSSi [M+Na]+: 530.1234, found: 530.1232.

Table 1.11, Entry 5:

N-cinnamyl-3,5-bis(trifluoromethyl)benzenesulfonamide was hydroformylated using
General Procedure C. Analysis of the crude reaction mixture by '"H NMR showed

conversion and selectivity. A mixture of normal and iso products was isolated as a
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white solid (76.0 mg, 86%) and analyzed by SFC (Silica, 5.0 mL/min, 1.0% MeOH,

220 nm, 150 bar, 50 °C) to determine the selectivity (99:1).

4000 CCP576.4mp DAT - Berger TCM-2000 Signal 1 . _
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T3 T & s 8 7 5§ 10 T 2 W@ 15
Index | Name Start:| Tirme | ‘End { RT Offset {- Quantity | Height-[-.-."Area {1 Area
[Min] | [Min] | [Min] Min] | % Areal ]  [1V] | [0V.Min] %]
1 UNKNOWN| 4.15 | 5.26 | 6.62 0.00 100.00 | 381.9 314.5 ] 100.000
Total 100.00 | 381.8 314.5 [ 100.000
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N-(2-benzyl-3-oxopropyl)-3,5-bis(trifluoromethyl)benzenesulfonamide, 1.25. SFC
(Silica, 5.0 mL/min, 1.0% MeOH, 220 nm, 150 bar, 50°C) #,= 5.30 min; '"H NMR
(CDCls, 400 MHz) 6 9.72 (s, 1H), 8.23 (s, 2H), 8.06 (s, 1H), 7.26-7.36 (m, 3H), 7.18 (d,
2H,J=17.1),5.20 (t, 1H, J=6.6), 3.02-3.16 (m, 3H), 2.97-3.02 (m, 1H), 2.79 (dd, 1H, J
= 14.0, 8.7); C NMR (CDCl;, 100 MHz) § 203.2, 142.8, 136.7, 133.2 (q, J = 273.6),

129.1, 128.9, 127.4, 126.5, 122.5 (q, J = 34.5), 53.3,46.3, 41.5, 32.9; IR: 3292, 3089,
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2889, 1720, 1360, 1280, 1162, 1140, 1114, 906, 844, 699, 682, 591 cm™'; HRMS

(DART-TOF) calcd. for CisH;sFeNO5S [M+H]": 440.0755, found: 440.0742.

3000 - CCPS88 tmp, DAT - Berger TCM-2000 Signal 1__

1-(3,5-bis(trifluoromethyl)benzenesulfonyl)-3-phenylpyrrolidin-2-ol. SFC (Silica, 5.0
mL/min, 1.0% MeOH, 220 nm, 150 bar, 50°C) #,= 2.41 min; '"H NMR (CDCls, 300
MHz) § 8.27 (s, 2H), 8.04 (s, 1H), 7.20-7.22 (m, 3H), 7.03-7.06 (m, 2H), 5.51 (t, IH, J=
3.6), 3.54-3.67 (m, 2H), 3.34-3.40 (m, 1H), 3.21 (d, 1H, J=3.2), 2.26-2.52 (m, 1H),
2.06-2.18 (m, 1H); *C NMR (CDCl3, 100 MHz) 6 142.1, 138.8, 133.1 (g, J = 33.5),
129.0, 128.7, 127.5, 127.4, 126.8, 126.4, 122.5 (q, J = 272.8), 90.5, 84.7, 51.8, 50.3, 47.0,
29.7,27.0; IR: 3488, 3089, 2960, 1625, 1359, 1279, 1162, 1136, 1112, 1017, 699, 682,
644, 596 cm'l; HRMS (ESI) calcd. for C1sH5FsNO3S [M+Na]+: 462.0575, found:

462.0571.

Table 1.11., Entry 6:

(E)-3,5-bis(trifluoromethyl)-N-(3-(4-
(trifluoromethyl)phenyl)allyl)benzenesulfonamide was hydroformylated using General
Procedure H. Analysis of the crude reaction mixture by 'H NMR showed conversion

and selectivity. A mixture of normal and iso products was isolated as a white solid



Chapter 1, Page 77

(92.8 mg, 92%) and analyzed by SFC (Silica, 5.0 mL/min 1.0% MeOH, 220 nm, 150

bar, 50 °C) to determine the selectivity (98:2).
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Index | Name Time | Width Height Area Area
[min] | [min] [mAU] [%6] | [mAU min]
2 FRACTION_| 2.19| 0.10| 231.014 0.466 25.11
1 FRACTION_| 4.07| 0.14| 556.905 1.592 85.82
3 FRACTION_| 10.55| 0.87 | 5604.702 | 97.943 5280.99
Total 100.000 5381.92
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N-(2-formyl-3-(4-(trifluoromethyl)phenyl)propyl)-3,5-

bis(trifluoromethyl)benzenesulfonamide, 1.26. SFC (Silica, 5.0 mL/min, 1.0% MeOH,

220 nm, 150 bar, 50 °C) #,=11.01 min; '"H NMR (Acetone d-6, 400 MHz) 6 9.41 (s, 1H),

8.40 (s, 2H), 8.38 (s, 1H), 7.62 (d, 2H, J = 8.0), 7.48 (d, 2H, J = 8.4), 7.13 (s, 1H), 3.26-

3.37 (m, 2H), 3.21 (dd, 1H, J= 6.8, 14.0), 3.03-3.09 (m, 1H), 2.93 (dd, 1H, 7.6, 14.0); *C

NMR (Acetone d-6, 100 MHz) § 203.1, 144.9, 133.8 (q, J = 33.7), 131.3, 129.7 (q, J =
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32.1), 129.1, 127.9, 126.8, 126.7, 126.0 (q, J = 270.5), 124.4 (q, J = 272.0), 54.3, 42.8,
33.2; IR: 3291, 3090, 2927, 2855, 1724, 1620, 1420, 1360, 1327, 1280, 1162, 1068, 1019,
906, 845, 805, 699, 682, 630 cm '; HRMS (DART-TOF) calcd. for CjoH;5sFoNO;S

[M+H]": 508.0629, found: 508.0628.

CCP81D0.tmp.DAT - Berger TCM-2000 Signal 1
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1-(3,5-bis(trifluoromethyl)benzenesulfonyl)-3-(4-(trifluoromethyl)phenyl)pyrrolidin-
2-ol. SFC (Silica, 5.0 mL/min, 1.0% MeOH, 220 nm, 150 bar, 50 °C) #. = 2.2 and 4.2 min
(diastereomers); "H NMR (Acetone d-6, 400 MHz, 46:54 diastereomer ratio) & 8.55 (s,
1.0H), 8.49 (s, 2.0H), 8.37 (s, 0.6H), 8.34 (s, 1.0H), 7.64 (d, 3.6H, J=8.1), 7.57 (d, 1.4H,
J=28.1),7.51(d, 2.5H,J=28.1), 5.79-5.84 (m, 1.5H), 5.61 (dd, 1.3H,J=3.1,5.9), 5.42
(d, 0.4H, J = 6.2), 3.72-3.80 (m, 1.4H), 3.50-3.63 (m, 2.7H), 3.43-3.49 (m, 1.3H); *C
NMR (Acetone d-6, 100 MHz) 6 145.1, 143.5, 143.4, 142.5, 132.2 (q, J = 34.5), 129.9,
128.7 (q,J=20.1), 128.4, 128.1, 128.0, 126.3, 125.5, 124.8, 123.1 (q, J = 269.0), 89.9,
84.8,54.2,52.9,49.8,46.7, 46.1, 27.1; IR: 3505, 3089, 2927, 1621, 1360, 1327, 1279,
1163, 1126, 1069, 1046, 907, 844, 700, 682,649, 631 cm™'; HRMS (DART-TOF) calcd.

for C19H;5FoNO3S [M+H]": 508.0629, found: 508.0647.
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Table 1.11, Entry 7:

(E)-N-(3-(4-chlorophenyl)allyl)-3,5-bis(trifluoromethyl)benzenesulfonamide was
hydroformylated using General Procedure H. Analysis of the crude reaction mixture
by 'H NMR showed conversion and selectivity. A mixture of normal and iso products
was isolated as a white solid (64.9 mg, 69%) and analyzed by SFC (Silica, 5.0 mL/min

1.0% MeOH, 220 nm, 150 bar, 50 °C) to determine the selectivity (99:1).

CCPgg2 tmp.DAT - Berger TCM-2000 Signal 1 _

uv
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4,000 \
3000 o -
2000 @ b
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2 3 4 5 6 7 8 g 10 11 12 13 14 15
Min
Index | Name Time | Width Height Area Area
[min] | [min] [mAU] [%] |[mAU min]
1 FRACTION | 0.05| 0.02 4.041 0.002 0.08
2 |FRACTION | 0.16 | 0.02 4304 | 0.001 0.06
3 FRACTION_| 254 | 0.07 | 402.117 0.507 28.68
B FRACTION_] 4.15| 0.14| 180.118 0.408 21.56
5 |FRACTION | 8.10| 0.96 | 5023.842 | 99.081| 5219.00
Total 100.000 | S5267.38
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N-(2-(4-chlorobenzyl)-3-oxopropyl)-3,5-bis(trifluoromethyl)benzenesulfonamide,

1.27. SFC (Silica, 5.0 mL/min, 1.0% MeOH, 220 nm, 150 bar, 50 °C) ¢, = 9.80 min; '"H

NMR (Acetone d-6, 400 MHz) 5 9.72 (s, 1H), 8.41 (s, 2H), 8.38 (s, 1H), 7.23-7.30 (m,

4H), 7.09 (s, 1H), 3.24-3.34 (m, 2H), 3.07-3.12 (m, 1H), 2.95-3.02 (m, 1H), 2.81-2.86

(m, 1H); *C NMR (Acetone d-6, 100 MHz) § 203.2, 144.9, 138.7, 133.7 (g, J = 34.5),

133.2,133.1, 129.2, 130.0, 127.7, 124.3 (q, J = 272.8), 54.4, 42.6, 32.8; IR: 3293, 3089,

2929, 1723, 1626, 1493, 1411, 1360, 1318, 1279, 1138, 1112, 906, 844, 722, 699, 630

cmﬁl; HRMS (DART-TOF) caled. for CgH;sCIFsNO;S [M+H]+: 474.0365, found:

474.0381.

Cl

FiC s;

CF3

1-(3,5-bis(trifluoromethyl)benzenesulfonyl)-3-(4-chlorophenyl)pyrrolidin-2-ol SFC

(Silica, 5.0 mL/min, 1.0% MeOH, 220 nm, 150 bar, 50 °C) ¢, = 2.6 and 4.4 min

(diastereomers); "H NMR (CDCls, 300 MHz, 10:1 diastereomer ratio) & 8.41 (s, 0.2H),

8.28 (s, 1.65H), 8.07 (s, 1.0H), 7.32 (d, 0.25H, J = 8.4), 7.19 (d, 2.0H, J = 8.6), 7.01 (d,

1.9H, J=8.6), 5.64 (dd, 0.1H, J=3.3, 4.5), 5.47 (dd, 1.0H, J=2.7, 3.3), 3.57 (dd, 2.0H,

J=2.4,6.9),3.46 (d, 1.1H, J=3.3), 3.33 (dt, 1.2H, J = 3.6, 6.9), 2.57 (app. d, 0.1H, J =

3.0), 2.41-2.52 (m, 1.0H), 2.21-2.30 (m, 0.2H), 2.03-2.14 (m, 1.0H); *C NMR (CDCl,,

100 MHz) & 142.4, 142.2, 137.3, 134.5, 133.8, 133.5, 133.1 (q, J=33.7), 1329 (q, /=
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34.5), 130.2, 129.1, 129.0. 128.3, 128.0, 127.5, 126.5, 122.7 (q, J = 273.5), 122.6 (q, J =
272.8),90.3, 84.5,51.3,49.8, 46.9, 46.4, 29.6, 27.5; IR: 3493, 3089, 2960, 1625, 1495,
1360, 1279, 1163, 1138, 1015, 907, 844, 721, 699, 660, 626, 595 cm™'; HRMS (DART-

TOF) calcd. for C;sH4ClIFgNO3;SNa [M+Na]+: 496.019, found: 496.019.

Table 1.11. Entry §:

(E)-N-(3-(4-methoxyphenyl)allyl)-3,5-bis(trifluoromethyl)benzenesulfonamide was
hydroformylated using the corresponding General Procedure I. Analysis of the crude
reaction mixture by '"H NMR showed conversion and selectivity. A mixture of normal
and 1so products was isolated as a white solid (81.4 mg, 87%) and analyzed by SFC
(Silica, 5.0 mL/min 1.0% MeOH, 220 nm, 150 bar, 50 °C) to determine the selectivity

(97:3)

CCPS27.4mp DAT - Berger TCM-2000 Signal 1

Index | Name Time Area Area
[Min] | [uV.Min] %]
1 UNKNOWN| 3.42 55.7 1.783
3 | UNKNOWN| 3.63 38.9 1.246
2 UNKNOWN| 7.38 | 3027.3| 96.971

Total 3121.8 | 100.000
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bis(trifluoromethyl)benzenesulfonamide, 1.28. SFC (Silica, 5.0 mL/min, 1.0% MeOH,

220 nm, 150 bar, 50 °C) ¢, = 8.8 min; "H NMR (Acetone d-6, 400 MHz) 6 9.69 (s, 1H),

8.25 (s, 2H), 8.07 (s, 1H), 7.08 (d, 2H, J = 8.4), 6.85 (d, 2H, J = 8.4), 5.43 (t, IH, J =

6.4), 3.79 (s, 3H), 3.08-3.14 (m, 2H), 3.03 (dd, 1H, J = 6.4, 14.4), 2.90-2.97 (m, 1H),

2.74 (dd, 1H, J = 8.4, 14.4); *C NMR (Acetone d-6, 100 MHz) & 203.5, 158.9, 142.9,

133.2 (q, J = 34.5), 129.9, 128.6, 127.5, 126.5, 122.6 (q, J = 273.6), 114.6, 55.4, 53.5,

41.5,32.05; IR: 3295, 3086, 2936, 2840, 1721, 1613, 1585, 1513, 1422, 1359, 1277,

1248, 1133, 1034, 905, 843, 808, 699, 681, 630, 589 cm '; HRMS (DART-TOF) calcd.

for C19H sFsNO4S [M+H]": 470.0861, found: 470.0844.

OMe

HO
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1-(3,5-bis(trifluoromethyl)benzenesulfonyl)-3-(4-methoxyphenyl)pyrrolidin-2-ol SFC
(Silica, 5.0 mL/min, 1.0% MeOH, 220 nm, 150 bar, 50 °C) ¢, = 4.3 and 5.2 min
(diastereomers); "H NMR (Acetone d-6, 400 MHz, 1:1 diastereomer ratio) & 8.55 (s,
0.5H), 8.46 (s, 2.0H), 8.33-8.44 (m, 2.3H), 7.23 (d, 0.7H, J = 8.2), 7.15 (d, 2.2H, J = 8.4),
6.80-6.87 (m, 3.3H), 5.62-5.67 (m, 1.2H), 5.50 (dd, 1.2H,J=3.1, 6.0), 5.17 (d, 0.3H, J =
6.4),3.77 (s, 4.5H), 3.66-3.75 (m, 2.0H), 3.46-3.58 (m, 2.3H), 3.27 (dt, 1.9H, J = 2.8, 6.6),
2.35-2.49 (m, 2.1H), 2.07-2.15 (m, 2.1H); *C NMR (Acetone d-6, 100 MHz)  160.2,
144.9, 133.2 (q,J=33.7), 133.2 (q, J = 33.7), 131.4, 130.8, 129.8, 129.5, 129.5 (q, J =
272.0), 129.1, 127.6, 115.5, 114.9, 91.9, 86.5, 56.1, 53.7, 50.8, 48.1, 47.4, 28.8; IR: 3495,
3088, 2959, 2841, 1724, 1613, 1515, 1459, 1359, 1279, 1251, 1163, 1136, 1035, 906, 843,
699, 682, 640, 594 cm™'; HRMS (ESI) calcd. for C9H;7FsNO,SNa [M+Na]": 492.0680,

found: 492.0690.

Table 1.11, Entry 9:

(E)-ethyl 4-(3,5-bis(trifluoromethyl)phenylsulfonamido)but-2-enoate was
hydroformylated using General Procedure C. Analysis of the crude reaction mixture by
"H NMR showed conversion and selectivity. A mixture of normal and iso products was
isolated as a white solid (68.5 mg, 79%) and analyzed by SFC (AS-H, 2.0 mL/min,
0.5% MeOH, 220 nm, 150 bar, 50 °C) to determine the selectivity (96:4 with 9%

hydrogenated starting material).
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Ethyl 4-(3,5-bis(trifluoromethyl)phenylsulfonamido)-3-formylbutanoate, 1.29. SFC
(AS-H, 2.0 mL/min, 0.5% MeOH, 220 nm, 150 bar, 50 °C) ¢, =14.72 min; '"H NMR
(CDCl3, 400 MHz) 6 9.62 (s, 1H) 8.30 (s, 2H), 8.09 (s, 1H), 5.39 (t, 1H, J=6.3), 4.19
(g, 2H,J=17.1), 3.31-3.34 (m, 2H), 3.00-3.06 (m, 1H), 2.66-2.81 (m, 2H), 1.25-1.31 (t,
3H, J=7.1); *C NMR (CDCls, 100 MHz) § 201.2, 171.3, 142.9, 133.2 (q, J = 34.5),
127.4,126.5, 122.5 (q, J = 273.6), 61.8, 48.0, 41.7, 31.3, 14.3; IR: 3291, 3092, 2987,
1728, 1360, 1280, 1163, 1139, 1114, 906, 844, 699, 682, 591, 414 cm™; HRMS

(DART-TOF) calcd. for C15H;sFeNOsS [M+H]": 436.0653, found: 436.0639.
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. 7 K e T a2 3 I

Ethyl 1-(3,5-bis(trifluoromethyl)benzenesulfonyl)-2-hydroxypyrrolidine-3-

carboxylate. SFC (AS-H, 2.0 mL/min, 0.5% MeOH, 220 nm, 150 bar, 50 °C) ¢, = 6.01

min; "H NMR (CDCl3, 300 MHz, 2:1 diastereomer ratio) 6 8.42 (s, 1H), 8.32 (s, 2H),

8.08 (app d, 1.5H, J = 4.8), 5.81 (t, 0.5H), 5.69 (s, 1H), 4.21 (g, 1H, J=7.1), 3.98 (q,

2H, J =7.2), 3.56-3.70 (m, 1H), 3.38-3.47 (m, 1H), 3.18-3.27 (m, 2H), 3.04 (app d, 2H,

J=1.5),2.14-2.51 (m, 3H), 1.25-1.31 (m, 3H), 1.14 (t, 3H, J = 7.1); *C NMR (CDCl;,

100 MHz) 6 170.8, 170.6, 142.4, 141.5, 132.8 (q, J = 34.5), 128.2, 127.7, 126.5, 120.9

(q,/=271.3),86.1, 83.0, 61.8, 61.5, 51.3,49.0, 46.8, 46.0, 26.7, 25.2, 14.3, 14.1; IR:

3487, 3089, 2984, 1733, 1625, 1360,

1280, 1165, 1138, 1056, 1033, 906, 845, 682, 640,

596 cm'l; HRMS (ESI) calcd. for CsH;5sFsNOsSNa [M+Na]+: 458.0473, found:

458.0481.
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Ethyl 4-(3,5-bis(trifluoromethyl)phenylsulfonamido)butanoate. SFC (AS-H, 2.0
mL/min, 0.5% MeOH, 220 nm, 150 bar, 50 °C) , = 7.90 min; "H NMR (CDCl3, 400
MHz) & 8.31 (s, 2H), 8.07 (s, 1H), 5.14 (s, 1H), 4.13 (q, 2H, J=7.1),3.11 (q, 2H, J =
6.4,6.2),2.39 (t,2H, J=6.8), 1.85 (ttt, 2H, J = 13.4, 6.8, 6.6), 1.25 (t, 3H, J=7.1);
BC NMR (CDCl;, 100 MHz) & 173.4, 143.2, 133.1 (q, J = 34.5), 127.4, 126.3, 122.6
(q,/=272.8),61.1,43.1, 31.5, 24.7, 14.3; IR: 3295, 2938, 1733, 1712, 1360, 1279,
1161, 1137, 1114, 905, 682, 591 cm™'; HRMS (ESI) calcd. for C14H;5sFsNO,SNa

[M+Na]": 430.0524, found: 430.0525.

Table 1.11, Entry 10:

N-((2E,5E)-hepta-2,5-dienyl)-3,5-bis(trifluoromethyl)benzenesulfonamide was
hydroformylated using the corresponding General Procedure G. Analysis of the crude
reaction mixture by "H NMR showed conversion and selectivity. A mixture of normal
and 1so products was isolated as a white solid (63.4 mg, 76%) with selectivity

determined by NMR to be >95:5.
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E)-N-(2-formylhept-5-enyl)-3,5-bis(trifluoromethyl)benzenesulfonamide, 1.30. 'H
NMR (CDCl3, 300 MHz) & 9.62 (s, 1H), 8.31 (s, 2H), 8.08 (s, 1H), 5.20-5.60 (m, 2H),
3.09-3.22 (m, 2H), 2.62-2.64 (m, 1H), 2.07-2.20 (m, 2H), 1.67-1.9 (m, 1H), 1.65 (d, 3H,
J =5.99), 1.53-1.60 (m, 2H); *C NMR (CDCl;, 100 MHz) § 203.9, 143.2, 1332 (q, J =
34.5), 129.0, 128.2, 127.6, 126.4, 122.6. (q, J = 272.8), 51.0, 41.4, 29.8, 26.1, 18.0; IR:
3295, 3087, 3936, 2859, 1721, 1625, 1453, 1359, 1278, 1138, 969, 906, 844, 699, 682,
630 cmﬁl; HRMS (DART-TOF) caled. for C;HsF¢NO3S [M+H]+: 418.0912, found:

418.0898.



Chapter 1, Page 88

O H
ai-red - Y
FsC SO
Solvent: COC \ 5
Asbient >
Filer aw-
GENTNE-40 L
600 sec
e
e CF3
17 boe.0zeaise e
OATA PROCESSing 115 '
FT shze 65538 2%
Total time 1 afn, 29 sec e
“
-
~
=
s
* 2.
= = ReS
2
:?:E: = L L2 -
BE T | =
- : >
3 3 I~y =

Z:ll
=T
S.130
2
\—3.700

- 7.zae
povprom

st it L) H

N
t‘n‘h'nn: coc) F3C \\S/ \/\

ent temperature \
OIMINI-40088 “ners" (@]
Relax, delay 16,900 sec
Fulse 64.8 du:
Gidin Taenn s e
2 aae
Jie repatitionss CF3 =33
13, 100, :
orcoueLe Wi, 400, 0 S
er |
cont inwous ly on 1.15 J
VALTZ=1§ modulates
DATA PROCESSING
Line broadening 2.0 he
€1 sire $553¢
Total tiem X hr, 6 min, 59 sec
.
a3
e
:E -
= -
o LIESE3
] o
H PR
4 | HuER z
= 113 .
1 e a al e

143.374
-133_ 828

,_
133.283

~ 132940

132,597

/

T T T Y [T T - T T T T

zao zz0 200 180 180 1ap léﬂ 100 a0 60 a0 20 ppa




Chapter 1, Page 89

o H
CARTtat F30 \\S’N\/\/Me

Bolvent: COC

Anblant rature
filer av-“’;n
UNITY-300 “earz*

Rela CF3

U §

s.070

4.554

aw-1-173C

tn\mu coaciy
Blent temperature
n ww=1=1730

H
AN TR F3C O\\S, N \/\/ Me

Relax, delay 10. N' sec
bulu n’

: !
Vi iz
tH reonulrm

CLY, 180.5868077 Wiz
MCMG Hi, d00.028810% m

Pawer 45 ab
continudusiy on
VALTZ-LE ulates
N‘A PROCE
ne brosgening 2.9 Wz
o un £5536
Total time 3 hr, § min, 55 gec

77.488
76.850

=
.=

CF;

132,885
—131.10%
a2 127,555
126.277
023

133,228
45508
17.676

43662
Vi
— 1%
117.129

enometasmet bl s ———————
¥ w oy \ ]n non A L s ) vy ey ” Lohoa o




Chapter 1, Page 90

Aw=1-252 =
s (0]
~
N Y- NH;
Solvent: CDOY Fgc S
fablent tempacatore W\
File: aw-1-252
UNITY-300 “nmr2"
Ralax. delay 1.000 sec
2]"0‘3'.9,‘: ;I.'
. ne 3. s
Vidin 3761 8 N CF3
16 repetitions
onst: HI, 2999403367 WMz
oATA PROCESSING
FT 5126 65538
Tota) time 1 min, 36 sec
-
E
~
a
- - s
g 2 2
- ~ Y
|
|
Vo
T v N f T —— - — - ——v——r- - v —r—
8 7 6 5 3 3 1 ppm



Chapter 1, Page 91

w-1-278
N
\
FsC 5!
FT size 85535
Tota) time 1 r-. 29 dec
:
i
- "\ 5
L] ]
]

2 H\/\/O
aw-1-270C F53C \\S/N X

\Y
Solvent: TOCIA o
AnSient temaeratere
GEWINI-40088 “nmrs”
CF3
. sz3
88 repetitions - -
SERVE  C13, 100,5852077 MMz “ne
COMPLE M3, &00.0333162 Wz £
Power 45 48 U
canti 51y o -~
VALTZ-1§ soduiates
DATA P SSING
Line broadening 2.0 Mz
71 aize §5536 2 -
Total tise 7 he, TH in, 3B sec 2 =
s -
J
{
-
- 3
= a
3 - :
~ ~ "
- s .. -
s = - =
s
-
3
-
- = |
- i 3
S 55 s
" ng C
- - =
= s
o |
4

T ™ T T T T T
140 130 1z0 110 100 90 a0 70 60 S0 a0 30 20 10 ppm



aw-i=251M

Solvent: COCIZ
Anbient tﬂtrlwr'
File: m 251

Relax. delay 2.008 mee
.4 degrees

tions
Wi, 4800268154 Mz
DATA PROCESSING O
FT size 85538

Total time | min, 2% sec

A

Chapter 1, Page 92

a.81¢

/_O.lll )
ST

—e.9a7

—0.311

T

av-1-271113_16¢

l:::'nh €oC1y

ent t rature

File: .-—lmfll-llc N
GEMINE=40388 “nmrd™

Relax. celay 12
Pulse 64, gr

AG" tine
Width 25683 4 e
2880 repetitions

OOSERVE €13, 100,6868077 iz
DECOUPLE M1, 400.0256183 M
Power 45 4b

cont inuoutly on
WALTZ-1¢ ulated

DATA PROCESSING

Line Broadening 2.0 Hz

fT size 65536

Total time 7 hr, 20 min, 38 sec

~T7.542

167.97%

4
4

$9.582

28,150

.0
—

L

.~4.541

——r——rT T T T T

T
160 140 120

MR e et i Sy o e e
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L
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0 ppm
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av-i-191 H
3 iz AN
2 =3 FsC 8¢
pemends,, ’ %
n! anphrator .
File: aw-1-18} i o
GENINI-40008 | “nmra® i~
Nej et
:::u “l‘ly 2. cu sec ;) =
se 40,4 8
Acn. tiak 3§80 sec T CF3
Vidth S89E.E[Hz > |
15 llrll"ﬂ -
i, 400, 0268509 iz |
sata pProcessits “
FT size 65536 2
Total time & fin, 28 see p
-
oW
e
L]
=
-~ -
L 2
]
\ o
e
IR
g s
-
5 |
- -
H
-
|
2
a2
-

Lo B i

Solvemt: COC1S o H
Anbient temperature W /N
GEMINI-40086 “nars FsC S

Relax. delay 10.808 ser
Pul o

Aeg. tim
Width 25683.4 Wz ®
!S! ropllhlol; 3
DecoupLe :
Powar 45 di
come

LT2-18 nZ-hnT/‘

(II!‘A

ine Srosdaning .9 Ml
vv olxq 9333¢
Total tise 3 hr, £ win, fec

CF3

L.76.081

77,518

126.302
25.892
122,984

134,289
634
1

S
S

a5.820

~143.538
~33%.67%
\
123,181

\
118.462

WJ W

st 2 B on cow vl I s e 1 T —rT | BBAANE A By Ja S ot s A S Cn o e Ao S o Jum e e un e A ams b e e oy b o ac o ¢
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Salvents €OC13
Anbfent temperature
File: WK=3=2384
GEMINI-G08BE “emra™
Relax. delay 2. "l sec
Fuise &0.4 de
Ac’. Time 3.0
Width 5995.2 e
16 repetition

ons
.“i A0, 0ZEALEE MMz
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OBSERV!
DATA PROCESSING J/
FT size #5535
Total time 1| ®im, 39 sec
CF3
o H
\ ,N N
FsC S
N\
O
ae CF3
mm
U
-
| - W
111 s
2 an Tab .
g & .5 3a 23l Es i
~ wn L -
1 .']’ ko .Q\ﬁ/‘
| [ b
| |
|
| A u ‘ i - L A
; . ; - ——r—r—— " l T T 14 LA | T v
10 S 8 7 B 5 4 3 F4 1
WK~3-208-13C~2
Soluant: COGIR
ABDYENT TEMpErATUre
CIMINE=4908B “nard"
Relax, delay l! lll sec
Pelic 64.8 de
Acg. time 8. l l uc
i%:
s
. Up
VALTZ-16 modulated
DATA PROCESSING
Line broadening 2.0 He
FT size 455
Total time 764 Ar, 48 min, 5& sec
CF3
o H
W\ ,N N
FsC S
Y
O
]
L
. "
£ ¢ 337 5
» - L =
T8 8 e
|| | |
L_L Ll ) 8 2l
v T r—r—r T T T T T T 4 ™ T T 1
150 140 130 120 110 100 a0 a0 70 60 50 ppm



Solvent: cnc 13

fabient erature
File: nx-s-: krzlul
UNITY-300 “ner

Rolax, “l.’ I 0.. sec
'-Iu !) 9 d

WL 398.9403376 WH:
S5 iNG
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DATA PROCE: )
fT size 65534
Total time L min, 36 sec
Cl
o H
N _N R
FsC %
I\
O
-~
b5 CF3
-
-~
=
I -
= ;:
i
"
™y
32 Vsg
na | = s
o k . -
= -
= )/
-
4
-
? NRT + A
J‘,‘J L e St l a4
— P—t—r—r—p———r— v + —r—r— —r—r—r . T T 1
9 8 7 ] 5 4 2 ppm
e e o e b
nn 2.5% 1.04 1.04
o.%0 1.30 1.08 2.04
HE-3-209-13C
Solvent: €OC13
Astifent Iemrnuu
File: MR-3-293
GEMINI-40088 "Mrn'
Relax. delay 12.000 sec
Pulse 64.5 gegrees
Acg. time 0.640 tec B~
v;:- th zssﬁan Hz 3%
repet ons . S
OBSERVE. 13, 108 5850031 iz -4
DECOUPLE M1, 408.038H163 iz LE)
Power 45 u ~
cont inuously O
WALTZ=18 -u-uun
DATA PROCESS]
Lime uouu-mn 2.0 Wz
IT size 65535
Yotal time V€4 he, 48 min, 34 tec
Cl
o H
N _N NN
FsC S?
i\
O
CF3
- "
e
s=
g%
gy
-
-
“e "
=3 23833
]
g ia i ,:.Eg:;t
" | [ -
p | % 2
- -~
o | *
-
Ty V LL = N | A FSRDER T L " h . -
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MK-3-2440r fed

Solvent: CEC13

Ambient temporature

File:. MR-3-248dricd
INI-S00B8 “mara*

Relax. delay 2.000 se¢
Pulse ad.4 .

:. 3]

widtn 59
14 fxl ons

oesER M, 400.0268158 Moix
TA PROCESSIMG

IT siza G3836
Total time 1 mim, 3% sec

5,326

M W | ]

—~7.268

7.1

7.188

FsC s?

. 813

5.8

OMe

L3804
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1.842

HK=-3-20TFeeryst=13C

Solvpat: Acetone

ABD | et temperature
CEMINEZ-400B8 “nars™

Relax, delay 4.
Pultp §4.8 degree

ALg. tiae 0.5460 &
Widyh 25683.4 Hx
1116 repetitions
OBSERME  CEN, 100.SAT2S4L Mwz
oE lii ::. 4000308929 Mz

comtinuout ly on
WALTR-16 Tated
QATA PROCESSING
Line broadening 2.0 Hr

LAl HF' 65538

Total time 320 he, 22 ain, 14 see

FsC

169,521

CF,

183,203

145,419

A

133.709

~AER.75TY

V388, 433

LI e o w2 w2 o S

200 180

SR SRR

160

Yrp———y

140
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$5.545
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aw-1-273

Seivent; COCI3
dabient L ature
Flle: aw=1-273
GIMIMNI-20080 “nars"

Relax, delay &.440 sec
Pulse 40.4 degrees
Acg. time 3.460 sec
Width 5838.8 Mz
8 repatitions
OBSERVE W1, 400.0268152 Wiz
BATA PROCE!
T size 65
Total time 1™win, 29 sec
=

—8.088

. T6S

CF3

4077

o

5%
3.50%
J.m

.3

3876
2,872

rd
T\

\

1.EL2
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b 266

UYL 268

1.203

r

\—-1.147

aw-i-273%

Solvent: COCI13
Ambient tuesprature
Files aw-1-275C
GENINI=40%00 “narg™

Relax. delay 10,
Pulse 64.8 deg
Ae,. tim 1 ¥os
Wigtn 254B3.4 12
364 repetitions
ODSTRVE  C33, 109,5888077 MMz
DECOUPLE M1, -0288163 Wiz
Power 45 db
continuously on
WALYZ-16¢ Tated

PROCH

Yotal tise 3 hr, § =min, S5 sec

~.141.82%
127,427

185 53¢
143.228
133,447
\ 133104
128,574
123,838

e T R L1

L |

W PP

77,400

76,858

F3C

#1070

CF;

44,038

14.27¢

e Rl

S i i e e ki b ™ ™ ™y T T
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100

ey - 7
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W -3-33e

Belax. ce 1.9 soc
Futse !’.P

Aca. time €.

visth 37631.2 M i
iE v Itioss

0i 1, 293.3103373 WMz

T st 65538
Tetal tiee 1 sin, 35 sec

o)
NoARAA
FaC s NN e

CF3

r— ﬁ_"." !
.0
Sm— ¥ (1]
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N

—
: r —— - o ——v . ——
s 8 14 6 S q 3 2 1 pon
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i 1 : nn
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LR L
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Salveny: gocts H
AEM Hrde I \ N X =
N~
Nelan . peley 12000 BeC F3C S\ Me
Fules 64,8 | \
L vime 0688 sec
B
LR
g
Tatal time 704 hr, 48 e
g y 3
: I |
{
[ ‘
e {I l 4 L b s L _Jn w) iy 1 e
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WD-1-~247

e Csasure o] Chapter 1, Page 100
o}

Relax. delay 1.000 sac

paiee aT3 fagtens F\C 5N

Width 3751.2 Mz N\

”l
Total tiae 1 ain, 38 sac

7.281

- B.148

4

~ -
@ -
-
w
r
-

Mo-1-247C N _N

FsC s;

Solveat: CoCly i
AnDent LEeperature
DEIMINT~400BE nara®

Kelax. delay 12.008 sac
wise §4.8 ZQunn CF3
lme 0,640 wec

u
100 .5R6R977
DECW'!! Nl f00. 0288163

ot
:
77,812
r 22403
—26.073

Line broadening 2.0 H2
Y s1ze & 12
Total time & hr, 50 min, 9 e

128,810

~—3T.0%0
L8, 562

47.574

173,553
149.75%6
132,188
< 132.848
127.718
126535
123,822

BTl a0y

-

19,038

43,950

PRSI ) Myt
B2.671
&7.887
19.%04

——31aN
15.208

| SIS S it a3 Lam e | -t T Y T
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av-i-223

Golyents COCIA Ho
ARDIEAT TRRPAFATUFE
OEMINI-400EE “mars”

Rolax ay 1.000 sec “ _N
Pulse Hapsaas -
Aca 009 sec F3C S
Vidth 5388.8 Ha

1§ _repetitions

OBSERVE WL, &40,0268152 MHz
0ATA PROCESSING

FT size 65534

Tetal ttee 1 a¥n, 25 sec

200

CF3

8.33%
7,261

874

L3988
T —S.582
s 587

4
4

Aw-1-235¢c

FsC

CF,

—17.48%
69

A76.8%0

continuously on ~
VALTZ=1§ modulated
DATA PROCESSING

Line broadening 2.0 Mz
FT size 65538

Tota) time & hr, 47 sin, 24 se¢

. 88.317
54.420
28,199

127,548

47.628

L e e e e e e e e T T Ty T T T T T T T T T pr———
ia 120 100 an ED 40 20 ppa
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ACqy, time 3.000 ¢
Vidin 5338.8 He 1.22
Lttregnl"ons e
OOSERY Wi, 480,92
ing

DATA PROCESS
O._H

o H
Me.
FsC 5 ©

8_683
5,300
el 087
/
108

8,088

——— 1 -

av-1-281126_3402

Solvest: COCYI
Asbient tem|
File: aw-1-2B1120_|
GEMIMI-A008E “nars”

e84z
1

—17.473

Vidth 25683.4 Hz
25 repetition
Dtcovpie Ai

Power A% dB o O H

cnunnm:;s“u

VALTZ-1§ scdulated

OATA PROCESSING H
Line brosdening 2.0 Kz O

FT size 54838 N N Me

Total tiae 22 he, 331 ain, 35 tec

122

—S—126.416
123
o
—as

178,391
371,326
143,210
133.392
23
2. 702

£3.494
ﬁ"!l.g
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- L-166TT_B -
: Q |l
\
Solvent: COCI3 1 F3C S~
FADient TemOCCAtere
File: aw-l=15577 _I4 I\
CEMIAD: “nerst

FsC

oATA
FT stz 53506
Total teme L ein, 1) 1ac

a0

HE ggiss
e} PP

14 ]
£
—— . 35

118817 _3C

Soleent: CCIL
Zsbient tssparatare

FsC O\é,N

CEMINE-32958 “mare N
Fclas. delay L2041 sec
Fulte 588 4o M

q.
widts x =
232 renstitions B
CRZEME  CLY, 13D SE6EET) Mo -
DECOUPLE ML, 304 6180183 w3 = F.C
Power &5 43 3
centinoesiy s g
WALTZ-15 maduiatee
CATA SROCISEING
Lins teoadening 1.8 »2

e S5538

FT stz
Total thae L hr, U wis, 9 sec

1a ;E ;3 3 =3
=2 13 s . 3 Is <3 5.
b EL I T R Y N 1 < s
> - 3 s~ s - 3 [ - =‘.;
L s 1 3 I ] : 3
- = H = -
[ i f ‘ ‘
Mmh herssisrioprt J l Noa __L..J_.L ‘l.‘ L LA"L‘ oty

140 130 120 110 100 30 &0 70 €0 s¢ L} ] s 20 1€ ppe
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av-1-192TE0_31n

z.280
@)
T

Goluent: COCI3 H

ARDIENT TEBPEFATUSE

Filer aw=l=232120_3W O

GENINT=4088B “smra= \ .
FsC s

Relax. delay 2.808 sec
Puise 49.4 cogren

Vigtn 5938.8 Mz
16 repstitions

OBSERVE M1, S90.9288154 MMz
SEING

Total time 1 min, 29 sec CF3

1.23

9.602
8388

7,868
5.28¢
.21y

awep-zazfzy nc

Solvent: €OCIS H
4RSiEnt temperature (@)
CEMINI-400BE  ~nerd” W

FsC s;

Relax, de
Pulim &4
Ac:. tin o
Vidth 26§83.4 Mz
100 repetiticns
OBSERVE €13, 390.50
OECOUPLE Wi, 190.0238183 MHx
Pover 45 48
cont fnuout Iy on
VALTZ=1€ modulates CF3
DATA PROCESSING

ne

PR
.38

T

77497

)

T size 48
Total time L hr, 33 ain, 29 sec 1.23

33.796

137.392
28484
~28.230

26,148

L

35951
32,300

203,98
a9, 280
aL.95e

133.37§
133,834

126,387

133,332

143.22¢
~—i21.202

Mm

J RELIE B o e e i e e o | JELER LN T B IR B B e S0 S B A S A8 o o b s mn o e aw i e ot e e 2n 2 e e e o LSRR BRI . - —_— e
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£olvent: COCIS

Asbient temperature HO,
Fite: aw-1-292f23_260

UNITY-380 “nmr2®

Rolax, delay 1,080 sec NN
Pulse 373 Heorees F5;C ¢
Acq. time 5. - sec

16 repetitions
OBSERV M1, 299.5403368
DATA PROCLSSING

FT giza #5536
Total time 1 min, 36 secC CF3

7.282
_7.z60

8.838
8.338




aw-1-194118_17

1.2
o

Me
H Me. A" Chapter 1, Page 107

fadient tenghcature Ve -

i -

File: aw-1-294110 37 F3C S O |
URITY-300 “nmrz" A\ Me

Relax, delay 1.006 sec
Pulse 57.3 degrees

Aeg. time 5,000 sec
Width 3761.2 Mz |
1% re thons {
OESERVE ML, 2985.3403373 Mz
DATA PROCESSING CF3 1.24
FT size 65538 .
1 tine 1 min, 3% sec
iz
°e
1
W
~
s e
b “ 85 we ®le
=2 = Rek g ; 9
- % . min = N
2 L= LJ
= |
1 l A JJL - L A A o) qu__

Hl=R94rI0_10C

Solvent: COC1Y - - R
Aabiant temperature F3C S\ O | |
File: aw-2947i8_i7C \ Me
GENINI-48088 “hars" (@]

Rolax, d¢lay 19.080 sec
Pulse 64.8 degreet

Acg. time §.654% sec

Uidin 286034 We 1.24
280 repeiitions

OBSERVE T13, L90, 5568397 Miz CF3
GRCOUPLE  ME, 499, 125816 MMz

Power 45 ¢ .
cont inuow

7.0
26854
76.538
25.83L

Ry

Line broadening 2.0 Wz
FY size 65538
Total tiee 3 hr, § ain, 53 sec

-5.703

12r.078

I0Z.870
~59.910
43.281
A} .043
—28.519

126,044
10,040

128,613

132.584
S ———t i 81

182.07%
133.026

133.36%

118,182

TYs T "
200 180 160 140 120 100 8o 60 a0 20 ppm
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av-1-29475_7 Me Me

l-uivwh crm IVI
Anbient ratur e
'nn -l !‘l" 7

GIMINI=AR00E  “aars Me-Si
et s HO O Me

: 004 se
Width 5338.8 Mz
i€ r luuont

VBSER a90.9
DATA PROCESSING
FT sfze 6§

O
Tetal ‘l."‘l’illl, 25 sec F3C \\S/N

==t.813

0851

F3C

ng
-
g
lJn.. _’L l J_Jx_ ‘_M.L)KJL.__-J\)—\M_,J L____,/Li
s 3 8 s a 3 2 1 o ppm

Me Me
we1=25815_7 Me
Solvant: COCI3 Me—/SI

MNlnl temperatura
#: av=1=29ars_jC

HM A 5 | HO O Me

ede O
2359 -:‘ 53 C \ N
CBAERVE Ci3, 105, 5868071 SRR \
“WLE Nl a00. 028838 '~|'I 'T F3 S/
Continnovs : W
VALTZ-16 .J..m..
OATA PROCK
Line truinln' 2.0
FT size 65534
Total time LS he, 34 min, 53 sec
FsC
-
-1
" 3
ary
"e
4

-5.423

G323

—— 85110

§21.360
~—03.848

S121.238
=TI T
J
———— T T)
\
18,367
18,238

S
s

%-
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aw-z-Lf20_32

hlvtnl cheis
TempErature

Hlox nw!'l'!’ M'l

REMINT-40088 “himss

2elax, uuz 2.008 sec
Pulse a roes

th 3 -8 Mr
18 reopetitiona
OASERV

1]
Total time 1 min, 29 sec

8.720

av-2-1928_37¢

Solvent: CoCid
Aabient temparaturs
CENINE-260B8 “nard"

.I:ll ‘olnx 1. Dll tec
. time 4.6 0 nu
210 reperitions

OBSERVE C13, 190.5868077 MMz
450.978236 Mz

Line broadening 2.0 Mz
FY size §353

ML, 480.0268158 Mz
5 ING

7260

"
~
o~
~

8.2%6

\—’.l“
-7, 160

125

198

3.1
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FsC s;

1.25

Tetal time § hr, S8 ®in, 9 sec

208,212

BN

173,485

128,357

129,145
\..127.384

Pt
133, 845

//flsa.ooz
132,659

pez. 797

\_126.“0
123,885

N 121.173

~118.454
117.113

TTTTTTTTTY

140

T

120

| :-‘JJM

26 e he e Sl o e o

ipo

’

~F7.5048
Londi 283,

—B4.aes

76,873

5,169

ppm

s3.zn
83,488
-32.881

—46.619
89,838
33,985
28918
1.363
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aw=1-270720_3TH

Solveat: COCI3
Asbient tesserature
Tile: aw-1-275125 37
UNITY~-30¢ “rmra¥

Relax, delay 1L.000 sec
1 ce.

Pulse 57,

Acq. time 5.000 sec

Width 3781.2 Mz

20 repetitions

OBSIR Mi, 299.9403372 M2
DATA PROCISS!

FY slze 85538

Total time 2 min, @ sac

\_igga

F3C

FsC
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1 .582

1.29%

”»
)
t w®
- 2, .-
'!gg “eeZ
s wi2 & ke o=
- w iy e 2 a2
- ) . * Vi
® S e
< -
L
r T T r—— e e S A e T S
& 6 s 4 2
aiRratza_ar
Solvent: COCYS i
Anbient temperature ‘: HO
CIMINI-40088 ~nera™ i
F5;C \\S,N
~ W\
284 repd om4 s (o)
OSSERVE C13, 100.585807) mu R
CICOUPLE HI, 200.0288163 WH: =
Power 43 d8 i
continucusly on 3
VALTZ-1§ modulated
DAYA PROCESSING F.C
Line broadening 2.0 Mz 3
FT cize §553§
Total time 3 hr, 5 min, 53 sec
a
8.,
e T
Re.s 4l
aRSa "
shnes
&1:
‘.(
-
$83% 2 i
o ey " B3 hg
13555 g : G
1HRT e -
% LL Y] ]
= Ll EE - i
< 8 H
vy o b4 ‘
L R as 2
L N = | i
(T g gz 2 |l 1z = 3
; 2 1] 1 e Mi=e & &
|
I {
T v p——— T e - R . T
140 130 120 100 0 &0 &0 50 40 30
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Solvent: €OC13
tesporaturn
"nars”

Asbient
GEMINI-30088

Relax.
Puls

Ac:. 3.

wigih 53%8.3

16 repatitions
RV M1, 490, 0760161 MMz

sroctssing

FT size 65534

Total time | min, 3

aela
.

sec

7. 338

\—7.760

~2.819
7.598

7,358

Ryt Ty )
sy’ i B AT
-

CF3
1.26

CF3

3.13%
-
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Chapter Two: Enantioselective Hydroformylation
2.1 Challenges in Enantioselective Hydroformylation

The efficient synthesis of valuable aldehydes through hydroformylation has led
many to develop asymmetric methods.! A useful method has to first overcome the
fundamental challenges of controlling regioselectivity and increasing reactivity of

substituted olefins under mild conditions before addressing enantiocontrol in

hydroformylation. Numerous groups have used symmetrical (Scheme 2. 1™ or

electronically activated substrates (Scheme 2.2)* in order to circumvent the issue of

Scheme 2.1 Reek’s Asymmetric Hydroformylation of Dihydrofurans.

0.5% Rh(acac)(CO), o
(0) O 2.5% Ligand, 48 h, 45 °C O_ ,CHO
or i Z +
(—J (J Toluene, 20 bar H,/CO CHO g
Ligand: Ph 3 4
t-Bu o O‘ 97% conv.
P/ 3:4=100:0
\ 90% ee
(0]
(0]
Ph
PPh,

t-Bu

'For reviews on asymmetric hydroformylation, see: (a) Agbossou, F.; Carpentier, J. F.; Mortreux, A. Chem.
Rev. 1995, 95, 2485-2506. (b) Dieguez, M.; Pamies, O.; Claver, C. Tetrahedron: Asymmetry 2004, 15,
2113-2122. (¢) Klosin, J.; Landis, C. R. Acc. Chem. Res. 2007, 40, 1251-1259. (d) Gual, A.; Godard, C.;
Castillon, S.; Claver, C. Tetrahedron: Asymmetry 2010, 21, 1135-1146.

2(.91) Sakai, N.; Mano, S.; Nozaki, K.; Takaya, H. J. Am. Chem. Soc. 1993, 115, 7033-7034. (b) Whiteker, G.
T.; Babin, J. E. W09393839, 1993. For recent examples, see: (¢) Breeden, S.; Cole-Hamilton, D. J.; Foster,
D. F.; Schwarz, G. J.; Wills, M. Angew. Chem., Int. Ed. 2000, 39, 4106—4108. (d) Clark, T. P.; Landis, C.
R.; Freed, S. L.; Klosin, J.; Abboud, K. A. J. Am. Chem. Soc. 2005, 127, 5040-5042. (¢) Yan, Y. J.; Zhang,
X. M. J. Am. Chem. Soc. 2006, 128, 7198-7202. (f) Watkins, A. L.; Hashiguchi, B. G.; Landis, C. R. Org.
Lett. 2008, 10, 4553-4556. (g) Zhao, B. G.; Peng, X. G.; Wang, Z.; Xia, C. G.; Ding, K. L. Chem. Eur. J.
2008, /4, 7847-7857. (h) Mazuela, J.; Coll, M.; Pamies, O.; Dieguez, M. J. Org. Chem. 2009, 74, 5440—
5445. (1) Chikkali, S. H.; Bellini, R.; Berthon-Gelloz, G.; van der Vlugt, J. I.; deBruin, B.; Reek, J. N. H.
Chem. Commun. 2010, 46, 1244—1246. (j) Zhang, X.; Cao, B.; Yan, Y.; Yu, S.; Ji, B.; Zhang, X. Chem.
Eur. J. 2010, 16, 871-877. (k) McDonald, R. I.; Wong, G. W.; Neupane, R. P.; Stahl, S. S.; Landis, C. R. J.
Am. Chem. Soc. 2010, 132, 14027-14029.
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regioselectivity and are able to achieve high conversions and good enantioselectivities.?
In the hydroformylation of activated substrates, Zhang has shown the utility of using
mixed phosphine/ phosphoramidite ligands, which make highly active and selective

complexes.ze’j For comparision, (R,S)-BINAPHOS, a similar mixed phosphine/phosphite

Scheme 2.2 Asymmetric Hydroformylation of Activated Substrates.

= Rh(acac)(CO)s,, Ligand M9>_ CHO
CHO + —
R CO/H,, Benzene or Toluene R R
R=Ph, OAc, CH,CN
Me
CHO Me Me
Ligand »—CcHo fCHo
AcO NC

OO I|_:t /O | I >99% conv. 76% conv. 97% conv.

N/P\ i:n=88:12 i:n=96:4 i:-n=80:20

I l PPh,O OO 98% ee 96% ee 96% ee
(R,S)1

>99% conv.

>99% conv.

>98% conv.

\ i-n=86:14 i:n=88:12 i:-n=67:33
l PPh,O OO 92% ee 94% ee 72% ee
(R,S)-2
g (D
SOy
N° P P/\N >99% conv. >99% conv. >99% conv.
N—/ N i:n=86:14 i:n=97:3 i:n=80:20
B 73% ee 91% ee 77% ee
o = O
Me O
R=
N
NT
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ligand, is often used as a benchmark for reactivity and selectivity in these reactions. %

Landis and others have developed diazaphospholane ligands which are also react

efficiently and selectively (Scheme 2,2).%"

Recently, Clarke and co-workers published a method using another mixed
phosphine/phosphite bidentate ligand to achieve iso-selective hydroformylation of alkyl
substituted terminal alkenes, such as 2.1, with good yields and enantioselectivities
(Scheme 2.3).” The regioselectivity is also quite impressive considering the nature of the

substrate. There is no explanation for the observed regioselectivity at this time.

Scheme 2.3 Regioselective Hydroformylation of Unactivated Terminal Alkenes.

5 tBu Ph
0.4 mol % Rh(acac)(CO), ! O ;
0.5 mol % (S, S, S)-bobphos Oy H | o /R
NN ? “P-0
5 bar CO/H,, toluene, 16 °C, 46 h I/\/ O o Ph
2.1 2.2 ; tBu
78% conversion ;
70% yield ! (SaxS,S)-bobphos
izn=3:1 '
93% ee

A bidentate phosphoramidite ligand able to supramolecularly control coordination
to rhodium was recently developed by Reek. This approach allows for an alternate way to
control the activity and selectivity of a hydroformylation catalyst.* Hydroformylation of
unactivated, substituted olefins has given promising regioselective and enantioselective

results (Scheme 2.4). High regio- and enantioselectivites are also obtained when used in

3Noonan, G. M.; Fuentes, J. A.; Cobley, C. J.; Clarke, M. L. Angew. Chem., Int. Ed. 2012, 51, 2477-2480.
4(a) Bellini, R.; Chikkali, S. H.; Berthon-Gelloz, G.; Reek, J. N. H. Angew. Chem., Int. Ed. 2011, 50, 7342-
7345. (b) Gadzikwa, T.; Bellini, R.; Dekker, H. L.; Reek, J. N. H. J. Am. Chem. Soc. 2012, 134, 2860-
2863. (c) Bellini, R.; Reek, J. N. H. Chem. Eur. J. 2012, 18, 13510-13519.
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the hydroformylation of styrene derivatives.

Scheme 2.4 Supramolecular Ligands in Asymmetric Hydroformylation.
0.5% Rh(acac)CO, o H
e~ 25%Ligand, 25°C, 84N . I\/\/\
Toluene, 20 bar CO/H, O0” H

72% ee

conversion: 10%
regioselectivity: 60:40

Our group and the Breit group have demonstrated that using a catalytic directing
group is an effective solution to both hydroformylation challenges (Chapter 1). In order
to expand our method to asymmetric catalysis, we developed an enantioenriched catalytic

directing group.

2.2 Developing an Enantioenriched Catalytic Directing Group

First attempts to develop an enantioenriched catalytic directing group were
focused on resolving chiral, racemic catalytic directing group I. Taking advantage of its
ability to bind alcohols, enantiopure alcohol 2.3 was exchanged with I with the aim that
the resulting diastereomers, 2.4 and 2.5, would be separable. Surprisingly, a 69:31

mixture of diastereomers resulted from the exchange of I with 2.3 (Scheme 2.5).

5(a) Lightburn, T. E.; Dombrowski, M. T.; Tan, K. L. J. Am. Chem. Soc. 2008, 130, 9210-9211. (b)
Griinanger, C. U.; Breit, B. Angew. Chem., Int. Ed. 2008, 47, 7346-7349. (c¢) Smejkal, T.; Breit, B. Angew.
Chem., Int. Ed. 2008, 47, 311-315. (d) Worthy, A. D.; Gagnon, M. M.; Dombrowski, M. T.; Tan, K. L. Org
Lett. 2009, 11,2764-2767.
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Calculations predict structure 2.4 to be 0.64 kcal/mol more stable than 2.5. That energy
difference would translate into a 75:25 ratio of diastereomers, similar to the experimental
results that are shown in Scheme 2.5. This indicates that the phosphorus center is
inverting under the exchange conditions. Considering that the barrier to phosphorus

inversion (MeP(o-tolyl)Ph) is ~30 kcal/mol, this was an unexpected result.’

Scheme 2.5 Exchange of I with Enantiopure Alcohol 2.3.

25°C " HO”“Pn P

I 2.3 2.4 2.5
racemic mixture

Me
Me Me Me Me
N N CeDe, 0.1% p-TSOH N.  Y—Ph Me Ph
N
>..|o,'pr + >—OiPr - ><O + >...o
P p 10 equiv Me P p
% Ph X h b

mixture of diastereomers
69:31
(95% conversion)

There are two possible mechanisms in which phosphorus inversion might occur under
these mild reaction conditions. First, the cationic intermediate that is believed to exist
during an exchange reaction is aromatic, which likely lowers the barrier to inversion
through stabilization of the planar sp> hybridized phosphorus.’ If the basic phosphorus is
protonated, it is possible that the ring can open generating a 2° phosphine which has a

lower inversion barrier, especially in the presence of catalytic acid (Figure 2.1).*”

®Baechler, R. D.; Mislow, K. J. Am. Chem. Soc. 1970, 92, 3090-3093.

7(a) Egan, W.; Tang, R.; Zon, G.; Mislow, K. J. Am. Chem. Soc. 1970, 92, 1442-1444. (b) Andose, J. D.;
Rauk, A.; Mislow, K. J. Am. Chem. Soc. 1974, 96, 6904-6907. (c) Nyulaszi, L. Tetrahedron 2000, 56, 79-
84.

8(a) Anderson, J. C.; Cubbon, R. J.; Harling, J. D. Tetrahedron: Asymmetry 2001, 12, 923-935. (b)
Neidlein, R.; Greulich, P.; Kramer, W. Helv. Chim. Acta 1993, 76, 2407-2417. (c) Christoffers, J. Helv.
Chim Acta 1998, 81, 845-852.

°(a) Bader, A.; Nullmeyers, T.; Pabel, M.; Salem, G.; Willis, A. C.; Wild, S. B. Inorg. Chem. 1995, 34, 384-
389. (b) Gagnaire, D.; St. Jacques, M. J. Phys. Chem. 1969, 73, 1678-1684.
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Figure 2.1 Possible Mechanisms for Phosphorus Inversion.
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We decided to use this interesting characteristic of I in the development of an
enantioenriched catalytic directing group. If one diastereomer was at least 4 kcal/mol
more stable than the others, it should be possible to equilibrate multiple diastereomers to
a single stereoisomer. A set of tetrahydroquinoline ligands, which are based on catalytic
directing group I, were modeled, computationally. The idea was that a set stereocenter
next to the nitrogen might be able to gear the other two in the molecule. With a methyl
group on the tetrahydroquinoline ring, the energy difference was 1.2 kcal/mol. This
would lead to a ~90:10 mixture of the two lowest energy diastereomers in solution. When
the group is changed to isopropyl, the energy difference between the two lowest energy
diastereomers is 4.8 kcal/mol (Figure 2.2). If the calculations were correct, only one
thermodynamically favored diastereomer should be present in solution. It is believed that
the isopropyl group is able to gear the methoxy group down to avoid a syn-pentane-like
interaction. The methoxy group, in turn, gears the phenyl up. Previously, it was seen with

I that the C-O bond and phenyl group strongly prefer to be anti.”**
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Figure 2.2 B3LYP, 6-31g** Energy Calculations.

©\/Nj\iPr

o P
Ph OMe
(R,S,R)
N Me
P AE_, = 4.8 kcal/mol
PR OMe
(R,S,R)
AEca|c= 1.2 kcal/mol
v ; N “Me v ©\/Nj\iPr
P—/ p—/
P OMe PH  OMe
(S,R,R) (S,R.R)

Compound IT was synthesized starting from 2-isopropylquinoline. An asymmetric
hydrogenation of the quinoline was performed followed by crystallization of the (+)-3-
bromocamphor-8-sulfonic acid salt to enrich 2.6 to 98% ee. An ortho-lithiation and trap
with PPh,Cl yielded 2.7. Lithium reduction of the phosphorus to remove a phenyl group
followed by a kinetic closure with dichloromethyl methyl ether gave II-OMe as a
mixture of four diastereomers (visible by >'P NMR). As predicted by calculations,
equilibration of the four diastereomers to one, II-OQiPr, occurred under mild exchange

conditions (Scheme 2.6 and Figure 2.3 and 2.4).
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Scheme 2.6 Synthesis of II.

0.1 mol % [Ir(COD)(Cl)], 1) (+)-3-bromocamphor

o . -8-sulfonic acid 1) nBuLi, CO,
m 10 mol % I, 400 psi H, @(j\ ammonium salt @(j\ THF, -78 °C to 10 °C
Nig Cl N~ NiPr N~ iPr

2) Na,CO; 2) tBuLi, Ph,PCl
H H
" 0.2 mol% O THF, -78 °C to
MeO PPh, 2.6 26 25°C
(R) Me© PPh2 959 yield 49% yield
94% ee 98% ee
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Figure 2.3 Four Diastereomers of II-OMe by *>'P NMR.
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Figure 2.4 Single Diastereomer of II-OiPr by *'P NMR.
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After complexation of II with trans-[Rh(CO),Cl],, a crystal structure of the

complex was obtained which showed the isopropyl group next to the nitrogen gears the

C-O bond down which in turn gears the P-Ph bond up (Figure 2.5), consistent with

calculations.
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Figure 2.5 Crystal Structure of [(II-OiPr),Rh(CO)CI].

2.3 Enantioselective Hydroformylation of p-Methoxyphenyl-protected Allylic Amines'

With II in hand, focus shifted to developing an enantioselective hydroformylation
method. Previously, it was demonstrated that electron-withdrawing sulfonamides undergo
efficient exchange and hydroformylation using I (Chapter 1).” 4 However, the 3,5-
bis(trifluoromethyl)benzenesulfonamide protecting group used was exotic and hard to
remove. In order to make this method more useful, anilines were explored as potential
substrates. In particular, PMP-protected amines were interesting because they are

commonly used and can be deprotected to the free amine without difficulty."'

First the exchange of 2.8 with I was tested. Equilibrium was reached in 2 h and

the K¢q was determined to be 3.8 = 0.5 (Scheme 2.7).

"Worthy, A. D.; Joe, C. L.; Lightburn, T. E.; Tan, K. L. J. Am. Chem. Soc. 2010, 132, 14757-14759.
"Carswell, E. L.; Snapper, M. L.; Hoveyda, A. H. Angew Chem., Int. Ed. 2006, 45, 7230-7233.
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Scheme 2.7 Exchange of 2.8 with L.

M CgD Me
e 66
Me N Me /
. 0.05% p-TsOH N
PMP. _— + @[ ><OlPr - - : + HOIPr
”/\) R 2 h1 45 OC N\
Ph FE  PMP
Keq=3.8%0.5 Ph
2.8 I 29
5.8 equiv

PMP= p-methoxyphenyl

As pre-exchanging amine substrates greatly increased regioselectivity in previous
studies (Chapter 1),Sd 2.8 was pre-exchanged with I to form 2.9 prior to
hydroformylation. Because it was determined to be unstable and hard to isolate, the
aldehyde was reduced to the corresponding alcohol 2.10, immediately after
hydroformylation. The normal product, 2.11, was never seen in any reaction and attempts
to synthesize it independently failed. Thus, it is believed to be unstable under the reaction

conditions.

A pressure screen using I was first attempted in order to maximize the amount of
iso product formed. Running the reaction at a pressure above 50 psi H,/CO resulted in at
least 40% conversion in each case, but 2.10 was not detected in the crude "H NMR. It is
possible that at higher pressures of H,/CO the reaction was favoring formation of the
normal product, 2.11. At 50 psi, almost 50% conversion was achieved with 37% isolated

2.10 (Table 2.1).
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Table 2.1 Pressure Screen with 1.

H
IS
MeO Me

2.8

1) 15% Me
N
)—=OiPr
p OH HO Me
= H
I Pn Ji/Me + D

2) 2 mol % Rh(acac)(CO),
X psi Hy/CO, Benzene, 45 °C

iog
MeO Meo/©/

3) NaBH,, MeOH 2.10 2.11
Pressure (psi) Conversion (%)? 2.10 (%)?
25 59 20
50 46 39 (37)°
75 43 0
100 40 0

aBased on 'H NMR using 1,3,5-trimethoxybenzene as an
internal standard. °Isolated yield.

Performing a catalyst loading screen showed that increasing the amount of I in the

reaction increased the conversion as well as the amount of 2.10 formed. With less

amounts of I, the unselective background reaction is much more competitive (Table 2.2).



Table 2.2 Catalyst Loading Screen with I.

1) X% Me

N .
H P>— OiPr

N -
IO
Me
MeO 2) 2 mol % Rh(acac)(CO),

50 psi H,/CO, Benzene, 45 °C
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OH
H
@/ N MQMe
MeO

2.8 3) NaBH4, MeOH 2.10
Mol % I Conversion (%)? 2.10 (%)?
5 32 12
10 37 18
15 46 39 (37)°

aBased on "H NMR using 1,3,5-trimethoxybenzene as

an internal standard. PlIsolated yield.

At this point, an acid screen was run to ensure that exchange was fast enough

during the reaction to achieve iso-selective hydroformylation. The highest amount of 2.10

formed was achieved with 0.05% p-toluenesulfonic acid (p-TsOH). The difference

between conversion and amount of 2.10 formed is low which means that minimal

amounts of normal product are being formed (Table 2.3).
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Table 2.3 Acid Loading Screen.

1)10%  Me

N
>—=OiPr OH
P

H
N\/\/Me - H\/(/
Q I Ph X% p-TsOH @/N Me
2)2mol % Rh CO),, 16 h
MeO ) 2 mol % Rh(acac)(CO), MeO

50 psi H,/CO, Benzene, 45 °C

2.12 3) NaBH,, MeOH 2.10
Acid (%) Conversion (%)? 2.10 (%)?
0.02 50 30
0.05 50 40
0.1 55 31
0.2 42 0

3Based on "H NMR using 1,3,5-trimethoxybenzene as
an internal standard.

Eager to test I, a temperature screen was performed to optimize the balance
between conversion and enantioselectivity. Fortunately, using 10% of I1 resulted in
increased conversion and yields of the B-amino alcohol compared to I. Larger ligands are
known to be more active in hydroformylation due to a higher concentration of the
monophosphine complex. Performing the reaction at 55 °C resulted in almost complete
conversion, albeit, with moderate enantioselectivites. Decreasing the temperature lowered
the conversion of 2.8, but increased the enantioselectivity of the reaction. The conversion
and yield of 2.10 did not change between 45 °C and 35 °C, but 35 °C did give slightly

better enantiomeric
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Table 2.4 Temperature Screen with I1.

1) 10%

N

e on

H OMe H
NM\ 0.05% p-TsOH I (92% ee) ¥ Me
Me 2) 2 mol % Rh(acac)(CO),, 16 h
MeO MeO

50 psi H,/CO, Benzene, X °C

2.8 3) NaBH,4, MeOH 2.10
Temperature (°C) Conversion (%)? 2.10 (%)? ee (%)°
55 95 70 76
45 79 71 85
35 77 72 89
30 57 56 89

aBased on 'H NMR using 1,3,5-trimethoxybenzene as an internal
standard.’Separated using supercritical fluid chromatography.

excess for 2.10. Decreasing to 30 °C did not affect the enantioselectivity but continued to

lower the conversion (Table 2.4).

Scheme 2.8 Increasing the Reaction Time.

1) 10%

N

PhP oH

H OMe H
NA 0.05% p-TsOH 11 _ N Me
Me 2)2 mol % Rh(acac)(CO),, 24 h /©/
MeO 50 psi H,/CO, Benzene, 35 °C MeO

66%
(conversion: 73%)
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When expanding the substrate scope, the substrates were shown to react under
remarkably mild conditions for the hydroformylation of disubstituted olefins. In most
cases, however, complete conversion is not achieved which has been attributed to IT
decomposing before the reaction is complete. This is supported by the observation that
running the reaction for longer times does not increase the conversion (Scheme 2.8),

whereas increasing the amount of I improves conversion (Scheme 2.9).

Scheme 2.9 Increasing the Amount of II.

1) 15%
N
PhP—( OH

H OMe H
N\/\ 0.05% p-TsOH II N Me
Me 2) 2 mol % Rh(acac)(CO),, 16 h /©/
MeO 50 psi H,/CO, Benzene, 35 °C MeO

73%
(conversion: 85%)

Interestingly trans olefins, (Table 2.5, Entries 2 and 4), provide lower
enantioselectivities than the corresponding cis olefins (Table 2.5, Entries 1 and 3).
Elucidating the reason for this difference has not yet been accomplished. However, using
the crystal structure of the ligand and simple modeling, a proposed stereochemical model
was developed (Figure 2.6). First to minimize steric interactions with the ligand, the PMP
protecting group was oriented out into space. Then by comparing the interaction of the
rhodium with each face of the olefin with both the cis and trans substrates, it was obvious
that the major enantiomer can come from the two intermediates with less steric

interactions. It is interesting to note that in the case of the trans olefin, the model leading



Figure 2.6 Proposed Stereochemical Model.
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Trans Olefin

Me—\\
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s

Correct Stereochemistry
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Me\—/> N OMe

Zﬁ(x\P )/

O
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to the minor enantiomer appears more favorable than the corresponding model for the cis

olefin. It is possible that in the case of the trans olefin the energy difference between the

two faces of the olefin bond to rhodium are closer in energy than the two intermediates

possible for the cis olefin. This hypothesis is consistent with the decreased

enantioselectivity observed with the trans olefin.

When examining the substrate scope, the phthalimide substrate was the only

substrate that showed a significant discrepancy between conversion and amount of iso

product (Table 2.5, Entry 8). Amides are known to be able to direct hydroformylation so

the phthalimide may be directing formation of the normal isomer which is subsequently
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decomposing and causing the mass balance to be skewed.'? The terminal substrate also
likely forms more normal product than the other substrates due to its reactive nature. A
trisubstituted olefin was attempted but even at 95 °C, only starting material, 2.13, and

hydrogenated starting material (~20%) were observed (Scheme 2.10).

Scheme 2.10 Hydroformylation of 4-methoxy-N-(3-methylbut-2-en-1-yl)aniline.

1) 10%
Q(NjY
PhP—( o
H OMe H
O i e
Me  2)2mol % Rh(acac)(CO),, 16 h
MeO Me0/©/

50 psi H,/CO, Benzene, 95 °C Me

no product formed
(conversion: 72%)

ZFor examples of amide directed hydroformylation see: (a) Ojima, 1.; Zhang, Z. J. Org. Chem. 1988, 53,
4422-4425. (b) Ojima, 1.; Zhang, Z. J. Organomet. Chem. 1991, 417,253-276. (c) Ojima, 1.; Korda, A.;
Shay, W. R. J. Org. Chem. 1991, 56, 2024-2030. (d) Dickson, R. S.; Bowen, J.; Campi, E. M.; Jackson, W.
R.; Jonasson, C. A. M.; McGrath, F. J.; Paslow, D. J.; Polas, A.; Renton, P.; Gladiali, S. J. Mol. Cat. A
1999, 150, 122-146.



Table 2.5 Substrate Scope.

1) 15%

N

¥ <
Q \/\3 0.05% p-TsOH II OMe
R
MeO 2) 2 mol % Rh(acac)(CO),, 15 h

Benzene, 50 psi H,/CO, 35 °C
3) NaBH,, MeOH

Starting
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OH
H
@/N\/r\/R
MeO

Isolated

b
Substrate Olefin (%)? Product (%)? Yield (%) ee (%)
Me
PMP.
\ A 26 70 69 92
2.8
PMP\N/\/\Me 8 N/AC 74 80
212
Cy
PMP., 12 c 75 86
H/\/ N/A
2.15
PMP\N/\/\Cy 20 64 62 76
2.16
Ph
PMP., 45 53 45 79
N/\/
Ho 247
OBn
PP J 1 N/AC 70 92
Ho 218
OTBDPS
. J 19 71 66 90
H 2.19
NPhth
VP J 7 70 55 93
N
H
2.20
( COE
PMP\N/\/P; 10 N/AC 68 90
H 2.21
PMP (7 8 77 64 73
H 222

aBased on 'H NMR with 1,3,5-trimethoxybenzene used as an internal standard. ®PDetermined by super-
critical fluid chromatography. °Amount could not be determined accurately due to peak overlap in '"H NMR.
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2.4 Conclusions

Building off of our previously successful catalytic directing group, I,
enantioenriched catalytic directing group, II, was designed and synthesized. It retains the
essential features to direct hydroformylation to obtain good regioselectivity while also
providing a chiral environment to induce stereoselectivity. Under mild conditions, a
variety of disubstituted olefins react to give good yields and excellent enantioselectivites.
Thus, the first enantioselective reaction performed with a catalytic directing group was
developed.
2.5 Experimental

General Considerations

Unless otherwise noted, all reagents were obtained from commercial suppliers
and used without further purification. Lithium reagents were titrated against 2-pentanol
using 1, 10-phenanthroline as the indicator. Flash column chromatography was
performed using EMD Silica Gel 60 (230-400 mesh) and ACS grade solvents as received
from Fisher Scientific. All experiments were performed in oven or flame-dried glassware
under an atmosphere of nitrogen or argon using standard syringe and cannula techniques,
except where otherwise noted. All reactions were run with dry, degassed solvents
dispensed from a Glass Contour Solvent Purification System (SG Water, USA LLC). 'H,
B¢, and *'P NMR were performed on either a Varian Gemini 400 MHz or a Varian Unity
Inova 500 MHz spectrometers. Deuterated solvents were purchased from Cambridge
Isotope Labs and stored over 3A molecular sieves. C¢Dg was degassed by three

successive freeze-pump-thaw cycles and stored over 3A molecular sieves in a dry box
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under a nitrogen atmosphere. All NMR chemical shifts are reported in ppm relative to
residual solvent for 'H and ">C and external standard (neat H3POy,) for 3P NMR.
Coupling constants are reported in Hz. All IR spectra were gathered on a Bruker Alpha
FT-IR equipped with a single crystal diamond ATR module and values are reported in
cm'. Analytical chiral supercritical fluid chromatography (SFC) was performed on a
Berger Instruments Supercritical Chromatograph equipped with an Alcott auto sampler
and a Knauer UV detector with methanol as the modifier. HRMS and X-ray crystal
structure data were generated in Boston College facilities. Analytical chiral high-
performance liquid chromatography (HPLC) was performed on a Shimadzu-LC-2010A
HT. Hydroformylation was performed in an Argonaut Technologies Endeavor® Catalyst

Screening System using 1:1 H,/CO supplied by Airgas, Inc.

Ligand Synthesis and Characterization

2-isopropyl quinoline'® was prepared according to a literature procedure and matches

reported spectra.

N
(8)-2-isopropyl-1,2,3,4-tetrahydroquinoline, 2.6. [[r(COD)CI], (68.0 mg, 0.102 mmol)
and (R)-(+)-5,5'-dichloro-6,6'-dimethoxy-2,2'-bis(diphenylphosphino)-1,1'-biphenyl (132
mg, 0.204 mmol) were dissolved in 5 mL THF in a glovebox and stirred for 20 minutes.

The solution was brought out of the box and was added to a solution of 2-isopropyl

13Lachance, N.; Roy, P.; Leblanc, Y. US Patent 20050277644, 2005.
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quinoline (8.71 g, 50.9 mmol) and iodine (258 mg, 1.02 mmol) in 50 mL THF. The
solution was added to a Parr bomb and cooled to 4 °C (cold room). The system was
purged 3 times with hydrogen (charged to 400 psi and then depressurized). The vessel
was pressurized to 400 psi hydrogen, and the reaction was stirred for 36 h. The reaction
was concentrated and purified on silica (3-5% EtOAc in Hexanes) to yield a yellow oil
(8.51 g, 95%). The compound was 94% ee by SFC analysis (OD-H, 1% methanol as
modifier, 1.5 mL/min, 150 psi. frminor = 12.8 min and frmajor = 13.6 min).

Crystalization to higher ee:

HCI (5.0 mL, conc.) and water (72 mL) were heated to 50 °C and (S)-2-isopropyl-1,2,3,4-
tetrahydroquinoline (7.18 g, 41.0 mmol) was added followed by (+)-3-bromocamphor-8-
sulfonic acid ammonium salt (13.4 g, 40.9 mmol). The temperature was raised to 90

°C. Water (500 mL), ethanol (35 mL), and HCI1 (25 mL, conc.) were added. The
suspension was hot filtered, and the filtrate was allowed to cool overnight. The crystals
were collected, and the parent compound was recovered by suspending the crystals in
ethyl acetate and washing with 1 M Na,COs (3x50 mL). The organic layer was dried over
MgSOQy, filtered, and concentrated to yield the title compound (3.51 g, 49%)

in 98% ee as determined by SFC. "H NMR (CDCl;, 500 MHz) § 7.06-7.02 (m, 2H), 6.68
(ddd, 1H, J = 8.0, 7.0, 1.0), 6.54 (dd, 1H, J = 7.5, 1.0), 3.82 (br s, 1H), 3.14-3.10 (m,
1H), 2.89-2.80 (m, 2H), 2.02-1.97 (m, 1H), 1.81-1.70 (m, 2H), 1.09 (d, 3H, J = 7.0), 1.06

(d, 3H, J = 7.0); *C NMR (CDCls, 125 MHz) & 145.1, 129.2, 126.8, 121.5, 116.8, 114.0,
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57.3,32.6,26.7,24.6, 18.7, 18.3; IR: 3415, 2956, 2870, 2842, 1606, 1483, 1308, 1273,
1253, 741, 713 cm™'; HRMS (DART-TOF) calced. for C,H ;sN [M+H]": 176.1439, found:

176.1448; [a]p>® = +65.3 (¢ = 0.915, CH,CL,, / = 50 mm).

N
PPh,

(8)-8-(diphenylphosphino)-2-isopropyl-1,2,3,4-tetrahydroquinoline, 2.7. To a 250
mL, three-neck round-bottom flask was added THF (60 mL) and (S)-2-isopropyl-1,2,3,4-
tetrahydroquinoline (5.80 g, 33.1 mmol). The solution was cooled to —78 °C and nBuLi
(18.8 mL, 1.76 M, 33.1 mmol) was added slowly maintaining the internal temperature at
or below —70 °C. Upon completion of the nBuLi addition, the reaction was warmed in an
ice water bath to 0 °C, and CO, was bubbled through the solution. The red solution color
faded quickly. CO; bubbling was continued for 45 min, and the solvent was removed
under high vacuum to yield a foamy yellow semi-solid. The residue was redissolved in
THF (60 mL) and cooled to =78 °C. tBuLi (27.2 mL, 1.40 M, 38.1 mmol) was added,
maintaining the internal temperature at or below —70 °C. The solution was warmed to
—20 °C for 30 min before being recooled to —78°C. Chlorodiphenylphosphine (6.73 mL,
36.4 mmol) was added as a solution in THF (10 mL) maintaining the internal temperature
at or below —70 °C. The solution was stirred overnight, allowing the reaction to warm
with the cold bath. HC] was added (52 mL, 6.3 M) and stirred for 45 min. The solution
was basified to pH >10 with 10 M NaOH and extracted with EtOAc. The organics were

dried over MgSQy, filtered, and concentrated. The unreacted starting material was
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removed by Kugelrohr distillation (120 °C at 0.05 mmHg). The undistilled material was
suspended in minimal amount of ethanol, and the product precipitated as a white solid
(5.88 g, 49%). "H NMR (CDCls, 500 MHz) & 7.38-7.27 (m, 10H), 6.97 (d, 1H, J = 7.0),
6.61 (app t, 1H, J =7.0), 6.50 (app t, 1H, J = 7.0),4.66 (d, 1H, J = 7.0), 3.04-3.02 (m,
1H), 2.83-2.74 (m, 2H), 1.90-1.86 (m, 1H), 1.63-1.58 (m, 2H), 0.81 (d, 3H, J = 6.5), 0.78
(d, 3H, J = 6.5); *C NMR (CDCl;, 125 MHz) 6 147.7, 147.5, 135.8 (d, J = 7.4), 135.6
(d,J=74),133.8(d,J=7.4),133.7(d,J=7.4),132.14, 132.11, 128.7, 128.6, 128.5,
128.4, 120.99, 120.96, 117.4, 117.3, 116.1, 116.0, 57.6, 57.5, 32.5,27.0, 24.2, 18.2; *'P
NMR (CDCl3;, 202 MHz) 6 —20.7; IR: 3050, 2955, 2870, 2840, 1586, 1489, 1455, 1433,
1277, 1091, 738, 694, 502 cm™'; HRMS (DART-TOF) calcd. for Co4HagNP [M+H]:

360.1881, found: 360.1870; [at]p>" = +80.9 (¢ = 0.415, CH,CL,, /=50 mm).

N

PHPH
(S)-2-isopropyl-8-(phenylphosphino)-1,2,3,4-tetrahydroquinoline. A dry 100 mL
round-bottom flask was charged with ($)-8-(diphenylphosphino)-2-isopropyl-1,2,3,4-
tetrahydroquinoline (2.50 g, 6.96 mmol) and THF (25 mL). The solution was sparged
with argon for 30 min, and lithium wire (145 mg, 20.9 mmol) was added. The solution
was sparged with argon for an additional 30 min during which time the solution turned
orange. (Note: you must use argon for this reaction as lithium metal will react with

nitrogen). The solution was stirred overnight under argon. Degassed water (2.5 mL) was

added and stirred for 15 min, resulting in a colorless solution. The solvent was removed
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under high vacuum, and the residue was quickly extracted with CH,Cl,, dried over
MgSOy, filtered, and concentrated. Distillation (125 °C at 0.05 mmHg) resulted in an air
sensitive clear oil (1.31 g, 66%) as a 1:1 mixture of diastereomers. The compound was
stored under argon. "H NMR (CDCl;, 500 MHz) & 7.45-7.41 (m, 2H), 7.37-7.27 (m, 4H),
7.06-7.05 (m, 1H), 6.64-6.58 (m, 1H), 5.10 (d, 1H, J = 219), 4.31 (br s, 1H), 3.09-3.05
(m, 0.5H), 2.96-2.92 (m, 0.5H), 2.84-2.74 (m, 2H), 1.91-1.84 (m, 1H), 1.65-1.54 (m, 2H),
0.84 (d, 1.5H,J =7.0), 0.82 (d, 1.5H, J = 7.0), 0.78 (d, 1.5H, J = 7.0), 0.74 (d, 1.5H, J =
7.0); 3C NMR (CDCls, 125 MHz) & 147.74, 147.71, 147.2, 147.1, 136.2, 136.1, 136.0,
135.9,132.3,132.2, 132.1, 132.0, 131.4, 131.3, 128.70, 128.67, 128.66, 128.64, 128.01,
127.98, 116.2, 116.1, 115.7, 115.6, 57.7, 32.6, 32.5, 32.4,27.2, 27.1, 24.6, 24.0, 18.4,
18.14, 18.12, 18.0; *'P NMR (CDCl;, 202 MHz) & —61.4, —62.1; IR: 3421, 2957, 2930,
2871, 2842, 1588, 1490, 1457, 1434, 1285, 759, 737, 695 cm™'; HRMS (DART-TOF)
caled. for CgHosNP [M+H]": 284.1568, found: 284.1561; [al]p>® = +53.4 (¢ = 0.730,

CHzClz, /= 501’1]1’11)

Synthesis of II-(QiPr)

PhLi, CI,CH(OMe) @ij 4 A mol. sieves @jY
N N
N THF, -78 °Cto 0 °C iPrOH, Benzene
H P—( P~/

PHPh Ph OMe PR oipr
II-OMe II-OiPr
N
S
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(4S5)-2-isopropoxy-4-isopropyl-1-phenyl-2,4,5,6-tetrahydro-1H-
[1,3]azaphospholo[4,5,1-if]quinoline, II-(QiPr). (S)-2-isopropyl-8-(phenylphosphino)-
1,2,3,4-tetrahydroquinoline (1.30 g, 4.59 mmol) was dissolved in THF (25 mL). The
solution was cooled to —78 °C and PhLi (4.89 mL, 1.97 M, 9.64 mmol) was added
dropwise. After stirring for 30 min, the flask was transferred to an ice water bath and
stirred for an additional 30 min. The dianion solution was added via syringe pump over 1
h to a solution of dichloromethyl methyl ether (448 pL, 5.05 mmol) in THF (150 mL) at
0 °C. The reaction was stirred for 90 min, and the solvent was removed under high
vacuum. The resulting residue was brought into a glovebox and extracted with pentane
(3x10 mL). The pentane extract was filtered through glass fiber filter paper to remove
LiCl. The crude mixture was distilled (150 °C at 0.05 mmHg) to yield a yellow oil (492
mg, 33%) that was a mixture of four diastereomers [31P NMR (C¢Dg, 202 MHz) 6 —6.0,
-23.2,-25.2,-30.3]. To the distillate was added iPrOH (3 mL) in benzene (3 mL) over
4A mol. sieves in a glove box. The solution was allowed to sit for 20 h before being
filtered. The sieves were washed with benzene. The filtrate was concentrated and
resubjected to ;PrOH (3 mL) in benzene (3 mL) over 4A mol. sieves. The
filtration/resubjection cycle was repeated. The resulting residue was dissolved in pentane
(0.3 mL) and crystallized at —37 °C. More material was recrystallized from the mother
liquor, and the white solids were combined (181 mg, 34%). "H NMR (CDCl;, 500 MHz)
0 7.42-7.40 (m, 1H), 7.38-7.35 (m, 2H), 7.03-7.00 (m, 3H), 6.98-6.96 (m, 2H), 6.73-6.70
(m, 1H), 5.14 (d, 1H, J = 13.0), 4.01-3.98 (m, 1H), 3.40-3.37 (m, 1H), 2.44-2.42 (m, 2H),

1.86-1.82 (m, 2H), 1.61-1.55 (m, 2H), 1.17 (d, 3H, J = 6.0), 1.08 (d, 3H, J = 6.0), 0.64
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(d, 3H, J = 7.0), 0.50 (d, 3H, J = 6.5); *C NMR (CDCls, 125 MHz) & 151.3, 136.9,
136.8, 132.1, 132.0, 130.7, 130.6, 130.0, 128.5, 120.0, 119.4, 117.9, 98.3, 67.3, 57.5,
28.8,24.2,23.3,21.6,21.4,19.3, 16.0; *'P NMR (C¢Ds, 202 MHz) § —22.0 ; IR 3052,
2962, 2929, 2870, 1582, 1455, 1383, 1310, 1288, 1183, 1082, 999, 740, 695 cm™;
HRMS (DART-TOF) calcd. for C2,Ho0NOP [M+H]": 354.1987, found: 354.2000. [o]p>’
=+139.4 (¢ = 0.340, C¢Hg, / = 50 mm).

Note: Table 2.5 substrates were exchanged with the mixture of four II-OMe
diastereomers prior to hydroformylation, which effected conversion to one
thermodynamically favored diastereomer of substrate-bound ligand.

Ligand, ITI-OQiPr, Bound to Rhodium Complex

trans-[Rh(1)(CO),(Cl)];. Chlorodicarbonylrhodium (I) dimer (2.7 mg, 6.9 x 107 mmol)
and I1-OiPr (9.9 mg, 2.8 x 10 mmol) were weighed out in a glove box, dissolved in
benzene-dg, and allowed to stand for 12 h in a sealed, screw-top NMR tube. The orange
solution was concentrated and dissolved in a minimal amount of benzene/pentane (1:1).
The solution was placed in a vial with small holes in the cap and was allowed to slowly
evaporate in a glovebox, yielding yellow needles suitable for x-ray diffraction analysis.
A single crystal was taken and stored under nitrogen until ready for x-ray diffraction
analysis.

X-ray Crystallographic Procedures. Single crystals obtained as described above were
used for structural determination. The X-ray intensity data were measured at 100(2) K
(Oxford Cryostream 700) on a Bruker SMART APEX CCD-based X-ray diffractometer

system equipped with a Mo-target X-ray tube (1 = 0.71073A) operated at 2000 W power.
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The crystals were mounted on a goniometer head with silicone oil. The detector was
placed at a distance of 6.00 cm from the crystal. For each experiment a total of 2400
frames were collected with a scan width of 0.3° in w and an exposure time of 20 s/frame.
The frames were integrated with the Bruker SAINT software package using a narrow-
frame integration algorithm to a maximum 26 angle of 56.54° (0.75 A resolution). The
final cell constants are based upon the refinement of the XYZ-centroids of several
thousand reflections above 20 o(/). Analysis of the data showed negligible decay during
data collection. Data were corrected for absorption effects using the empirical method
(SADABS).

The structures were solved and refined by full-matrix least squares procedures on
F using the Bruker SHELXTL (version 6.12) software package. The coordinates of
heavy atoms were found in direct method £ maps. The remaining atoms were located
after an alternative series of least-squares cycles and difference Fourier maps. Hydrogen
atoms were included in idealized positions for structure factor calculations. Anisotropic
displacement parameters were assigned to all non-hydrogen atoms. Relevant
crystallographic data are summarized in Table 2.6. Selected bond lengths are given in

Table 2.7.

Crystallographic Tables for CCDC #833149
Table 2.6. Crystal data and structure refinement.
Empirical formula C4s5 Hs6 C1 N, O3 P, Rh

Formula weight 873.22



Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions (A)

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.40°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
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100(2) K
0.71073A

Orthorhombic

P 212121

a=9.199(2) o= 90°
b =14.760(3) B=90°
c=31.273(7) y=90°
4246.3(16) A°

4

1.366 g/cm’

0.582 mm’'

1824

0.12x 0.02 x 0.02 mm’

2.39 to 28.40.

-12<=h<=12, -19<=k<=19, -41<=I<=41

51112

10497 [R(int) = 0.0955]

99.3%

Semi-empirical from equivalents
0.9885 and 0.9335

Full-matrix least-squares on F?

10497 /462 / 481



Goodness-of-fit on F*

Final R indices [[>2sigma(])]

R indices (all data)

Absolute structure parameter

Extinction coefficient

Largest diff. peak and hole
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1.054

R1=0.0511, wR2 =0.0858
R1=0.0706, wR2 =0.0916
-0.06(2)

na

0.602 and -0.870 ¢ A

Table 2.7. Selected bond lengths [A] and angles [°].

Rh(1)-C(45)
Rh(1)-P(1)
Rh(1)-P(2)
Rh(1)-CI(1)
0(3)-C(45)
C(45)-Rh(1)-P(1)
C(45)-Rh(1)-P(2)
P(1)-Rh(1)-P(2)
C(45)-Rh(1)-CI(1)
P(1)-Rh(1)-CI(1)

P(2)-Rh(1)-CI(1)

1.811(4)
2.3004(11)
2.3191(11)
2.3445(10)
1.158(4)
87.38(12)
93.07(12)
178.17(4)
177.31(12)
90.92(4)

88.69(3)
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Figure 2.6 Perspective drawing of trans-[Rh(I1-OiPr),(CO)(Cl)] (CCDC # 833149).

Atoms are represented by thermal ellipsoids at the 50% probability level.
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Substrate Synthesis and Characterization

The following compounds were made according to literature procedures and matched
reported spectra: (Z)-3-phenylprop-2-en-1-ol', (Z)-(3-chloroprop-1-enyl)benzene'’, 1,4-

but-2-enediol cyclic sulfite'®!”, and (Z)-3-cyclohexylprop-2-en-1-ol'®, (Z)-ethyl 7-

SNy

N
Me

hydroxyhept-5-enoate.'’

N-(but-2-ynyl)—4-methoxyaniline.20 To p-anisidine (2.80 g, 22.7 mmol) in CH3CN (13
mL) was added 1-bromo-2-butyne (658 pL, 7.58 mmol). The mixture was stirred
overnight at room temperature. Saturated aqueous NH4CI (15 mL) was added, and the
mixture was separated. The aqueous layer was extracted with Et,O (3%x20 mL). The
combined organic layers were washed with brine (20 mL), dried over MgSQsu, filtered,
and concentrated. Column chromatography (10% EtOAc/Hex) afforded a light yellow oil
(855 mg, 64%). "H NMR (CDCls, 400 MHz) & 6.80-6.83 (m, 2H), 6.66 (dd, 2H, J = 9.0,
2.4),3.83 (q, 2H, J=2.2), 3.76 (s, 3H), 3.60 (bs, 1H), 1.80-1.81 (m, 3H); *C NMR
(CDCl3, 101 MHz) 6 152.6, 141.4, 114.8, 114.6, 78.8, 76.4, 55.6, 34.8, 3.4; IR: 3384,

2917,2932, 1513, 1463, 1235, 1036, 821 cm '; HRMS (DART-TOF) calcd. for

14Kim, I. S.; Dong, G. R.; Jung, Y. H. J. Org. Chem. 2007, 72, 5424-5426.

15Bergman, J. M.; Coleman, P. J.; Fraley, M. E.; Garbaccio, R. M.; Hartman, G. D.; Li, C.; Neilson, L. A_;
Olson, C. M.; Tasber, E. S. WO 2006007491, 2006.

"®Chaudhari, S. S.; Akamanchi, K. G. Synlett 1999, /1, 1763-1765.

Shellhamer, D. F.; Anstine, D. T.; Gallego, K. M.; Ganesh, B. R.; Hanson, A. A.; Hanson, K. A_;
Henderson, R. D.; Prince, J. M.; Heasley, V. L. J. Chem. Soc. Perkin Trans 2 1995, 7, 1569.

"®Reed, S. A.; White, M. C. J. Am. Chem. Soc. 2008, 130, 3316-3318.

PEly, R. I.; Morken, J. P. J. Am. Chem. Soc. 2010, 132, 2534-2535.

MSaito, A.; Oda, S.; Fukaya, H.; Hanzawa, Y. J. Org. Chem. 2009, 74, 1517-1524.
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C11HNO [M+H]": 176.1075, found: 176.1069.

MeO
Me

H
(Z)-N-(but-2-enyl)-4-methoxyaniline (10% E isomer), 2.8.”' A round-bottom flask was
charged with Lindlar’s catalyst (121 mg) and purged with argon. N-(but-2-ynyl)-4-
methoxyaniline (855 mg, 4.88 mmol) in EtOH (9 mL) was added followed by quinoline
(46.0 puL, 0.390 mmol). The flask was evacuated and refilled with H, four times, fitted
with a H; balloon, and stirred at room temperature under H, for 3.5 h. The reaction was
filtered through a plug of silica and concentrated. Column chromatography (20%
EtOAc/Hex) yielded a light yellow oil (754 mg, 87%). "H NMR (CDCls, 400 MHz) &
6.79 (app dd, 2H, J=9.0, 2.4), 6.61 (app dd, 2H, J= 8.8, 2.4), 5.53-5.69 (m, 2H), 3.76 (s,
3H), 3.73-3.75 (m, 2H), 3.37 (bs, 1H), 1.71 (d, 3H, J = 6.3); C NMR (CDCl;, 100
MHz) 6 152.2, 142.6, 127.9, 126.9, 114.8, 114.3, 55.8, 41.8, 13.1; IR: 3290, 2934, 2015,
1608, 1512, 1413, 1249, 1032, 837 cm '; HRMS (DART-TOF) calcd. for C;;H;sNO

[M+H]":178.1232, found: 178.1234.

NN Me

H
(E)-N-(but-2-enyl)-4-methoxyaniline, 2.12.%° To p-anisidine (6.13 g, 49.8 mmol) in
CH3CN (29 mL) was added crotyl chloride (1.61 mL, 16.6 mmol). The mixture was

“'Walters, M. A.; Hoem, A. B.; J. Org. Chem. 1994, 59, 2645-2647.
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stirred overnight at 23 °C. Saturated aqueous NH4Cl1 (15 mL) was added, and mixture
was separated. The aqueous layer was extracted with Et,O (3x20 mL). The combined
organic layers were washed with brine (20 mL), dried over MgSQy, filtered, and
concentrated. Column chromatography yielded a light yellow oil (1.02 g, 35%). "H NMR
(CDCl3, 500 MHz) 6 6.79-6.83 (m, 2H), 6.60-6.63 (m, 2H), 5.70-5.75 (m, 1H), 5.59-5.65
(m, 1H), 3.76 (s, 3H), 3.66 (d, 2H, J = 5.9), 3.44 (bs, 1H), 1.73 (dd, 3H, J = 6.4, 1.2); *C
NMR (CDCl;, 100 MHz) & 152.1, 142.5, 128.4, 127.7, 114.8, 114.3, 55.8, 47.0, 17.8; IR:
3386, 2935, 2832, 1512, 1464, 1235, 1038, 966, 819 cm '; HRMS (DART-TOF) calcd.

for C;1H;,{NO [M+H]+: 178.1232, found: 178.1230.

4 OH

3-cyclohexylprop-2-yn-1-ol."® To a solution of cyclohexylacetylene (2.40 mL, 18.5
mmol) in THF (23 mL) at —78 °C was added nBulL.i as a solution in hexanes (12.5 mL,
1.48 M) dropwise over 10 min. The mixture was stirred at —78 °C for 40 min, and
paraformaldehyde (778 mg, 25.9 mmol) was added. The mixture was allowed to warm to
23 °C and stirred for 16 h. Saturated aqueous NH4Cl (2 mL) was added, followed by
Et,O (70 mL). The mixture was dried over Na,SQy, filtered through a plug of Celite, and
concentrated. The resulting oil was distilled under vacuum (70 °C at 1.25 mmHg) to yield
a colorless oil (2.00 g, 78%). "H NMR (CDCl;, 400 MHz) § 4.25-4.27 (m, 2H), 2.36-2.40
(m, 1H), 1.78-1.81 (m, 2H), 1.65-1.72 (m, 2H), 1.51-1.58 (m, 2H), 1.37-1.45 (m, 2H),

1.25-1.34 (m, 3H); *C NMR (CDCls, 100 MHz) § 90.6, 78.1, 51.4, 32.6, 29.1, 25.8,
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24.9; IR: 3327 (br), 2929, 2854, 1448, 1148, 1017, 986 cm '; HRMS (DART-TOF)

caled. for CoH5sO [M+H]:139.1123, found: 139.1125.

O

(Z)-(3-chloroprop-1-enyl)cyclohexane (10% (E)-isomer)."” (£)-3-cyclohexylprop-2-en-
1-0l (642 mg, 4.58 mmol) was dissolved in DMF (3 mL). Collidine (1.11 g, 9.16 mmol),
lithium chloride (388 mg, 9.16 mmol), and methanesulfonyl chloride (461 pL, 5.95
mmol) were added. After stirring for 12 h, the reaction was diluted with Et,O (100 mL),
and washed with H,O, saturated aqueous NH4Cl, and brine (50 mL each). The organic
layer was dried over MgSQy, filtered, and concentrated. Column chromatography (5%
EtOAc/Hex) gave a colorless oil (591 mg, 81%). "H NMR (CDCls, 400 MHz) & 5.44-
5.56 (m, 2H), 4.11 (dd, 2H, J=17.0, 2.2), 2.28-2.38 (m, 1H), 1.62-1.76 (m, 5H), 1.05-1.36
(m, 5H); *C NMR (CDCl;, 101 MHz) 6 141.3, 123.2, 39.9, 36.3, 33.0, 25.8, 25.7; IR:

2953, 2925, 2853, 2034, 1970, 1511, 1459, 1260, 1032, 798, 410 cm "

MeO
T

N
H
(Z)-N-(3-cyclohexylallyl)-4-methoxyaniline (5% (E)-isomer), 2.15.”> K,CO; (289 mg,

7.56 mmol) and p-anisidine (1.16 g, 9.45 mmol) were diluted with DMF (8 mL), and (Z)-

ZCorrea, A.; Tellitu, I.; Dominguez, E.; SanMartin, R. J. Org. Chem. 2006, 71, 8316 — 8319.
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(3-chloroprop-1-enyl)cyclohexane (502 mg, 3.15 mmol) was added. The reaction was
heated to 80 °C and stirred overnight. The reaction was cooled and filtered. Water (20
mL) was added, and the mixture was separated. The aqueous layer was extracted with
EtOAc (3x30 mL). The combined organic layers were washed with brine (30 mL), dried
over Na,SQOy, filtered, and concentrated. Column chromatography (10% EtOAc/Hex)
yielded a yellow oil (508 mg, 66%). '"H NMR (CDCl3, 400 MHz) 6 6.79 (app dd, 2H, J =
9.0,2.4), 6.61 (app dd, 2H, J=9.0, 2.4), 5.38-5.47 (m, 2H), 3.75 (s, 3H), 3.73 (d, 2H, J =
5.1),3.64 (d, 2H, J=5.9), 3.36 (bs, 1H), 2.29-2.37 (m, 1H), 1.61-1.74 (m, 5H), 1.05-1.35
(m, 5H); ®C NMR (CDCl;, 126 MHz) § 152.2, 142.6, 138.9, 125.0, 114.9, 114.3, 55.8,
42.3,36.7,33.3,26.0, 25.8; IR: 2925, 2850, 1512, 1448, 1245, 1179, 1037, 821 cm ';

HRMS (DART-TOF) calcd. for CsH,4NO [M+H]": 246.1858, found: 246.1860.

MeO
@\”M\O

(E)-N-(3-cyclohexylallyl)-4-methoxyaniline, 2.16.” AuBr; (91.7 mg, 0.210 mmol) was
suspended in THF (2 mL), and p-anisidine (505 mg, 4.10 mmol) was added. The mixture
was stirred under argon at room temperature for 5 min. Cyclohexylallene (298 pL, 2.05
mmol) was added. After 4 h, the mixture was filtered through a silica plug and
concentrated. Column chromatography (10% EtOAc/Hex) yielded a slightly yellow oil
(189 mg, 38%). "H NMR (CDCls, 400 MHz) & 6.79 (app dd, 2H, J = 9.0, 2.4), 6.60 (app
dd, 2H,J=9.0, 2.4), 5.66 (dd, 1H, J=15.5, 6.5), 5.54 (dtd, IHJ=15.5, 5.9, 1.0), 3.75

»Nishina, N.; Yamamoto, Y. Tetrahedron 2009, 65, 1799-1808.
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(s, 3H), 3.65 (dd, 2H, J=5.9, 1.0), 3.42 (bs, 1H), 1.92-2.20 (m, 1H), 1.63-1.75 (m, SH),
1.03-1.32 (m, 5H); *C NMR (CDCl3, 100 MHz) & 152.1, 142.5, 139.1, 124.5, 114.8,
114.3,55.8,47.2,40.4,32.9, 26.1, 26.0; IR: 2923, 2845, 1512, 1447, 1234, 1039, 971,
818 cm_l; HRMS (DART-TOF) caled. for C;sH2sNO [M+H]+: 246.1858, found:

246.1860.

é OH

3-phenylpr0p-2-yn-1-ol.18 The same procedure as 3-cyclohexylprop-2-yn-1-ol was
followed. The resulting oil was distilled under vacuum (93 °C at 1.25 mmHg) to yield a
colorless oil (3.64 g, 99%). '"H NMR (CDCls, 400 MHz) 6 7.42-7.47 (m, 2H), 7.29-7.35
(m, 3H), 4.51 (d, 2H, J=4.3), 1.69 (bs, 1H); *C NMR (CDCl;, 100 MHz) § 131.7,
128.5, 128.3, 122.5, 87.1, 85.7, 51.7; IR: 3341, 3061, 2866, 1490, 1442, 1032, 953, 756,
691, 524 cm™'; HRMS (DART-TOF) calcd. For CoHoO [M+H]": 133.0653, found:

133.0652.

N =

H
(Z)-4-methoxy-N-(3-phenylallyl)aniline, 2.17.° To p-anisidine (1.58 g, 12.8 mmol) in
CH;3CN (2 mL) was added (£)-(3-chloroprop-1-enyl)benzene (501 mg, 3.28 mmol). The

mixture was stirred overnight at room temperature. Saturated aqueous NH4CI (15 mL)
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was added, and the mixture was separated. The aqueous layer was extracted with Et,O
(3%20 mL). The combined organic layers were washed with brine (20 mL), dried over
MgSO,, filtered, and concentrated. Column chromatography (10% EtOAc/Hex) yielded a
yellow oil (369 mg, 47%). "H NMR (CDCls, 400 MHz) § 7.25-7.29 (m, 2H), 7.14-7.21
(m, 3H), 6.68 (app d, 2H, J=9.0), 6.49-6.56 (m, 1H), 6.47 (dd, 2H, J=9.0, 2.4), 5.71
(dt, 1H, J=11.7, 6.5), 3.90 (dd, 2H, J = 6.5, 1.8), 3.64 (s, 3H), 3.46 (bs, 1H); °C NMR
(CDCl3, 100 MHz) 6 152.3, 142.1, 136.7, 131.3, 130.0, 128.8, 128.3, 127.1, 114.9, 114.4,
55.8,43.2; IR: 3388, 3022, 2931, 2832, 1512, 1446, 1237, 1074, 820, 700, 517 cm ';

HRMS (DART-TOF) caled. for C;sH;sNO [M+H]+: 240.1388, found: 240.1390.

o~ \—osn

(Z)-4-(benzyloxy)but-Z-en-l-01.24 In a dry box, a flame-dried 250 mL round-bottom
flask was charged with sodium hydride (467 mg, 19.5 mmol). The flask was capped with
a rubber septum and brought out of the dry box. Dry THF (65 mL) was added via
syringe, and the vessel was brought to 0 °C. The commercially available (Z2)-but-2-ene-
1,4-diol (1.64 mL, 20.0 mmol) was added dropwise to the stirring suspension, resulting in
vigorous bubbling. Once addition was complete, the reaction was allowed to warm to
room temperature over the course of 30 min. Benzyl bromide (16.2 mmol, 1.92 mL) was
added to the flask via syringe, and the reaction was allowed to stir overnight. The
reaction was concentrated, and the crude residue was diluted with Et,O (150 mL). The

organic layer was washed with H,O (3%75 mL), dried over MgSOQy, filtered, and

24Schmidt, B.; Pohler, M.; Costisella, B. Tetrahedron 2002, 58, 7951-7958.
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concentrated in vacuo. The crude mixture was purified by silica gel chromatography
(30% EtOAc/Hex) to yield a pale yellow oil (1.82 g, 48%). '"H NMR (CDCls, 400 MHz)
0 7.29-7.36 (m 5H), 5.79-5.83 (m, 1H), 5.73-5.77 (m, 1H), 4.53 (s, 2H), 4.16-4.18 (m,
2H), 4.09-4.10 (m, 2H), 1.92 (br s, 1H); *C NMR (CDCls, 100 MHz) & 138.1, 132.5,
128.7, 128.5, 128.1, 128.0, 72.7, 65.9, 59.0; IR: 3409, 1736, 1241, 1070, 1042, 736, 697

cm'l; HRMS (DART-TOF) calcd. for C;;H;50; [M+H]+: 179.1072, found: 179.1079.

c—" \—oBn
(Z)-(((4-chlor0but-2-en-1-yl)oxy)methyl)benzene.15 To a 25 mL, flame-dried, round-
bottom flask was added LiCl (374 mg, 8.82 mmol), 2,4,6-collidine (1.16 mL, 8.81
mmol), and methanesulfonyl chloride (412 pL, 5.35 mmol). (£)-4-(benzyloxy)but-2-en-1-
ol (786 mg, 4.11 mmol) was added to the flask dropwise as a solution in DMF (3.0 mL).
The reaction was allowed to stir overnight. The mixture was diluted with Et,O (100 mL),
and the organics were washed with H,O (3x40 mL), saturated NH4Cl (3%x40 mL), and
brine (40 mL). The combined organics were dried over MgSQOy, filtered, and
concentrated. The crude mixture was purified by silica gel chromatography (10%
EtOAc/Hex) to yield a pale orange oil (716 mg, 88%). "H NMR (CDCl;, 500 MHz) &
7.30-7.37 (m, 5H), 5.82-5.83 (m, 2H), 4.55 (s, 2H), 4.15-4.16 (m, 2H), 4.11-4.12 (m,
2H); ®C NMR (CDCl;, 125 MHz) & 138.1, 131.0, 128.7, 128.6, 128.0, 127.9, 72.6, 65.3,
39.4; IR: 2857, 1736, 1453, 1240, 1072, 736, 697 cm™'; HRMS (DART-TOF) calcd. for

C11H;7CINO [M+NH,4]": 214.0994, found: 214.0999.
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&

MeO
(Z)-N-(4-(benzyloxy)but-2-en-1-yl)-4-methoxyaniline, 2.18. To a 25 mL, flame-dried,
round-bottom flask was added p-anisidine (2.54 g, 20.7 mmol). The vessel was charged
with (£)-(((4-chlorobut-2-en-1-yl)oxy)methyl)benzene (1.04 g, 5.30 mmol) as a solution
in DMF (6 mL). The reaction was allowed to stir overnight. The reaction was diluted
with Et,0O (150 mL), washed with H,O (3x50 mL) and saturated NH4CI (3x50 mL), dried
over MgSOQy, filtered, and concentrated. The crude mixture was purified by silica gel
chromatography (15% EtOAc/Hex) to yield a dark orange oil (553 mg, 37%). "H NMR
(CDCl3, 500 MHz) 6 7.29-7.38 (m, SH), 6.80 (d, 2H, J =9.0), 6.59 (d, 2H, J = 8.8), 5.78-
5.80 (m, 2H), 4.56 (s, 2H), 4.16 (d, 2H, J=5.1), 3.77 (s, 3H), 3.75 (d, 2H, J=4.9); °C
NMR (CDCls, 125 MHz) 8 152.6, 142.4, 138.3, 131.1, 128.9, 128.6, 128.0, 127.9, 115.1,
114.6,72.7, 65.9, 56.0, 42.5; IR: 1509, 1232, 1070, 1030, 817, 735, 697 cm™'; HRMS

(DART-TOF) calcd. for C1sH»N 0, [M+H]™: 284.1651, found: 284.1649.

N =
H

(Z)-4-(4-methoxyphenylamino)but-2-en-1-0l.> 1,4-but-2-enediol cyclic sulfite (1.50 g,
11.2 mmol) was dissolved in DMF (6 mL). K,CO3 (3.72 g, 26.9 mmol) and p-anisidine

(2.76 g, 22.4 mmol) were added. The reaction was heated to 100 °C for 48 h. The

25Friedrich, M.; Savchenko, A. I.; Wachtler, A.; de Meijere, A. Eur. J. Org. Chem. 2003, 11,2138-2143.
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reaction was cooled to room temperature, and H,O (30 mL) was added. The mixture was
separated, and the aqueous layer was extracted with Et,O (3x25 mL). The combined
organic layers were washed with H,O (25 mL), dried over MgSQOy, filtered, and
concentrated. Column chromatography (15% EtOAc/Hex) yielded a light yellow oil (1.02
g, 47%). "H NMR (CDCls, 400 MHz) & 6.79 (app dd, 2H, J=9.0, 2.4), 6.61 (app dd, 2H,
J=9.0,2.4), 5.68-5.82 (m, 2H), 4.26 (dd, 2H, J = 6.3, 1.2), 3.74-3.75 (m, 5H), 2.78 (bs,
2H); *C NMR (CDCls, 101 MHz) & 152.6, 141.9, 131.5, 129.5, 114.8, 58.7, 55.7, 42.3;
IR: 3361, 2939, 2833, 1512, 1235, 1034, 821 cm'; HRMS (DART-TOF) calcd. for

C11HgNO, [M+H]": 194.1181, found: 194.1181.

MeO OTBDPS
TS

N
(Z)-N-(4-(tert-butyldiphenylsilyloxy)but-2-enyl)-4-methoxyaniline, 2.19.%° To
imidazole (222 mg, 3.30 mmol) and DMF (0.6 mL) in a round-bottom flask was added
(£2)-4-(4-methoxyphenylamino)but-2-en-1-ol (421 mg, 2.17 mmol) dissolved in DMF
(0.6 mL). After stirring for 10 minutes, fert-butyldiphenylchlorosilane (610 uL, 2.39
mmol) was added in one portion. After stirring at room temperature for 45 min, H,O (20
mL) was added. The mixture was separated, and the aqueous phase was extracted with
Et,O (3x15 mL). The combined organic layers were washed with H,O (25 mL) and brine
(25 mL). The resulting organic layer was dried over MgSQyu, filtered, and concentrated.

Column chromatography (7.5% EtOAc/Hex) yielded a yellow oil (587 mg, 63%). 'H

**Havas, F.; Leygue, N.; Danel, M.; Mestre, B.; Galaup, C.; Picard, C. Tetrahedron 2009, 76, 7673-7686.



Chapter 2, Page 162

NMR (CDCls, 400 MHz) & 7.59-7.62 (m, 4H), 7.27-7.37 (m, 6H), 6.67 (app dd, 2H, J =
9.0, 2.4), 6.41 (app dd, 2H, J = 9.0, 2.4), 5.65-5.70 (m, 1H), 5.45-5.51 (m, 1H), 4.23 (d,
2H,J = 6.3, 0.8), 3.65 (s, 3H), 3.45 (dt, 2H, J = 6.7, 0.8), 3.19 (bs, 1H), 0.97 (s, 9H); 1*C
NMR (CDCls, 100 MHz) § 152.3, 142.2, 135.6, 133.6, 131.4, 129.7, 128.4, 127.7, 114.8,
114.3, 60.2, 55.8, 42.1, 26.8, 19.2; IR: 2931, 2857, 1513, 1428, 1236, 1074, 1040, 820,
703, 505 cm™'; HRMS (DART-TOF) caled. for Co7H34NO,Si [M+H]'": 432.2359 found:

432.2345.

C|—/:\—N>;:©

(0]
(Z)-2-(4-chlorobut-2-en-1-yl)isoindoline-1,3-dione.”” To a flame-dried round-bottom
flask was added potassium phthalamide (2.65 g, 14.3 mmol), followed by DMF (50 mL)
under nitrogen. The stirring suspension was charged with (Z)-1,4-dichlorobut-2-ene
(3.06 mL, 29 mmol). The mixture was allowed to stir at room temperature overnight.
The reaction was diluted with EtOAc (200 mL) and extracted with H,O (6x75 mL). The
combined organics were dried over anhydrous MgSQ,, filtered, and concentrated by
rotary evaporation. The crude material was purified by silica gel chromatography (20%
EtOAc/Hex) to afford the product as a colorless solid (929 mg, 28%). 'H NMR (CDCl,
500 MHz) 6 7.86 (dd, 2H, J=5.4,2.9), 7.73 (dd, 2H, J = 5.4, 3.2), 5.83-5.89 (m, 1H),
5.69-5.75 (m, 1H), 4.38 (dd, 2H, J= 7.3, 1.2), 4.32 (d, 2H, J = 7.8) *C NMR (CDCls,
125 MHz) & 168.0, 134.3, 132.3, 130.1, 127.4, 123.6, 38.8, 34.3; IR: 1699, 1429, 1242,

*’Newman, A.; Grundt, P.; Luedtke, R. R. US Patent 2006106030, 2006.
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1120, 1065, 764, 711, 530 cm™'; HRMS (DART-TOF) calcd. for C ,H,;;CINO, [M+H]":

236.0478, found: 236.0485.

o
N N
O

(Z)-2-(4-((4-methoxyphenyl)amino)but-2-en-1-yl)isoindoline-1,3-dione, 2.20.° p-
Anisidine (3.12 g, 25.4 mmol) was added to a flame-dried, 25 mL, round-bottom flask.
The flask was charged with (Z)-2-(4-chlorobut-2-en-1-yl)isoindoline-1,3-dione (854 mg,
3.62 mmol) as a solution in CH3CN (9.1 mL). The reaction mixture was allowed to stir at
room temperature overnight. The reaction was diluted with Et,O (100 mL), and washed
successively with HO (3x50 mL) and saturated NH4CI (3%x50 mL). The combined
organics were dried over anhydrous MgSOQy, filtered, and concentrated by rotary
evaporation. The crude mixture was purified by silica gel chromatography (30%
EtOAc/Hex) to yield the title compound as a yellow solid (761 mg, 65%). "H NMR
(CDCl3, 500 MHz) 6 7.85 (dd, 2H, J=6.9, 3.9), 7.72 (dd, 2H, J= 6.9, 3.7), 6.80 (d, 2H, J
=11.2),6.68 (d, 2H, J=11.5), 5.79-5.81 (m, 1H), 5.59-5.61 (m, 1H), 4.39 (d, 2H, J =
9.1, 1.5), 3.95 (d, 2H, J = 8.3), 3.75 (s, 3H); *C NMR (CDCl;, 125 MHz) & 168.2, 152.6,
142.5, 134.2,132.4, 131.9, 125.8, 123.5, 115.1, 114.8, 56.0, 42.0, 35.1; IR: 1705, 1511,
1390, 1322, 1234, 821, 715 cm™; HRMS (DART-TOF) calcd. for C19HoN,0; [M+H]™:

323.1396, found: 323.1394.
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CIA/_\—\_§OE’(

@]
(Z)-ethyl-7-chlorohept-5-enoate.'” To a 25 mL, flame-dried, round-bottom flask was
added LiCl (499 mg, 11.0), 2,4,6-collidine (1.45 mL, 11.0 mmol), and methanesulfonyl
chloride (552 pL, 7.18 mmol). (£)-4-(benzyloxy)but-2-en-1-ol (951 mg, 5.52 mmol) was
added to the flask dropwise as a solution in DMF (3.0 mL). The reaction was allowed to
stir overnight. The mixture was diluted with Et,O (100 mL), and the organics were
washed with water (3x40 mL), saturated NH4Cl (3x40 mL), and brine (40 mL). The
combined organics were dried over MgSQOy, filtered, and concentrated. The crude
mixture was purified by silica gel chromatography (3:1 Hex: EtOAc) to afford a pale
orange oil (816 mg, 78%). "H NMR (CDCls, 400 MHz) & 5.52-5.63 (m, 2H), 4.12 (q,
2H,J=17.4),4.07 (d,2H, J=17.2),2.25 (t, 2H, J=7.4), 2.08-2.14 (m, 2H), 1.65-1.70 (m,
2H), 1.17-1.21 (m, 3H); *C NMR (CDCl;, 125 MHz) § 173.6, 135.3, 126.5, 60.5, 39.4,
33.7,26.6, 24.6, 14.4; IR: 2980, 1732, 1375, 1249, 1180, 758, 730 cm™'; HRMS (DART-

TOF) calcd. for CoH;sClO, [M+H]": 191.0839, found: 191.0835.

g.;NJj—\_ﬂw

@)

MeO
(Z)-ethyl 7-((4-methoxyphenyl)amino)hept-5-enoate, 2.21.°° A flame-dried, 25 mL,
round-bottom flask was charged with p-anisidine (3.68 g, 29.9 mmol). (£)-ethyl 7-

chlorohept-5-enoate (816 mg, 4.28 mmol) was added to the reaction flask as a solution in
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CH;CN (9.0 mL). The reaction was allowed to stir at room temperature overnight. The
reaction was diluted with Et,O (150 mL) and washed with H,O (3x50 mL) and saturated
aqueous NH,4CI (3%x50 mL). The combined organics were dried over anhydrous MgSOy,
filtered, and concentrated. The crude material was purified by silica gel chromatography
(20% EtOAc/Hex) to afford an orange oil (684 mg, 57%). "H NMR (CDCls, 500 MHz)
3 6.77-6.79 (m, 2H), 6.58-6.60 (m, 2H), 5.49-5.61 (m, 2H), 4.13 (q, 2H, J=7.1), 3.74 (s,
3H), 3.70 (dd, 2H, J=6.4),2.32 (t, 2H, J=7.3), 2.17 (app q, 2H, J = 7.3), 1.72-1.75 (m,
2H), 1.25 (t, 3H, J = 7.1); ®C NMR (CDCls, 125 MHz) & 173.7, 152.4, 142.7, 131.8,
128.4, 115.1, 114.6, 60.5, 56.0, 42.4, 33.9, 27.1, 24.9, 14.5; IR: 2936, 1727, 1511, 1234,
1035, 820 cm']; HRMS (DART-TOF) calcd. for C;sH24NO; [M+H]+: 278.1756, found:

278.1749.

H
/@/N\/\
MeO

N-allyl-4-methoxyaniline, 2.22.** Allyl chloride (5.29 mL, 65.0 mmol) was added
dropwise to a flame-dried 500 mL round-bottom flask containing a solution of 4-
methoxyaniline (8.00 g, 65.0 mmol) and potassium carbonate (21.5 g, 156 mmol) in
DMF (148 mL). The solution was heated to 80 °C and was stirred at this temperature
overnight. The reaction was cooled to room temperature, filtered, and diluted with
EtOAc (300 mL). The organic layer was washed with water (4x100 mL), dried over
anhydrous MgSOQy, filtered, and concentrated in vacuo. The crude product was purified

by silica gel chromatography (5% EtOAc/Hex) to afford an orange oil (7.76 g, 73%). 'H
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NMR (CDCls, 400 MHz) 5 6.82 (d, 2H, J = 8.8), 6.62 (d, 2H, J = 8.8), 5.94-6.04 (m,
1H), 5.31 (dd, 1H, J=17.2, 1.6), 5.19 (dd, 1H, J = 10.4, 1.6), 3.77 (s, 3H), 3.75 (app. dt,
2H,J = 5.6, 1.6), 3.57 (br. s, 1H); *C NMR (CDCLs, 100 MHz) § 152.3, 142.5, 136.0,
116.2, 115.0, 114.4, 55.9, 47.6; IR: 3396, 1509, 1230, 1178, 1035, 916, 816 cm™'; HRMS

(DART-TOF) calcd. for C;HsNO [M+H]": 164.1075, found: 164.1077.

Equilibrium Experiment (Scheme 2.7)

cD Me
6-6
Me //
0.05% p-TsOH /_)
PMP., /\) @E >‘ OiPr L A N +  HOiPr
2h,45°C =N
P PwmP
Keq=3.8+0.5 Ph
2.8 I 2.9

5.8 equiv

PMP= p-methoxyphenyl

In a glove box, a solution of iPrOH (91 pL, 1.2 mmol) in C¢Dg (1.67 M) was
made. The solution was dispensed into three NMR tubes (see table below for amounts).
A second solution of (Z2)-N-(but-2-enyl)-4-methoxyaniline, 2.8, (71 mg, 0.40 mmol), I
(19 mg, 6.9 x 10 mmol), and p-TsOH (350 pL, 5.0 x 10™* M in C¢Hg; note C¢Hg was
removed prior to mixing with substrate and I) in C¢Dg (1.4 mL) was made. The solution
was dispensed into three NMR tubes (see table below for amounts). An additional
amount of C¢Dg was added to each tube to make the total volume 0.7 mL. *'P NMR were
taken immediately, and the NMR tubes were heated to 45 °C. Spectra were acquired at
45 min intervals until equilibrium was reached. All three samples reached equilibrium

within 2 h (average K¢y = 3.8 with standard deviation = 0.5).
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Table 2.8
Experiment Isopropanol ' mmol Substyate mmol Ratio K
Solution isopropanol Solution substrate  1:2.8 °
A 60 uL 0.10 400 uL 0.11 26:74 3.4
B 150 uL 0.25 400 uL 0.11 45:55 33
C 300 uL 0.50 400 uL 0.11 53:47 4.5

Optimization Data

General Hydroformylation Optimization Procedure. The Endeavor was charged with
500 pL of benzene per reaction well to fill the void volume between reactor wall and
reaction tube, and oven-dried glass reaction vials were placed into the wells. The
Endeavor was sealed and purged with nitrogen (4x100 psi). The necessary injection(s)
were made (see below). The Endeavor was purged with nitrogen (1x100 psi), stirring was
started at 250 rpm, and the Endeavor was heated to and held at the reaction temperature
for 10 minutes. Stirring was stopped, the Endeavor was charged with the appropriate
pressure of H,/CO, stirring was re-initiated at 700 rpm, and the Endeavor was maintained
at constant reaction temperature and pressure of H,/CO for 15 h. The Endeavor was
vented to ambient pressure and cooled to ambient temperature. The reaction vials were
removed from the Endeavor, a solution of trimethoxybenzene in EtOAc (1.00 x 10* pL,
0.2003 M) was added, and the sample was concentrated. The resulting residue was
dissolved in MeOH (2 mL) and added to NaBH4 (22.7 mg, 0.600 mmol) in a flame-dried
flask. The reaction was stirred for 1.5 h. H,O (3 mL) was added, and the layers were
separated. The organic layer was extracted with EtOAc (3%x10 mL), dried over NaSOy,

filtered, and concentrated. "H NMRs were taken to determine conversion. The reaction
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was chromatographed (1% MeOH/CH,Cl,) to determine isolated yield. SFC or HPLC
analysis of the products was used to determine enantioselectivities.

Pressure Screen with I (Table 2.1)

(Z£)-N-(but-2-enyl)-4-methoxyaniline, 2.8, (35 mg, 0.20 mmol) and I (7.7 mg, 3.0 x 107
mmol) were mixed in C¢Dg (0.6 mL) and heated to 45 °C for 12 h in a sealed NMR tube.
The solution was concentrated in a dry glove box to remove MeOH in the solution.
During this pre-exchange, I converts to 2.9. The resulting residue was dissolved in
benzene (1.5 mL), mixed with 2 mol % Rh(acac)(CO), (1.1 mg, 4.0 x 10~ mmol), and
injected into the Endeavor followed by 0.5 mL benzene to wash the injection port. The
reactions were run at 45 °C at the following pressures: 25, 50, 75 and 100 psi H,/CO.

Catalyst Loading Screen with I (Table 2.2)

(Z2)-N-(but-2-enyl)-4-methoxyaniline, 2.8, (35 mg, 0.20 mmol) and I were mixed in C¢Dg
(0.6 mL) and heated to 45 °C for 12 h in a sealed NMR tube. The solution was
concentrated in a dry glove box to remove MeOH in the solution. During this pre-
exchange, I converts to 2.9. The resulting residue was dissolved in benzene (1.5 mL),
mixed with 2 mol % Rh(acac)(CO), (1.1 mg, 4.0 x 10~ mmol), and injected into the
Endeavor followed by 0.5 mL benzene to wash the injection port. The reactions were run
at 45 °C and 50 psi Ho/CO with the following ligand loadings: 5% (2.6 mg, 1.0 x 10
mmol), 10% (5.1 mg, 2.0 x 10 mmol), 15% (7.7 mg, 3.0 x 10 mmol).

Acid Loading Screen (Table 2.3)

(E)-N-(but-2-enyl)-4-methoxyaniline, 2.12, (35 mg, 0.20 mmol), I (5.1 mg, 2.0 x 107

mmol), and the appropriate amount of p-toluenesulfonic acid in benzene (7.7 x 10* M
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solution) were mixed in C¢Dg (0.6 mL) and heated to 45 °C for 12 h in a sealed NMR
tube. The solution was concentrated in a dry glove box to remove MeOH in the solution.
During this pre-exchange, I converts to 2.9. The resulting residue was dissolved in
benzene (1.5 mL), mixed with 2 mol % Rh(acac)(CO), (1.1 mg, 4.0 x 107 mmol), and
injected into the Endeavor followed by 0.5 mL benzene to wash the injection port. The
reactions were run at 45 °C and 50 psi with the following acid loadings: 0.02% (52 uL,
4.0 x 10 mmol), 0.05% (130 pL, 1.0 x 10™ mmol), 0.1% (260 pL, 2.0 x 10™* mmol), and
0.2% (520 uL, 4.0 x 10™* mmol).

Temperature Screen with 11 (Table 2.4)

(Z2)-N-(but-2-enyl)-4-methoxyaniline, 2.8, (35.0 mg, 0.20 mmol), II-OMe (6.5 mg, 2.0 x
10 mmol), and p-toluenesulfonic acid in benzene (130 pL, 1.0 x 10 mmol, 7.7 x 10* M
solution) were mixed in C¢Dg (0.6 mL) and heated to 45 °C for 12 h in a sealed NMR
tube. The solution was concentrated in a dry glove box to remove MeOH in the solution
and redissolved in C¢Dg. The solution was heated to 45 °C for 4 h before being
concentrated again in a glove box. During this pre-exchange, the four diastereomers of
II-OMe converge to one substrate-bound ligand peak. The resulting residue was
dissolved in benzene (1.5 mL), mixed with 2 mol % Rh(acac)(CO), (1.1 mg, 4.0 x 10
mmol), and injected into the Endeavor followed by 0.5 mL benzene to wash the injection
port. The reactions were run with 50 psi H,/CO at the following temperatures: 30, 35, 45,

and 55 °C.
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Increasing the Reaction Time (Scheme 2.8)

The procedure for Table 2.4 was followed running substrate 2.8 (0.4 mmol) at 35 °C for
24 hours.

Increasing the Amount of I (Scheme 2.9)

The procedure for Table 2.4 was followed running substrate 2.8 (0.4 mmol) at 35 °C with
15 mol % I (21 mg, 0.06 mmol).

Reaction of 4-methoxy-N-(3-methylbut-2-en-1-yl)aniline (Scheme 2.10)

4-methoxy-N-(3-methylbut-2-en-1-yl)aniline (38 mg, 0.20 mmol) and I (5.7 mg, 2.0 x 10°
% mmol) were mixed in C4Dg (0.6 mL) and heated to 45 °C for 12 h in a sealed NMR
tube. The solution was concentrated in a dry glove box to remove MeOH in the solution.
During this pre-exchange, I converts to 2.9. The resulting residue was dissolved in
benzene (1.5 mL), mixed with 2 mol % Rh(acac)(CO), (1.1 mg, 4.0 x 10” mmol), and
injected into the Endeavor followed by 0.5 mL benzene to wash the injection port.

Substrate Scope (Table 2.5)

General Hydroformylation Procedure. The Endeavor was charged with 500 pL of
benzene per reaction well to fill the void volume between reactor wall and reaction tube,
and oven-dried glass reaction vials were placed into the wells. The Endeavor was sealed
and purged with nitrogen (4x100 psi). The necessary injection(s) were made (see below).
The Endeavor was purged with nitrogen (1x100 psi), stirring was started at 250 rpm, and
the Endeavor was heated to and held at 35 °C for 10 minutes. Stirring was stopped, the
Endeavor was charged with 50 psi H,/CO, stirring was re-initiated at 700 rpm, and the

Endeavor was maintained at constant reaction temperature of 35 °C and pressure of 50
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psi Hyo/CO for 15 h. The Endeavor was vented to ambient pressure and cooled to ambient
temperature. The reaction vials were removed from the Endeavor, a solution of
trimethoxybenzene in EtOAc (1.00 x 10% pL, 0.2003 M) was added, and the sample was
concentrated. The resulting residue was dissolved in MeOH (2 mL) and added to NaBH4
(22.7 mg, 0.600 mmol) in a flame-dried flask. The reaction was stirred for 1.5 h. H,O (3
mL) was added, and the layers were separated. The organic layer was extracted with
EtOAc (3x10 mL), dried over NaSQy, filtered, and concentrated. 'H NMRs were taken
to determine conversion. The reaction was chromatographed (1% MeOH/CH,Cl,) to
determine isolated yield. SFC or HPLC analysis of the products was used to determine
enantioselectivities.

Procedure A: (Z)-N-(but-2-enyl)-4-methoxyaniline, 2.8, (35 mg, 0.20 mmol), II-OMe
(9.8 mg, 3.0 x 10 mmol), and p-toluenesulfonic acid in benzene (130 uL, 1.0 x 10™
mmol, 7.70 x 10* M solution) were mixed in C¢Dg (0.6 mL) and heated to 45 °C for 12 h
in a sealed NMR tube. The solution was concentrated in a dry glove box to remove
MeOH in the solution and redissolved in C¢D¢. The solution was heated to 45 °C for 4 h
before being concentrated again in a glove box. During this pre-exchange, the four
diastereomers of II-OMe converge to one substrate-bound ligand peak. The resulting
residue was dissolved in benzene (1.5 mL), mixed with 2 mol % Rh(acac)(CO); (1.1 mg,
4.0 x 10~ mmol), and injected into the Endeavor followed by 0.5 mL benzene to wash the
injection port.

Procedure B: The same procedure as Procedure A using 1.75 mol % Rh(acac)(CO),

(0.90 mg, 3.5 x 10”° mmol) and 0.03% p-TsOH (83 pL, 6.0 x 10~ mmol).
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Procedure C: The procedure is the same as Procedure A using 1.5 mol % Rh(acac)(CO);
(0.77 mg, 3.0 x 10~ mmol).

Procedure D. Same as procedure A except 1.75 mol % Rh(acac)(CO); (0.90 mg, 3.5 x
10~ mmol) was used.

Scale-up Procedure. (Z)-N-(but-2-enyl)-4-methoxyaniline, 2.8, (502 mg, 2.83 mmol),
II-OMe (138 mg, 0.425 mmol), and p-toluenesulfonic acid in benzene (1.84 mL, 1.42 x
107 mmol, 7.7 x 10*M solution) were mixed in C¢Dg (9.4 mL) and heated to 45 °C for 3
h in a sealed tube. The solution was concentrated in a dry glove box to remove MeOH in
the solution. During this pre-exchange, the four diastereomers of II-OMe converge to
one substrate-bound ligand peak. The resulting residue was dissolved in benzene (21.3
mL), mixed with 2 mol % Rh(acac)(CO), (14.6 mg, 5.60 x 10> mmol), and 3 mL of the
solution was injected into seven Endeavor wells followed by 1.0 mL benzene to wash
each injection port.

Hydroformylation Regioselectivities

Under the reaction conditions, the undesired normal products probably cyclize to
a p-methoxyphenyl protected aminal which could not be detected in crude NMRs or
isolated. Trying to make and isolate this product through other methods also failed. The
amount of undesired regioisomer was estimated by two calculations: the difference
between conversion and yield of iso product by '"H NMR (Table 2.9, Column 6) and the
difference between conversion and isolated yield (Table 2.9, Column 7). The selectivities
are generally greater than 4:1. These numbers probably underestimate the actual

regioselectitives because it does not account for side reactions or decomposition of the
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aldehyde during hydroformylation. Notably, previous work in our group in the
hydroformylation of allylic alcohols and sulfonamides afford regioselectivites

of >95:5.7%¢ As mentioned previously, the lower regioselectivity for the phthalimide
protected substrate may result from directed hydroformylation from the phthalimide
functional group. Similarly the terminal substrate may have a lower regioselectivity due

to background reaction that prefers the normal isomer.
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Table 2.9
Starting Isolated b
Substrate Olefin (%)° Product (%)? Yield (%) ee (%)
Me
PMP. 2 7 2
N A 6 0 69 9
2.8
PMF’\N/\/\Me 8 N/AC 74 80
Ho on2
Cy
PMP_ 12 ° 75 86
H/\/ N/A
2.15
PMP..
N ey 20 64 62 76
2.16
Ph
PMP_ 45 53 45 79
N/\/
Ho 247
OBn
PMP\N/\)/ 1 NIA® & 92
H o 248
OTBDPS
PMP\N/\/‘/ 19 n 66 %0
H 219
NPhth
VP /\)/ 7 70 55 93
°N
H
2.20
(o COaE
PMP\N/\/P; 10 N/A°® 68 90
H 2.21
PMP (-~ 8 77 64 73
H 222

aBased on 'H NMR with 1,3,5-trimethoxybenzene used as an internal standard. bDetermined by super-
critical fluid chromatography. “Amount could not be determined accurately due to peak overlap in "H NMR.
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Hydroformylation Results and Product Characterization

Table 2.5, Entry 1:

N/\./\Me

H =
“SOH

(5)-2-((4-methoxyphenylamino)methyl)butan-1-ol, 2.10. Procedure A was followed.
Chromatography (1% MeOH/CH,Cl,) yielded a pale yellow oil (27 mg, 69%). SFC (OD-
H, 4.0 mL/min, 3.0% MeOH, 220 nm, 150 bar, 35 °C) trmajor =17.80 min and #minor
=19.16 min, 92% ee; "H NMR (CDCls, 400 MHz)  6.78-6.82 (m, 2H), 6.66-6.70 (m,
2H), 3.80 (dd, 1H, J=10.8, 3.9), 3.75 (s, 3H), 3.63-3.68 (m, 1H), 3.30 (bs, 1H), 3.20-
3.24 (m, 1H), 3.12 (dd, 1H, J=12.1, 8.4), 1.77-1.82 (m, 1H), 1.39 (q, 2H, J = 7.2), 0.96-
1.00 (m, 3H); *C NMR (CDCl;, 100 MHz) § 152.6, 142.4, 115.1, 114.8, 66.1, 55.8,
48.9,41.8,22.3, 11.6; IR: 3379, 2961, 2925, 1513, 1464, 1236, 1038, 822 cm™'; HRMS
(DART-TOF) caled. for C1,HaoNO, [M+H]": 210.1494, found: 210.1498. [a]p>* = +8.7

(¢ =0.240, CHCls, / = 50 mm).
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(5)-2-((4-methoxyphenylamino)methyl)butan-1-ol. Procedure A was followed.

Chromatography (1% MeOH/CH,Cl,) yielded a pale yellow oil (28 mg, 74%). SFC (OD-

H, 4.0 mL/min, 3.0% MeOH, 220 nm, 150 bar, 35 °C) 80% ee.
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H
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(8)-3-cyclohexyl-2-((4-methoxyphenylamino)methyl)propan-1-ol. Procedure A was
followed. Chromatography (1% MeOH/CH,Cl,) yielded a pale yellow oil (42 mg, 75%).
SFC (OD-H, 1.0 mL/min, 6.0% MeOH, 220 nm, 150 bar, 50 °C) #;minor =11.27 min and
trmajor =12.10 min, 86% ee; "H NMR (CDCls, 500 MHz) § 6.80 (dd, 2H, J = 6.6, 2.5),
6.64-6.67 (m, 2H), 3.77-3.79 (m, 1H), 3.75 (s, 3H), 3.61 (dd, 1H, J=10.8, 7.3), 3.19 (dd,
1H, J=12.0, 3.9), 3.06 (dd, 1H, J=12.0, 8.6), 1.93-2.20 (m, 1H), 1.64-1.75 (m, 5H),
1.28-1.35 (m, 1H), 1.11-1.28 (m, 5H), 0.84-0.93 (m, 2H); >C NMR (CDCl;, 100 MHz) &
152.7, 142.5,115.2, 114.9, 67.1, 55.8,49.9, 37.3, 37.1, 35.1, 33.7, 33.6, 26.6, 26.3, 26.3;
IR: 3376,2921, 2849, 1512, 1448, 1235, 1037, 819 cm™; HRMS (DART-TOF) calcd.

for C;7H,sNO, [M+H]": 278.2120, found: 278.2117. [a]p>" = +4.3 (¢ = 0.140, CHCl3, [ =

50 mm).
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B ]
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Table 2.5, Entry 4:

N
H &

“SOH

(8)-3-cyclohexyl-2-((4-methoxyphenylamino)methyl)propan-1-ol. Procedure A was

followed. Chromatography (1% MeOH/CH,Cl,) yielded a pale yellow oil (34 mg, 62%).

SFC (OD-H, 1.0 mL/min, 6.0% MeOH, 220 nm, 150 bar, 50 °C) 76 % ece.
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il
B

Iriche

Name

‘Start | Time | _End | RT Offset | Quantity | Helght Area Area

il | [Min] | [Min] | {Mlin] | (% Areal | (V] [V | (%]

1

UNKNOWN

1047 110,85 [ 11.16 0.00 1215 | 483 17.1 | 12.146

2

UINENOWN

11.16 | 11.60 | 12.57 .00 87.85| 241.2 123.4 | 87.854

Total

0000 | 287.5 140.4 | 100.000

Table 2.5, Entry 5:

N
H z

SOH

(S)-2-benzyl-3-(4-methoxyphenylamino)propan-1-ol. Procedure A was followed.

Column chromatography (1% MeOH/CH,Cl,) yielded a pale yellow solid (24 mg, 45%).

SFC (OD-H, 1.0 mL/min, 5.0% MeOH, 220 nm, 150 bar, 50 °C) #umajor= 20.83 min,

frminor= 24.87 min, 79% ee; "H NMR (CDCls, 400 MHz) § 7.10-7.28 (m, 5H), 6.69 (d,

2H, J=8.8), 6.49 (d, 2H, J = 8.8), 3.70 (dd, 1H, J = 3.9, 10.8), 3.67 (s, 3H), 3.58 (dd, 1H,

J=6.5,10.8), 3.05-3.15 (m, 2H), 2.70-3.05 (br s, 2H), 2.50-2.70 (m, 2H), 2.05-2.15 (m,

1H) ; *C NMR (CDCls, 100 MHz) & 152.8, 141.8, 139.7, 129.0, 128.5, 126.2, 115.3,

114.8, 65.6, 55.8, 48.6, 41.9, 36.1; IR: 3373, 2926, 1510, 1454, 1235, 1033, 820, 743,
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701, 521 cm'l; HRMS (DART-TOF) caled. for C17H22NO; [M+H]": 272.1651, found:

272.1641. [a]p™ = +50.0 (¢ = 0.108, CHCls, / = 50 mm).
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Table 2.5, Entry 6:

Meo\©\ OBn
N/\.)/

H
SOH

(5)-4-(benzyloxy)-2-(((4-methoxyphenyl)amino)methyl)butan-1-ol. Procedure B was
followed and yielded a light yellow oil (44 mg, 70%). SFC (AS-H, 2.0 mL/min, 3.0%
MeOH, 240 nm, 150 bar, 50 °C) fiminor =6.53 min and #major =6.96 min, 92% ee; 'H NMR
(CDCl3, 500 MHz) & 7.30-7.37 (m, 5H), 6.76 (d, 2H, J=9.0), 6.59 (d, 2H, J=9.0), 4.59
(s, 2H), 3.74 (s, 3H), 3.68-3.70 (m, 2H), 3.55-3.62 (m, 2H), 3.13 (d, 2H, J=6.5), 1.99-
2.03 (m, 1H), 1.71-1.75 (m, 2H); *C NMR (CDCl;, 125 MHz) & 152.6, 142.5, 138.1,
128.7, 128.0, 128.0, 115.1, 114.9, 73.5, 68.7, 65.7, 56.0, 48.5, 38.8, 30.3; IR: 3362, 1511,
1032, 820, 699 cm™; HRMS (DART-TOF) calcd. for C19H,NO3; [M+H]™: 316.1919,

found: 316.1913. [a]p>" = +18.0 (¢ = 0.205, CHCls, / = 50 mm).
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Table 2.5, Entry 7:

MeO
\©\N/\/\/OTBDPS

H =
“SOH

(8)-4-(tert-butyldiphenylsilyloxy)-2-((4-methoxyphenylamino)methyl)butan-1-ol.
Procedure C was followed. Chromatography (1% MeOH/CH,Cl,) yielded a pale yellow
oil (62 mg, 67%). HPLC (OD-H, 1.0 mL/min, 5.0% iPrOH: 95% Hexanes, 240 nm)
trminor = 15.3 min and fmajor = 21.5, 90% ee; '"H NMR (CDCl3, 400 MHz) 6 7.67 (dd, 4H,
J=28.1, 1.5), 7.37-7.46 (m, 6H), 6.77-6.78 (m, 2H), 6.61 (dd, 2H, J = 6.9, 2.2), 3.76-3.81
(m, 2H), 3.75 (s, 3H), 3.67-3.72 (m, 2H), 3.13 (d, 2H, J = 6.4), 2.03-2.10 (m, 1H), 1.64
(q, 2H, J=6.1), 1.07 (s, 9H); *C NMR (CDCls, 100 MHz) & 152.4, 142.4, 135.5, 133.4,
129.8, 127.7, 114.9, 114.7, 65.8, 62.2, 55.8, 48.4, 38.0, 32.7, 26.8, 19.1; IR: 3352, 2932,
1513, 1236, 1110, 822, 703, 613, 509 cm™; HRMS (DART-TOF) calcd. for
CasH3sNO3Si [M+H]™: 464.2621, found: 464.2622. [a]p®” =+12.3 (¢ = 0.140, CHCl;, [ =

50 mm).
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(8)-2-(4-hydroxy-3-((4-methoxyphenylamino)methyl)butyl)isoindoline-1,3-dione.
Procedure C was followed except only 1 equivalent of NaBH4 was used in reduction to
prevent reduction of the phthalimide protecting group. Column chromatography resulted
in a pale yellow solid (39 mg, 55%). HPLC (AS-H, 1.0 mL/min, 10.0% iPrOH: 90%
Hexanes, 240 nm) trmajor = 89.6 and #iminor = 142.3 min, 93% ee; '"H NMR (CDCls, 500
MHz) & 7.82 (dd, 2H, J=5.4,3.1), 7.70 (dd, 2H, J= 5.5, 3.1), 6.73 (d, 2H, J = 8.8), 6.61
(d, 2H, J=8.8), 3.76-3.81 (m, 2H), 3.74 (d, 2H, J=6.1), 3.71 (s, 3H), 3.19 (d, 2H, J =
6.1), 1.86-1.88 (m, 1H), 1.74-1.78 (m, 2H); >C NMR (CDCl;, 125 MHz) 168.7, 152.7,
142.4,134.2,132.2,123.4,115.1, 115.0, 65.5, 55.9, 48.4, 37.9, 36.2, 28.7; IR : 3378,
2927, 1703, 1512, 1398, 1234, 1037, 720 cm™'; HRMS (DART-TOF) calcd. for

CaoHa3N2O4 [M+H]": 355.1658, found: 355.1646. [a]p?® = +24.0 (c = 0.105, CHCls, [ =

50 mm).
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Table 2.5, Entry 9:

Me0\©\ o

HMOH

(S)-ethyl 7-hydroxy-6-((4-methoxyphenylamino)methyl)heptanoate. Procedure A was
followed. Column chromatography gave a pale yellow oil (42 mg, 68%). SFC (AS-H, 1.0
mL/min, 3.0% MeOH, 240 nm, 150 bar, 50 °C) #minor =8.25 min and fmajor =8.95 min,
90% ee; "H NMR (CDCls, 500 MHz) & 6.78-6.80 (m, 2H), 6.65-6.67 (m, 2H), 4.12 (q,
2H,J=1.2),3.75 (s, 3H), 3.62-3.78 (m, 2H), 3.10-3.18 (m, 2H), 2.31 (t, 2H, J=7.4),
1.82-1.92 (m, 1H), 1.61-1.66 (m, 2H), 1.33-1.42 (m, 4H), 1.25 (t, 3H, J = 7.0); *C NMR
(CDCls, 125 MHz) 6 173.8, 153.0, 142.2, 115.5, 115.0, 66.4, 60.5, 56.0, 49.5, 40.1, 34.3,
29.3,26.8, 25.3, 14.4; IR: 3362, 2933, 1731, 1513, 1251, 1034 cm™; HRMS (DART-
TOF) calcd. for C,7HosNO4 [M+H]": 310.2018, found: 310.2021. [a]p™ = +18.0 (¢ =

0.110, CHCl3, = 50 mm).
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Table 2.5, Entry 10:

MeO
\©\N/\:/Me

H =
“SOH

(5)-3-(4-methoxyphenylamino)-2-methylpropan-1-ol. Procedure C was followed.
Column chromatography gave a pale yellow oil (25 mg, 64%). SFC (OD-H, 4.0 mL/min,
3.0% MeOH, 220 nm, 150 bar, 50 °C) t;major =17.55 min and fiminor =19.94 min, 73% ee;
"H NMR (CDCl;, 400 MHz) & 6.78 (d, 2H, J=9.0), 6.63 (d, 2H, J = 8.8), 3.75 (d, 3H),
3.67 (dd, 1H, J=10.8, 4.7), 3.59 (dd, 1H, J=10.6, 7.2), 3.08-3.10 (m, 2H), 1.94-2.07 (m,
1H), 0.96 (d, 3H, J = 6.8); *C NMR (CDCls, 100 MHz) & 152.7, 142.6, 115.1, 115.1,
68.2, 56.0, 50.7, 35.5, 15.2; IR: 3365, 2929, 1512, 1234, 1034, 819 cm™; HRMS
(DART-TOF) calcd. for C;1H gNO, [M+H]": 196.1338, found: 196.1340. [a]p>’ = +2.2

(c=0.110, CHCls, / = 50 mm).



2,000
1,900
1,800
1,700
1,600
1,500
1,400
1,300
1,200
1,100
2 1,000
200)
800
700
B00|
500
400
3004

200 ———

100

%6

CLJ-1-168-3percentllow430.DATA - Berger TCh1-2000 Signal 1
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Name " | Slart

|

End:

RT Offset.

Height

Arsa |

]

[Min]

[Mir]

[Min]

[Min]

[BV]

[ Min]

(%l

1 UNKNOWN| 17.12

17.58

18.45

0.00

1227.9

571.8

50.088

2| UNKNOWN| 19.51

18.94

20.89

0.00

1069.8

569.9

49.911

Total

100.00

22877

1141.7

100.000

5,000———
4,800
4,600
4,400
4,200
4,000/
3,800
3,600
3,400
3,200
3,000
2,800
~ 2,600
= 2,400
2,200
2,000
1,800
1,600
1,400
1,200
1,000
800)
600)
400

CLJ-2-2031 DATA - Berger TCM-2000 Signal 1~

20—

20

s

Index | Name Start

Time |+

End

RT Offset

Quantity

Height

Area [

Min
16.64

1| UNKNOWN

]
17.20

=

[ i

[Min]

[% Araa]

[V]

TV, Min]

18.85

0.00

86.43

3446.4

2566.5

2 UNKNOWHN| 19,15

19.60

20.74

0.00

13.57

G278

403.1

13.573

Total

100.00

4074.2

2969.6

100.000




Chapter 2, Page 191

Proof of Stereochemistry

MeO 1)Ph(1)(OAc),
NT > 2
“OH

(S)-p-Cyclohexylmethyl-y-Boc-amino alcohol.'*” To (S)-3-cyclohexyl-2-((4-
methoxyphenylamino)methyl)propan-1-ol (136 mg, 0.490 mmol, 86% ee) in 1:1
MeOH/CH,Cl, (7 mL) at 0 °C was added iodobenzene diacetate (632 mg, 1.96 mmol) in
MeOH (7 mL). After stirring at 0 °C for 30 min, 1 M HCI (7 mL) was added, and the
mixture was stirred for 1 h. The reaction was diluted with CH,Cl, (20 mL), and the layers
were separated. The aqueous layer was washed with CH,Cl, (3%20 mL), and the
combined organics were washed with 1M HCI (20 mL). The combined aqueous layers
were neutralized by adding solid Na,CO; until pH 10 was reached. CH,Cl, (20 mL) and
di-tert-butyl dicarbonate (0.450 mL, 1.96 mmol) were added, and the mixture was stirred
vigorously overnight. The layers were separated, and the aqueous layer was washed with
CH,Cl; (3%20 mL). The combined organic layers were washed with brine (20 mL), dried
over Na,SQOy, filtered, and concentrated. Column chromatography (20-40% EtOAc/Hex)
yielded a yellow oil (8.8 mg, 7%). [a]p>’ = +10.5 (¢ = 0.440, CHCls, / = 50 mm). Known

compound: (S) [a]p™ = +23.0 (¢ = 0.50, CHCl3).*’

27Chi, Y.; English, E. P.; Pomerantz, W. C.; Horne, W. S.; Joyce, L. A.; Alexander, L. R.; Fleming, W. S.;
Hopkins, E. A.; Gellman, S. H. J. Am. Chem. Soc. 2007, 129, 6050-6055.
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o}
Me \©\ Ph 1) Ph(I)(CAc), o

“OH “OH

(S)-3-(N—Acetylamino)-z-benzyl—l-propanol.11’28 To (S5)-2-benzyl-3-(4-
methoxyphenylamino)propan-1-ol (58.6 mg, 0.220 mmol, 79% ee) in 1:1 MeOH/CH,Cl,
(3.2 mL) at 0 °C was added iodobenzene diacetate (268 mg, 0.860 mmol) in MeOH (3.2
mL). After stirring at 0 °C for 30 min, | M HCI (3.2 mL) was added, and the mixture was
stirred for 1 h. The reaction was diluted with CH,Cl, (10 mL), and the layers were
separated. The aqueous layer was washed with CH,Cl, (3x10 mL), and the combined
organics were washed with 1 M HCI (10 mL). The combined aqueous layers were
neutralized by adding solid Na,COs until pH 10 was reached. CH,Cl, (5 mL) and acetic
anhydride (21.0 pL, 0.220 mmol) were added, and the mixture was stirred vigorously
overnight. The layers were separated, and the aqueous layer was washed with CH,Cl,
(3x10 mL). The combined organic layers were washed with brine (10 mL), dried over
Na,S0y, filtered, and concentrated. Column chromatography (5% MeOH/CH,Cl,)
yielded a yellow oil (2.7 mg, 6%). [alp?® =+17.2 (¢ = 0.135, CHCls, / = 50 mm). Known

compound: (R) [at]p™’ =-24.2 (c = 1.59, CHCl3)*®

*Banfi, L.; Guanti, G.; Riva, R. Tetrahedron: Asymmetry 1999, 10, 3571-3592.



TEL-4-262

Arehive directory:
Sample directory:

FidFile: TEL-4-262.H

Pulse Sequence: Proton (s2pul)

Solvent: cdel3
pata collected om: Jul 21 2010

Temp. 25.0 € / 298.1 K
cperator: kit
VIMRS-500 "nmrl7.be.edu”

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acg. time 2.049 sec

Widen 8012.8 Ha

8 repetitions

OBSERVE  H1, 499.B853621 Mz
DATA PROCESSING

Resol. enhancement —0.0 Hz
FT size 65536

Total time D min 30 sac

Iz
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Iz

TEL-4-262

Archive directoxy:
sample directory:

Fidrile: TEL-4-262.C
Pulse Sequence: Cazbon (s2pull

Selvent: cdell
pata cellected on: Jul 21 2010

Temp. 25.0 € / 298.1 K
Cperator: klt
VHMRS-500 "nmzrl?.be.edu’

Relax. delay 1.000 sac
Pulse 45.0 degreas

Acq. time 1.300 sac

Width 30487.8 Rz

32 repetitions
CBSERVE C13, 125.6962743 MHz
DECOUBLE W1, 499.8878615 Muz
Power 40 48

continususly on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

¥T size 131072

Total time 19 min




TEL-a-chiraltriaryl

Iz

sample Mame:
TEL-4-chiraltriaryl PPh2

Archive directory:

sample directory: 2 7
.

FidFile: TEL-d-chiral-triaryl.H

Pulse Sequence: Proten (s2pul)
scivent: cdsl3
pata collacted on: Jul 20 2010

Temp. 25.0 € / 298.1 K
Operator: klt
VNMRS-500 “amrll be.edu® |

Relax. delay 1.000 sec
Pulse 45.0 degress
Acg. time 2.04% sec
width 8012.8 Hz

B repetitions

CBSERVE K1, 499.9853621
DATA PROCESSING
Rescl. enhancement -0.0 HJ
FT size 65536

Total time 0 min 30 sec
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TEL-4-chiraltriaryl

e foomiattslary PPh,

Archive directory:

Iz

Sample directory:
2.7
FidFile: TEL-4-chiral-triaryl.c

Pulse Sequence: Carbon (s2pul}
Solvent: edeld
bata collected on: Jul 20 2010

Temp. 25.0 C / 298.1 K
operator: klt
VNMRE-500  "mmrll.bo.edu”

Relax. delay 1.000 sec
Pulse 5.0 degrees

Aoq. time 1.300 sec

Width 30487.8 Hz

208 repstitions
OBSERVE €13, 125.6962743 MHz
DECOUPLE H1, 499.8878615 Mz
Power 40 <B

continucusly on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 131072

Total time 19 min




TEL-4-chiraltriaryl

P4

Sanple Name:
TEL-4-chiraltriaryl

Rrchive directory: PPh2 H

sumpie disestory:
v e
2.7

Phospherus (sZpul)

Fidrile: TEL-4-chiral-t

Fulse Sequence
Solvent: cdell
Data collected on: Jul 20 2010

Temp. 25.0 C / 298.1 K
operates: klt
VNMRS-500 "nmrl7.bo.edu’

Relax. delay 1.000 sec
Pulse 45.0 degress
time 1.600 sec
Width 83333.3 Hz
16 repetitions
OBSERVE 31, 202.3573037 Miz
H1, 499.8878615 MEz
Power 40 dB
continuously on
WALTE-16 modulated
DATA PROCESSING
Line broadening 1.0 Hz
FT size 524288
Total time 2 min 46 sec
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LI L B

TITT T T

40 20 ]

T
60

-20

Iz

PHPh

Archive directery:
sample directory:
Fidrile: TEL-4-263.H

Pulse Sequence: Proten (sZpul)

Solvent: cdeld
Data collected on: Jul 21 2010

Temp. 25.0 C / 298.1 K
Cpezator: Xit
VNMRS-500 "rmrl?7.be.edu”

Relax. dalay 1.000 sec
Pulse 45.0 degrees

Acq. time 2.049 sec

Width 8012.8 Hz

8 repetitions

OBSERVE H1l, 499.8853621 M
DATA PROCESSING

Rescl. enhancement -0.0 He
FT size 65536

Total time 0 min 30 sec

,AU.J

T T T

-40

-60

1

-80 -100 PEm
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TEL-4-263

Sanple Name:
TEL-4-283

' PHPh

Sample directory:

Iz

TEL-4-283.C

FidFile
Pulse Sequence: Carbon (sZpul)

Solvent: odell
Data collected on: Jul 21 2010

Temp. 25.0 C / 298.1 K

oparator: klt
VHMRS-500 “amrl7.bo.edu”

Rolax. delay 1.000 sec
Pulse 45.0 degrees
Acq. time 1.300 sec
Width 30487.8 Hz

144 rapetitions
OESERVE C13, 125.6962743 MHz
DECOUFLE HL, 499.8878615 MHz
Powaer 40 dB

continucusly on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT zize 131072

Total time 19 min

q
i
Iz

TEL-4-263 . PH Ph

Archive directoxy
sanple directory:

FidFila: TEL-4-263.F

Pulse Sequence: Phosphorus (s2pul)

solvent: ecdcl3
Data collected on: Jul 21 2010

Temp. 25.0 ¢ / 29B.1 X

operator: kit
VNMRS-500 "nmrl7.be.edu”

Relax. delay 1.000 sac
Pulse 45.0 degrass
Acq. time 1.600 sec
Width 83333.3 Hz

32 repetiticas
CBSERVE P31, 202.3573037 MH=z
DECOUPLE H1, 499.BBTEELS Mix
Power 40 dB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line breadening 1.0 HZ

FT size 524209

Total time 11 min




crystallization

sample Mame:
CLI-2-23-crystallizationd

Archive directory:
sample directory:

FidFile: CLJ-2-23-crystallizationi

Pulse Sequence: Proten (s2pul)

Solvent: c6d6
Data collected on: Feb 8 2010

Temp. 25.0 C / 298.1 K
operator: kit
VNMRS-500  "nmrl7.be.adu®

Relax. delay 1.000 see
Pulse 45.0 degrees

Acq. time 2.049 sec

Width 6410.3 Hz

& repetitions

OBSERVE M1, 399 7663128 ME
DATA PROCESSING

Resol. enhancement -0.0 Hz
FT size 65536

Total time 0 min 30 sac

PH  OiPr
-OiPr
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TEL-4-164X.C

Sample Name:
TEL-4-164X.C
Archive directory:

Sample directory:

FidFile: TEL-4-164X.C
Pulse Sequence: Carbon (s2pul)

Solvent: c6dé

pata collected on: Jul 25 2010

Temp. 25.0 € / 298.1 K

operatox: kit
500 “amrl?.be.ecu®

Relax. delay 1.000 sec
Pulse 45.0 degreas

Acq. time 1.300 sec

Width 30165.9 Hz

5000 repetitions
OBSERVE €13, 125.6677838 Mz
DECOUPLE K1, 499.7745562 MHz
Power 42 a8

continuously on

WALTZ-16 modulated

FT size 131072
Total time 3 hr,

11 min

p—/
PR  OiPr

I1I-OiPr




TEL-4-164iproh2
expl Phosphorus

SAMPLE
date Apr 14 2010
solvent c6dé
£ile /home/All/klt~
/TBL Backups/TEL-P~
Tocess/TEL-d-164ip~

rohz_TEL-4_164ipro~

h2_02.fid
ACQUISITION
P €5789.5
at i.600
op 210530
fb 15000
b8 64
a1 1.000
nt 4
et 64
TRANSMITTER
tn P31
sfrqg 161.828
tof 4235.5
tpwr 54
pw 4.900
DECOUFLER

an H1
dof o
am vy
w
dpwr 40

damg 10086

SPECIAL
tomp 25.0
gain 40
spin 20
nst ©.008
w90 9.800
alfa 10.000
FLAGE
i1 =
in n
ap ¥
hs nn
PROCESSING
1 1.00
£n not used
DISPLAY
2 -6086.9
o 9618.1
£1 32894.7
zEp o
£ 5.0
1p o
rroT
we 250
8o o
va 7044
th 14

ai cdc ph
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Sample
seaple

Pulse Sequence:
Solvent: cdcld
Temp. £5.0 € / 298.1 K
Sample #16. dperator:
File: aw 2 ’245F19-33_01
VNMRS-500 “nmrig*

szpul

Relax. delay 1.000 sec
Pulse 45.0 d

HL, 399.7662632 MHz

BSER
nara PRocESSTug

esol. enhancement -0.8 Hz
5

F1°a%is £06d

Total time 0 min, 30 sec
e A
7
Sample Name:

AW
Archive directory:

Sample directory:

Fidrile: AW 2_245£19-33_02

Pulse Seguence: Carbon (s2pul)
Solvent: cdcld
Data collected on: Mar 23 2010

‘o home /walkup/worthy /10_AW_2_245718-33 n1
Ry R by iy A e e P

MeO

MeO

ZT

ZT
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Me

Me
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ZT

AV-2-232 \

sample: AW-2-232
Sample 1D: s_20100212_03
File: shome/Al11/k1t/ADW/AW-2-232check. fid Me

Pulse Sequence: s2pul
Solventy cicis MeO
Temp. 25.0 C / 298.1 K
Operator: kit
File: Aw-2-232check
.
Relax. delay 1.000 sec
Pulise 45.0 degrees
Acg. time 2.049 sec

ERV| Hi, 399.7662700 MHz
01. enhancement —0.0 Hz

es
FT size 65536
Total time 0 min, 30 sec

R - N .
T T T 7 T — — —
7 6 5 3 2 ppm
expz Carbon N
SAMPLE SPECIAL
date Feb 23 2010 temp 25,0 X
solvent cdcl3  gain 30
file /home/al1/k1t~ spin 20
/ADW/robot/worthy_~ hst 0.008
AV_2_131_02.713 pwso 5.300 Me
ACQUTSITTON alfa 10.000
sw 24509.8 FLacS Meo
at 1.300 11 n
np 63750 1in n
o 17000 dp v
bs 64 hs an
d1 1.000 PROCESSING 2 8
nt 256 b 0.50 .
ct 256 fn not used
TRANSMITTER DISPLAY
n c13 sp 5
sfrg 100.532 wp 160876
tof 1028.1 rfl 1700.2
tpur 57 rfp 0
pw 4.650 rp -136.3
DECOUPLER 0 0
H pLOT
dot v we 250
dn yyy sc 9
dan W vs 17292
dpwr 40 th
dnf 10086 ai cdc ph
|
|
[
e T reer e R v P T e




Au-z-zants_21

sample: av-2-240
File: /homefall/K1t/ADW/AW-2-240F5_ziredo.fid
Pulse Sequence: s2pul

Solvent: cdcl3

Temp. 25.0 C / 298.1 K

operator: k

File: AW-2-240fS_2iredo

VHMRS-500 “nmri1g"

Relax. delay 1.000 sec
Pulse 45.0 degrees

cq. time 2 049 sec
width 8012.8 Hz

OBSERVE  H1, 499.8853678 MHz
DATA PROCESSING

Resol. enhancement —E.0 Hz
FT size 65536

Total time 0 min, 30 sec

Sample Name:
aw
Archive directorys:

Sample directory:
Fidrile: AW 2 240f5 21 02
Pulse Sequence: Carbom (sZpul)

solvent: cdeld
Data collected on: Apr 1 2010

MeO

MeO
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N~ Me

2.12

is0 140 130 120

110

H
N\/\/Me
2.12
\
P
40 30 20 10 ppm



AW-2-256

samp)
samp1
File:

Pulse

Solvent: cdc

e: AW-2-256
e ID: 5_20100212_03
/home/R11/K1t/ADV/AV-2-256H. fid

sequence: sZpul
1

E
Ambient temperature
operator: kit
S6H

File: A\
VNMRS-500  “nmri6"

Relax. delay 1.000 sec

Total time 0 min,

Pulse 45.0 degrees
me 2.049 sec

30 sec
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OH

Aw-2-256C

Sample: Aw-2-256

File: exp
Pulse Sequence: szpul
Salvent: cdeld
Ambient temperature

operator: k1
VNMRS—200  “nmrlat

Relax. delay 1.000 sec

OBSERVE' Cl3,
DECOUPLE  H1,
Power &
cantinuously an

10D.5215103 MHz
3937682756 MMz

VALTZ-16 mogulated
DATA PROCESSING

Line broadening 0.5 Hz
FT size 6553

Total time 19 min, 38 sec

A\

OH

20 ppm
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AW-2-270check
Sample Name: CI
AW-2-270
Archive directery:
sample diractory:
FidFile: AW-2-270check

Pulse Sequence: Proton (sZpul)

Data cellected on: Apr 23 2010

Av-2-270

sample: Aw-2-270
File: exp

Pulse Sequence: s2pul

Cl

Relax. delay 1.000 sec
Pulse 45.0 degrees

FT size 6553
Total time § min, 49 sec
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ZT

sample: Aw
Sample I0: /home/walkup/worthy_25_aw_2_zz1_n1 \
File: home/A11/K1L/ADV/Tobot /war thy AW_Z_270_04.fid

Pulse Sequence: sZpul

£
VHMRS-500

MeO

Relax. delay 1.000 sec

oERDE
AT SRR NG ent =0.0 ne 2.15
fesel, ennal
I nn, 20 sec

. S A ) S

Aw-2-2720

Sanple: AW-2-272
File: /nomesall/ k1t ADv/av-2-272¢ fid

ZT

Pulse Sequence: s2pul
Solvent: cdcld

Temp. 25.0 © / ZEB.1 K
opsrator: ki

File: Aw-2-272C
VNMRS-500 “nerie”

AR MeO

ons
1256962743 MH.
2 ass

leazasls Mz
v
ALTZ-15 modulated
S ING
Line broadening 0.5 Mz
FT size 131872
Total time 38 min, 21 sec .

T T T - . .
120 100 80 60 40



Sampla: aw
ple I0: /ha
File: homesall

walkup/worthy AW 2 _2ai1f1-2_p1
Tt/ADMTobot /AT 2 23111-a_0T.Tia

Pulse Sequence: s2pul
solvent: cdcla

Relax. delay 1.000 sec

Pulse 45.0 degrees

acq. time 2,049 soc
Hz

€501, enhancement -0.8 Hz
FT size 6
Total time 0 min, 30 sec
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H
N

2.16

MeO

- _ — _ MM
r e — ——r ——— e ————
6 s 4 3 1 ppm
Saspre: Aw
Sample I0: /hoi V""“F/‘“"hxfﬂ_ﬂw_z_zlIFlE—:S o1
PN name AT 17k A ADY oot Al BT 1T 5-35_04. Fid
Pulse Sequence: §2pul N N
Sotvent:
.
sampie #
FiiE:
UrmRS-508
Relax. delay 1.000 sec
Bulfe 45.0 degrees
Acq: ting 1.300 sec Me
Widin'z4503 8
356 repetitions
OBSERVE" ©13, 100.5213103 MHz
BECOUPLE 11, 389 7882758 HHz
Power 40 o
Eontinuously on 6
WALTZ-16 modulated -
DATA AROCESSING
Line broadening 0.5 Hz
T size 3536
Toral . a5 sec
|I
. . o " | AP .
' e e W i
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— =~ "OH

Sample Mama:
AW-2-237

Azchive diractory:

Sample directory:

FidFile: AW-2-23Tratry

Pulae Sequence: Proton (a2pul)

Solvent: edeld
Data collected on: May 11 2010

AV-2-237
sample Name:
AW-2-237
Archive directory:

Sample directory:

OH

FidFile: AV-2-237C

AN

Pulse Sequence: Carbon (s52pul)

Solvent: cdc
Data collected on: Apr 30 2010
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ZzT
/

AW-2-269£15-38
Sample Hama:
AW
Archive directery: M
Sample directory: e :
FidFile: AW_3_269£15-38_01

Pulse Sequence: Proton (s2pul)

Solvent: edell
Data ecllected en: Jul 22 2010

MeO

AW
Archive directory:
Sample directory:
PiaPile: AW_3_255£18-24_02

Pulse Sequence: Carbom (s2pul}
Solvent: edell
Data collacted em: Apr 1 2010
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220 200 180 160 140 120 100 80 60 40 20 [+] Ppm
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L 1 "

7 6 5 4 3 2 1 [+]
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H
/@/N\/\L
MeO (@]
2.18
|
| |
| i
4UL | I
e —
7 6 5 4 3 2 1 o Ppm

2.18
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aw-z-259 . 500

Sample: Aw-z-259
exp \

File:

ZT

Pulse Sequence: s2pul
solvent: cdcls
Temp. 25.0 C / 298.1 K
Dperator: k1t
5 mrist

VHMES -5
Relax. delay 1.000 see
degrees

RES01. enhancement -0.0 Hz
6

Total time 0 min, 30 sec

aw-2-259

H
N

Sample: Aw-2-253
File: exp

Pulse Sequence: szpul \
solvent: cdcl3

5.0 C / 298.1 K

operator:

:
o MeO OH

112 repetitions
OBSERVE  C13, 100.5213103 MHz
DECOUPLE H1, 333.7582756 MHz
4

Total time 19 min, 38 sec

20 ppm
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N
oo
exp? Proten Meo O\
Si Me

SaMPLE SPECIAL
date Feb 23 2010 temp 25.0
solvent ain not uEad
Tile fhomesall/felt~ spin

~ 3 20
Ry OBoT gty REE o008
TN pase 531z
ACQUISTTTON o¥ra 15i00a
o sa1n.3 FLacs
at FRTE] N e
7 “iina ap M
9 ap v M
s A H o e
= 2 PROCESSTHG
@ 1.000 fa Sssas
m s orseLay
s 2.z

T &
TRAMSMITTER wp
tn HLorfl

sfrg 393.769 rfp 28022

taf 399.8 rp 14813

tpwr Bl Ip [ 2 19

pw a.658 pLOT .
DECOUPLER we 250

an €13 sc

dof B s 158

dn ann  th

o c at cde

dpur 35

dmf 23412

@xpz Garbon \
P Ahane e S
¢ ;
18] MeO (@]

: 5 " Si Me
nt 25e f Me
cis s 12y e
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C——
F——
c_ .

1 ==

4 W

3 2 1 ppm

2.20




Chapter 2, Page 215




Chapter 2, Page 216

(0]
(0]
W
Me
2.21
i l
J i 1‘ S !zl A
H
o
MeO
(0]
(0]
ﬁ
Me

2221
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H
MeO
2.22
J H W JL
s . e « s g e
N
/@/ ~ X
IMeO
2.22
|
| |
a0 200 1so 160 140 120 100 o e a0z o mem



Av-2-268

Sample: AW-2-268
ple 10: o1

ample 5_20100212_03
File: /nome/A11/K1t/ADW/AV-2-268.1id

Pulse Sequence: szpul

Chapter 2, Page 218

OH

Me

ZT

MeO
2.10

AW-2-223760_93

Sample: AV
Sample 10: /home/walkup/worthy 20 _aw_2_223_0
File: home/Al1/k1t/ADV/robot/wor thy

1
_zz:+-z.uu

Pulse Sequence: szpul
solvent: cdci3 |
Teap.'25.0°C 7 298.1 X

ple 820, Gparator: worthy

File: worthy av_2 223 02
VNMRS=500 “nmrig™ ‘

s.

Relax. delay
Pulse 45.0 d

OBSERVE €13, 100.5213103 MHz
DECOUPLE M1, 399.7682756 MHz

Total time 8 min, 49 sec
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2.10
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aw-z-224

OH

sample: AW-2-224
File: /Jhome/all k1t /ADW/av-2-224.F1d

Pulse Sequenc

: szpul

ZT

MeO

Av-2-224

Sample: Aw-2-224
File: exp

emp. 25.0 C / 298.1 K

Operator:
VNMRS-S00  “nmrls”

Relax. delay 1.000 sec
Pulse 45.0 degrees

ZT

ns
OBSERVE 125.6362743 MHz
DECOUPLE . 49918878615 MHz

H
ously on
VALTZ-16 modulated
OATA' PROCESSING e
Uine' broadening 0.5 Hz
1316

r
Total time 3 min, 49 sec

T Ve e s s 7 s K T g T
150 140 130 120 110 100 90 80 70
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OH

Sample Hame:

ZT

A
Archive directory:
Sample directory:

FidFile: AW_2_330retry 032

Pulse Segquence: Protom (s2pul)
MeO

Solvent: edell
Data collected on: Feb 22 2010

OH

ZT

Sample Hame:
aw
Archive directory:

Sample directory:

Fidrile: AW 2 220 03
MeO

Pulse Sequence: Carbon (mZpul}

Solvent: cdels
Data collected om: Fob 32 2010
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OH Me

BBl nomarnd 1 fk 1/ ADW/ AW-2-212r etake. £ 1d
Pulas Saguence: szpul Me
H .
/©/ N O/SI Me
MeO

Aw-2-213£25_34

Sample Name: N
Aw

Archive directery:

Sample directory: |

|
FidPile: AW_2_213_02

|
Pulse Sequence: Carbor (aZpul)
Solvent: edell
Data collacted on: Fel 19 2010
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Sample Name:
CLI-2-206-SI-H

Archive directory:

Sample directory:

FidFile: CLJ-2-206-SI-H

Pulse Sequance: Proton (sZpul)

Scivent: cdeld
Data cellacted on: Aug 9 2010
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AR-3-64£9_11 OH
Sanple Name:

AW-3-64£9_11 H

Archive directory:
Sample diractory:

FidFila: AW-3-64£9_11_AW-3_64£9_11_01

Futso Sequence: Broten (szpui) Me. O

Selvent: edel3
Data collected on: Aug 14 2010

Temp. 25.0 © / 298.1 X M
sample #1, Opezater: lightbut
VMMRS-500  “amrl7.be.adu”

R
i
L
e
e /
B
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! 'iﬂj BV

L S 5 . e e B e s L e A e B B e e B |

iz 10 8 3 4 2 o pm
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Chapter 3. Selective Functionalization of Diols

3.1 Methods for Accelerating Reaction Rates in Organocatalysis

Reversible covalent bonding is a common mode of activation used in

organocatalysis. Many methods have focused on making a more active intermediate in

. . 1 f.o . .
order to accelerate the reaction, for example, enamine (Scheme 3.1), *““" iminium
Scheme 3.1 Enamine Activation Using Proline."
30 mol %
o o) QCOOH e} OH E &
A, o o e
M M DMSO, 48 h '
© © Me Me ' Me/&
97% yield
96% ee

(Scheme 3.2),"™** and N-heterocyclic carbene catalysis.'® Another approach for

accelerating reactions is pre-organization of the substrate via reversible covalent bonding.

Scheme 3.2 Iminium Activation.™®

O
NMe,
5 mol % yMe
Me

.0
N .
o PHz o ? : igMeMe
(0] ' M
+ ¥ . N e
© ZT TMeoHn0,23°C . /L Lo 1L \\\ile
82% yield : \

endo/exo= 94:6
94% ee

1(a) List, B.; Lerner, R. A.; Barbas III, C. F. J. Am. Chem. Soc. 2000, 122, 2395-2396. (b) Ahrendt, K. A.;
Borths, C. J.; MacMillan, D. W. C. J. Am. Chem. Soc. 2000, 122, 4243-4244. (c) Mukherjee, S.; Yang, J.
W.; Hoffmann, S.; List, B. Chem. Rev. 2007, 107, 5471-5569. (d) Erkkila, A.; Majander, 1.; Pihko, P. M.
Chem. Rev. 2007, 107, 5416-5470. (e) Melchiorre, P.; Marigo, M.; Carlone, A.; Bartoli, G. Angew. Chem.,
Int. Ed. 2008, 47, 6138—6171. (f) Pihko, P. M.; Majander, 1.; Erkkila, A. Asymmetric Organocatalysis;
Springer-Verlag: Berlin, 2010, pp 29-75. (g) Moore, J. L.; Rovis, T. Asymmetric Organocatalysis,
Springer-Verlag: Berlin, 2010, 291, pp 77-144.
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These reactions achieve rate enhancement through induced intramolecularity.” The
favorable binding of the substrate to a catalyst comes at a significant entropic cost.
However, the subsequent step is accelerated, because it does not have to pay this penalty.
For example, Sammakia and co-workers have shown that aldehydes and ketones can be
used as intramolecular activation catalysts in the alcoholysis of a—hydroxy esters.’ The
transesterification of a —hydroxy esters occurs up to 1700 times faster than the
corresponding methyl ether substrate. The intermediate observed during the reaction
demonstrates the importance of the a-hydroxyl group in the reaction (Scheme 3.3).

Scheme 3.3 a-Hydroxy Ester Alcoholysis.

o) NO, 5 mol % cat. \ji
ROQkO CD3;0D (10 equiv) RO OCD3

CDCly
X X | X
| N | NP, CFs NP O
O (0] OKZ
kr=/Kr=we 96 1700 IntermediatS

Similarly, boric acid has been shown to be particularly good at catalyzing the site
selective esterification of a—hydroxycarboxylic acids.” The boric acid initially exchanges

with the alcohol allowing the intramolecular cyclization to form the activated ester before

Tan, K. L. ACS Catal. 2011, 1, 877-886.

3(a) Sammakia, T.; Hurley, T. B. J. Am. Chem. Soc. 1996, 118, 8967-8968. (b) Sammakia, T.; Hurley, T.
B. J. Org. Chem. 1999, 64, 4652—4664. (c) Sammakia, T.; Hurley, T. B. J. Org. Chem. 2000, 65, 974-978.
4(a) Ishihara, K.; Ohara, S.; Yamamoto, H. J. Org. Chem. 1996, 61, 4196-4197. (b) Ishihara, K.
Tetrahedron 2009, 65, 1085-1109.
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alcoholysis. The order of the steps in the mechanism is what allows for the selective
esterification (Scheme 3.4).

Scheme 3.4 Site Selective Boric Acid-Catalyzed Esterification.

0 0
OH 10 mol % B(OH); OH

HO MeOH MeO

OH O OH O
71%

RO._.OR RO‘E!’ORI
~p~ O 2\
ER‘ # 20
OH ROH R N
OR'
R)\W

3.2 Development of Organocatalyst 3.1

Previously, our group has developed catalytic directing groups I and II for the
regio-, diastero-, and enantioselective hydroformylation of olefins (Chapter 1 and 2).
These catalytic directing groups use reversible covalent bonding and induced
intramolecularity to achieve selectivity and rate acceleration. In order to expand our
methodology into electrophile transfer, organocatalyst 3.1 was designed taking into
account the features that had made I and II successful. Therefore, the substrate binding

site was retained. A hydrogen-bonding organocatalyst developed by the Hoveyda and

5(a) For a review of catalytic directing groups: Rousseau, G.; Breit, B. Angew. Chem., Int. Ed. 2011, 50,
2450-2494 and the references within. (b) Worthy, A. D.; Joe, C. L.; Lightburn, T. L.; Tan, K. L. J. Am.
Chem. Soc. 2010, 132, 14757-14759. (c) Lightburn, T. E.; De Paolis, O. A.; Cheng, K. H.; Tan, K. L. Org.
Lett. 2011, 13,2686-2689.
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Snapper groups, which uses N-methylimidazole as a catalyst for silylation, was also used
as inspiration.’ Thus, instead of a catalyst binding site, N-methylimidazole was built into
the molecule. The backbone of the molecule originates from amino alcohols so the source

of chirality is cheap, diverse, and readily derivatized (Figure 3.1).

Figure 3.1 Organocatalyst Design.

Substrate Substrate

\Qtjing Site Binding Site
s-Bu H O\\

Me
N

@[ ><OiPr + N;/\N&(NvMe S /E>—0Me
¥ <\/‘\l H O i N

N
t-Bu R \ </
/Ph/ ] Catalyst
Catalyst N
Binding Site Me
Hydroformylation Hoveyda-Snapper Organocatalyst
Catalyst, 1 Silylation Catalyst 3.1

3.3 Application of Organocatalyst 3.1 to Selective Functionalization

In order to show the power of this catalytic directing group, it was important to
choose a problem that has been difficult to solve using traditional strategies. While the
use of organocatalysts has been successfully applied to many problems in organic
synthesis, the functionalization of a less reactive group in the presence of a more reactive

one is still a challenge.”® Due to their ability to bind a substrate with the desired

8Zhao, Y.; Rodrigo, I.; Hoveyda, A. H.; Snapper, M. L. Nature 2006, 443, 67-70. 'Comprehensive
Asymmetric Catalysis; Jacobsen, E. N., Pfaltz, A.,Yamamoto, H., Eds.: Springer-Verlag: Berlin Heidelberg,
1999; Vols. I-11I. 8(a) Jordan, P. A.; Miller, S. J. Angew. Chem., Int. Ed. 2012, 51, 2907-2911. (b) Yoshida,
K.; Furuta, T.; Kawabata, T. Angew. Chem., Int. Ed. 2011, 50, 4888-4892. (c¢) Kawabata, T.; Furuta, T.
Chem. Lett. 2009, 38, 640-647. (d) Ohshima, T.; Iwasaki, T.; Maegawa, Y.; Yoshiyama, A.; Mashima, K.
J. Am. Chem. Soc. 2008, 130, 2944-2945. (e) Lewis, C. A.; Miller, S. J. Angew. Chem., Int. Ed. 2006, 45,
5616-5619. (f) Griswold, K. S.; Miller, S. J. Tetrahedron 2003, 59, 8869-8875. (g) Kurahashi, T.; Mizutani,
T.; Yoshida, J. Tetrahedron 2002, 58, 8669-8677. (h) Hu, G.; Vasella, A. Helv. Chim. Acta 2002, 85, 4369-
4391.
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functional group near the catalytically active residue, enzymes are capable of performing
site selective catalysis.’ Taking inspiration from enzymes, Miller discovered a peptide
based catalyst through a library screen that is capable of functionalizing a secondary
alcohol in the prescence of a primary alcohol in a glucose derived substrate (Table 3.1).%
The selectivity is believed to be a result of the catalyst hydrogen bonding to the more
accessible primary hydroxyl allowing the 4-O to be acylated. Using similar peptide based
catalysts, Miller and co-workers have shown that selective derivitizations of natural

products is possible.'

Table 3.1 Miller’s Selective Functionalization of a Glucose Derivative.

OH OH OH . OAc
HO AcO HO HO
2 OAC On-Oct 3 OH On-Oct OH On-Oct OH On-Oct
NMIaP 0 20 16 64
A2 9 11 58 22
22 mol % catalyst, Ac,0 (1 equiv), NaOAc, PhCH3/CH,Cl,, 0°C, 15 h. bOnIy 14% conversion.
/\
N NBn
-
0 q O Me [ O
soorn. A N\)LN/\‘fN\)kOMe
: H : H H
~ (0] (0]
N
\_NMe
A
’(a) hi odea Melan on i Angew. Chem., Int. Ed. 2008, 47 -
hi odea Melanon 1 Nature 2007, 446, 1008-1016. (c) Koeller, K. M.; Wong, C.-H.

Chem. Rev. 2000, 100, 4465-4493.

10(a) Lewis, C. A.; Miller, S. J. Angew. Chem., Int. Ed. 2006, 45, 5616-5619. (b) Lewis, C. A.; Merkel, J.;
Miller, S. J. Bioorg. Med. Chem. Lett. 2008, 18, 6007-6011. (c) Lewis, C. A.; Longcore, K. E.; Miller, S. J.;
Wender, P. A. J. Nat. Prod. 2009, 72, 1864-1869. (d) Pathak, T. P.; Miller, S. J. J. Am. Chem. Soc. 2012,
134, 6120-6123. (e) Fowler, B. S.; Laemmerhold, K. M.; Miller, S. J. J. Am. Chem. Soc. 2012, 134, 9755-
9761.
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Similarly, Kawabata and co-workers have demonstrated that very selective 4-O-
acylation was possible using their catalyst B (Scheme 3.5).% The selectivity is believed to
occur through hydrogen bonding to the substrate which orients the 4-hydroxyl near the

activated acylating reagent (Figure 3.2).

Scheme 3.5 Kawabata Selective Funcationalization of a Glucose Derivative.

HO 10 mol % catalyst _
4 g (iPrCO),0 (1.1 equiv) ,OOC:'(-)Pr /\('D_%C"Pr
~—~— +
HH? >~£-OCsH17 collidine (1.5 equiv) NOCBHH ,-_prcool/\boctﬂ-i17
HO CHCI;,0°C, 12 h )
monoacylate diacylate
Catalyst Monoacylate (%) Regioselectivity? Diacylate (%)
6-0 40 3-0 20
DMAP 61 33 24 43 0 21
B 97 0 98 2 0 2

@Regioselectivity of monoacylates.

Figure 3.2 Proposed Selectivity Model Using Catalyst B.

PN s N OH
0 H H O
HN
Ho._E
A O-HO
N
5

Both of these catalysts are modeled after enzymes in which multiple noncovalent

interactions are used to bind a substrate selectively. These catalysts, while smaller than
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enzymes, are large compared to most small molecule organic catalysts because of the

need for multiple noncovalent interactions.

Taylor has shown selective acylation of sugar derivatives using a commercially
available borinate ester which covalently binds cis diols to activate them for
functionalization with high selectivitites (Scheme 3.6)."' Our group believed that we
could also be successful in a site selective reaction using a small organocatalyst, 3.1,

which benefits from a reversible covalent bond.

Scheme 3.6 aylor’s Borinate ster atalyzed Acylation

5-10%
Ph;B/Oj
PR
o OTBS H, o OTBS
i RCOCI, iPr,NEt
HO - PhOCO
o CH4CN, 23 °C P
H™ OCH, H" OCH,

95%

To prove the viability of using 3.1 to functionalize a less reactive group in the
presence of a more reactive one, a simple system was tested. The functionalization of a
secondary alcohol in the presence of a primary alcohol was interesting since a primary
alcohol is about two orders of magnitude more reactive.'” For example, the silylation of a
1,2-diol with chlorotriethylsilane (TESCI), N,N-diisopropylethylamine (DIPEA), and
catalytic N-methylimidazole (NMI) is very selective for the less hindered primary alcohol

(Scheme 3.7). In order to reverse this selectivity, an energy difference of >3 kcal/mol

“Lee, D.; Taylor, M. S. J. Am. Chem. Soc. 2011, 133, 3724-3727. Gouliaras, C.; Lee, D.; Chan, L.; Taylor,
M. S. J. Am. Chem. Soc. 2011, 133, 13926-13929. Lee, D.; Williamson, C. L.; Chan, L.; Taylor, M. S. J.
Am. Chem. Soc. 2012, 134, 8260-8267.

Reginato, G.; Ricci, A.; Roelens, S.; Scapecchi, S. J. Org. Chem. 1990, 55, 5132-5139.
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between the two pathways would need to be overcome. Because of this differential

reactivity, obtaining the secondary protected product usually requires bis-protection

followed by selective deprotection of the primary protected alcohol.'

Scheme 3.7 Silylation of a 1,2-Diol.

20%

MeN" SN
OH OTES OTES

\—/ OH
+ +
Ph)\/OH 1 equiv TESCI, THF Ph)\/OTES Ph)\/OH Ph)\/OTES

1.2 equiv DIPEA

96 2 2

As primary alcohols are more accessible, 3.1 should preferentially bind to the
primary alcohol leaving the secondary alcohol free. The catalytic N-methylimidazole
subunit attached to 3.1 can then facilitate functionalization of the secondary alcohol
through activation of an electrophilic reagent and intramolecular delivery.'* This direct
functionalization of a secondary alcohol would eliminate the need for bis-protection and

selective deprotection, as well as the byproducts generated from these steps.

Using this strategy, the selectivity of the reaction arises from a combination of the
binding selectivity as well as the rate of functionalization (Figure 3.3). Under the reaction
conditions, 3.3 and 3.4 should be in equilibrium. As mentioned previously, the primary
alcohol bound, 3.3, should be more favorable. However, k, will most likely be greater
than k; since the primary alcohol is more reactive towards functionalization. To favor the

pathway through 3.5, 3.1 could be designed to decrease the rate of functionalization of

PKobayashi, S.; Alizadeh, B. H.; Sasaki, S. -Y.; Oguri, H.; Hirama, M. Org. Lett. 2004, 6, 751-754. "It is
also possible that the N-methylimidazole subunit acts as a general base.
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the primary alcohol to form 3.6, k,, while increasing the rate of functionalization to form

3.5, k; (mismatched vs matched case, respectively). This matched/ mismatched case

could originate from stereoselectivity caused by the rigidness of the covalent bond

between 3.1 and 3.2. After the functionalization step, exchange with methanol would give

3.1 or another molecule of substrate, 3.2, could exchange on to enter back into the

equilibrium between 3.3 and 3.4.

Figure 3.3 Application of the Curtin-Hammett Principle.

R

T o
IN\(()Me

>_3;OH RZ‘/\O .

MeN XN l
3.3
R

v/\

EX
e
L%

AN

MeN\:/N j\R
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To begin a simple and inexpensive synthesis of catalytic directing group 3.11 was
completed starting from r-valinol (Scheme 3.8). First N-methylimidazole is lithiated with
nBuLi and trapped with N,N-dimethylformamide to yield 3.9. Reductive amination of 3.9
with valinol gives amino alcohol 3.10. 3.10 was closed with N,N-dimethylformamide
dimethylacetal in methanol to give catalytic directing group 3.11 in a diastereomeric ratio

of 70:30.

Scheme 3.8 Synthesis of 3.11.

1) MeOH,
reflux, 24 h
iPr

N ; N
[ \> 1) nBulLi, Et2o [ \>—CHO HZN OH NH Me OMe N\{
N N /[ L OMe

N 2) DMF N 2)NaBHy, rt, 2 h MeOH, rt, 3 h
e e MeN” SN MeN
81% 65% \—/ 48% \—/
3.9 3.10 3.1
dr: 70:30

After being synthesized, 3.11 was exchanged with iPrOH in the presence of N,N-
diisopropylethylamine hydrochloride as the acid source. A K¢q of 0.13 was found which
indicates that MeOH has an 8 fold higher binding affinity than iPrOH (Scheme 3.9). The
reaction reached equilibrium after only 10 minutes at room temperature. (Without acid, it
takes 72 h to reach equilibrium.) It was encouraging that the exchange was rapid at room
temperature because exchange has to be fast in order to compete with the unselective
intermolecular reaction. Also promising and as predicted, there was a large preference to
bind the least sterically hindered alcohol. Both of these features of 3.11 are important in

order to obtain selectivity.
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Scheme 3.9 Exchange Study with 3.11.

iPr. iPr.
\/\O CgDg, 1t \/\O

N N
\( +  JPrOH s—————== \( +  MeOH
OMe 20% DIPEA-HCI OiPr
MeN” >N MeN” N
Keq= 0.13
3.1 312

3.4 Initial Studies of Selective Functionalization of 1,2-Diols'?

Initially 1-phenyl-1,2-ethanediol was used as the test substrate and fert-
butyldimethylsilyl chloride (TBSCI) was used as the electrophile. When NMI was used
as the catalyst, there was a strong preference for the primary alcohol to be functionalized
resulting in 3.14 (Scheme 3.10, Eq. 1). The secondary product, 3.15, was not detected by
GC. When 3.11 was used as the catalyst, the selectivity for 3.15 increased to 4% (Scheme
3.10, Eq. 2). The low levels of selectivity are most likely due to the large size of the TBS

group contributing to a high energetic barrier to secondary alcohol functionalization.

Scheme 3.10 Silylation of 3.13 with TBSCI.

20% NMI
OH THF, rt OTBS

OH
—_— + (1
Ph)\/OH 10 oquiv TBSCI Ph/K/OTBs Ph)\/OH
1.2 equiv DIPEA
3.13 3.14 3.15

>99:1

20% 3.11
OH THF. rt oTBS

OH
e + (2)
Ph/K/OH 1.0 equiv TBSCI ph)\/OTBS ph)\/OH
1.2 equiv DIPEA
3.13 3.14 3.15

96:4

5This work was done with Omar De Paolis.
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In order to lower this barrier, chlorotriethylsilane (TESCI) was tried under the
reaction conditions with NMI. The inherent selectivity was 99:1 for 3.16 (Scheme 3.11,
Eq. 1). Although this still represents a strong preference for primary alcohol
functionalization, a small amount of the secondary product, 3.17, was observed. Reaction
with 3.11 gave a ratio of 88:12 favoring the primary product, 3.16 (Scheme 3.11, Eq. 2).
This change in selectivity represented a 10-fold increase compared to the reaction with
NML. It is important to mention that although bis-silylation is possible, in these initial

screens with TESCI, it was always observed to be <5% of the reaction mixture.

Scheme 3.11 Silylation of 3.13 with TESCL

20% NMI
OH THF, rt OTES

OH
B + (1)
Ph)\/OH 1.0 equiv TESCI Ph)\/OTES ph)\/OH

1.2 equiv DIPEA
3.13 3.16 3.17

99:1

20% 3.1
OH THF OTES

OH

_ = + (2)
Ph)\/OH 10 oquiv TESG Ph/K/OTES Ph)\/OH

1.2 equiv DIPEA

3.13 3.16 3.17

88:12

At this point, there was concern that because 3.11 is a chiral catalyst a
matched/mismatched case might be occurring in which the two enantiomers of 3.13 were
reacting differently. In order to test this hypothesis, the individual enantiomers of 3.13

were synthesized sing aco sen ’s hydrolytic kinetic resol t ion of epo ides '® Each of

'%Schaus, S. E.; Brandes, B. D.; Larrow, J. F.; Tokunaga, M.; Hansen, K. B.; Gould, A. E.; Furrow, M. E.;
Jacobsen E. N. J. Am. Chem. Soc. 2002, 124, 1307-1315.
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the enantiomers was tested separately in the reaction. Interestingly, while (5)-3.13 gave a
90:10 ratio, strongly favoring formation of the primary functionalized product, 3.16

(Scheme 3.12, Eq. 1), (R)-3.13 gave a ratio of 59:41 (Scheme 3.12, Eq. 2).

Scheme 3.12 Selectivity of Each Enantiomer of 3.13.

20% 3.11
OH THF(0.07 M), rt OH OTES
< —_—

: f + B
P > 4 oequivTESCl PR OTES pr ~OH
1.2 equiv DIPEA

M

(S)-313  20% DIPEA-HCI (S)-3.16 (S)-3.17
90:10
20% 3.11
OH THF(0.07 M), OTES

—» + 2)
o " OH 70 oquiv TESCI Ph)\/OTEs o AN OH

1.2 equiv DIPEA
(R)-3.13 20% DIPEA-HCI (R)-3.16 (R)-3.17

59:41

Table 3.2 Variation of Amino Alcohol Backbone.

i R
20% catalyst |
OH THF (0.07 M), rt OTES : 7/\0
- + | N
ph/k/OH 1.0 equiv TESCI ph/k/OTES ph/bOH ' \(
1.2 equiv DIPEA ' N OMe
(R)-3.13 20% DIPEA-HCI (R)-3.16 (R)-3.17 ! MeN" “N
: \___/
catalyst
R Catalystdr ~ Conversion (%)? 3.16:3.172
tBu 85:15 96 55:45
iPr 70:30 98 58:42
iBu 75:25 97 78:22
Me 66:34 95 69:31
H - 95 83:17
Ph 60:40 97 89:11

@Determined by GC analysis.
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To increase the selectivity for the secondary product, 3.17, other catalysts were
synthesized to see if any would give improved selectivities. When the catalysts were
screened against (R)-3.13, there was a clear trend that increasing the size of the R group

increased the selectivity for 3.17 (Table 3.2).

3.5 Stereoselective Functionalization of Diols'’

Because we predicted that binding selectivity and stereoselectivity would be
necessary to obtain site selectivity, we decided to test how effective the catalyst was in an
enantioselective reaction. Therefore, an enantioselective desymmetrization reaction was
performed. Previously, meso-1,2-diols have been desymmetrized using organocatalysts to
catalyze acylation,'® phosphorylation,'® sulfonylation,?® and silylation.*' Peptide based
catalysts that achieve selectivity through non-covalent interactions which pre-organize
the substrate and catalyst prior to electrophile transfer have been used for all of these
electrophilic transfer reactions. Acylation has also been catalyzed by amine, alcohol, and
phosphine organocatalysts.183’C Silyl transfer has been accomplished using a diamine

mediator and peptide based catalysts (Scheme 3.13).%' Ishikawa and co-workers showed

Sun, X.; Worthy, A. D.; Tan, K. L. Angew. Chem., Int. Ed. 2011, 50, 8167-8171.

18(a) Oriyama, T.; Imai, K.; Sano, T.; Hosoya, T. Tet. Lett. 1998, 39, 3529-3532. For reviews on acyl
transfer using organocatalysts see the following: (b) Jarvo, E. R.; Miller, S. J. Tetrahedron 2002, 58, 2481—
2495. (c) Spivey, A. C.; Arseniyadis, S. Top. Curr. Chem. 2010, 291, 233-280. (d) Marinetti, A.; Voituriez,
A. Synlett 2010, 174-194 .

19(a) Sculimbrene, B.; Morgan, A.; Miller, S. J. Am. Chem. Soc. 2002, 124, 11653—-11656. (b) Jordan, P. A.;
Kayser-Bricker, K. J.; Miller, S. J. Proc. Natl. Acad. Sci. USA 2010, 107, 20620-20624.

Fiori, K. W.; Puchlopek, A. L. A.; Miller, S. J. Nat. Chem. 2009, I, 630—634.

2'(a) Isobe, T.; Fukuda, K.; Araki, Y.; Ishikawa, T. Chem. Commun. 2001, 243-244. (b) Zhao, Y.; Mitra, A.
W.; Hoveyda, A. H.; Snapper, M. L. Angew.Chem., Int. Ed. 2007, 46, 8471-8474. (c) Zhao, Y.; Rodrigo,
J.; Hoveyda, A. H.; Snapper, M. L. Nature 2006, 443, 67-70. (d) You, Z.; Hoveyda, A. H.; Snapper, M. L.
Angew. Chem., Int. Ed. 2009, 48, 547-550. (e) Rodrigo, J. M.; Zhao, Y.; Hoveyda, A. H.; Snapper, M. L.
Org. Lett. 2011, 13,3778-3781. For a review on asymmetric Si-O coupling of alcohols: (f) Weickgenannt,
A.; Mewald, M.; Oestreich, M. Org. Biomol. Chem. 2010, 8, 1497—-1504.



Chapter 3, Page 241

the kinetic resolution of indanol and tetralol with moderate enantioselectivities, but the

chiral base used could not be used catalytically (Scheme 3.13, Eq 1).

212 Hoveyda and

Snapper developed a peptide-based catalyst which is able to desymmetrize diols and

triols (Scheme 3.12, Eq 2).2'“? The chemistry was expanded to kinetic resolutions and

regiodivergent reactions on a racemic mixture (Scheme 3.12, Eq 3 and 4).2'™¢ Notably,

this is also a site selective reaction; however, the secondary alcohols have to have similar

reactivity to achieve high selectivity (Eq 4).

Scheme 3.13 Asymmetric Silyl Transfer Reactions.

0.5 equiv

N
HN——(/’j/\ph
N

on PM

OH

CL

OH

iPr3SiCl (0.5 equiv)
n CH2C|2, rt

30 mol % catalyst
2 equiv TBSCI

m .

n=1, 40%, 58% ee
n=2, 8%, 70% ee

“

30 mol % catalyst

HO,  PH  1.0equivTBSCI

1.2 equiv DIPEA, THF, -40 °C

1.3 equiv DIPEA, THF
-50t0-30 °C

Et Me

30 mol % catalyst

HO} (OH 1.5 equiv TESCI

Et wpr 1.0 equiv DIPEA, THF
-60 °C, 72 h

(%)-substrate 90% vyield

1:1 ratio products

catalyst:

OSi(iPr)3

o,

n

OH t-Bu
TBSO, Me H e
~ 2
QI NI @
N O t-Bu
96%
88% ee
catalyst:
HO  OH HO OTBS  Me t'B“H y
n — N\K\ /'ﬁ( €
N ~ 3)
I :
Et Me Et Me <\/N H o .Bu
57% conv.
98% ee
catalyst:
TESO OH HO OTES Me t'B“H y
+ — N e
-~ * e
Et nPr Et nPr Q\/N H o Bu
95% ee 95% ee
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It was believed that our catalytic directing group, which pre-organizes the
substrate and catalyst using a more rigid covalent bond, could lead to increased reactivity

and selectivity.

Figure 3.4 Catalytic Cycle of Desymmetrization of Meso-1,2-Diols.

iPr
OTBS OH
HQ, N\(O HQ,
[ E MeN/g [ E
3.19 l/

Product
MeOH Release 3N

Silyl Transfer

Base*HCI TBSCI + Base

It was imagined that catalytic directing group 3.11 could bind 3.18, reversibly,
and silylation of 3.18 could occur through intramolecular transfer or deprotonation. The
release of 3.19 by exchange with methanol regenerates 3.11 (Figure 3.4). Notably,

selectivity could come from substrate binding, silyl transfer, or a combination of both.

The reaction was run with TBSCI and 20% catalyst. N, N-Diisopropylethylamine
was chosen to quench the hydrogen chloride generated during the reaction because it is a

hindered base that should be slow to promote silylation. DIPEA-HCI, which is generated
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during the reaction, was added as an acid to catalyze the initial exchange between

substrate and catalyst.

To start, a series of catalysts similar to 3.11 were tested in the reaction. First the R
group on the catalyst backbone was varied (Table 3.3). Larger R groups gave increased
selectivity. However, the catalysts exist as a mixture of diastereomers, complicating the
analysis of selectivity. We were concerned that the two diastereomers might show the
opposite sense of absolute stereochemistry. Thus, we wanted to explore catalysts that

would exist as a single diastereomer.

Table 3.3 Initial Catalyst Optimization.

! R
OH 20% catalyst OTBS ' Y\
HO THF,4°C,24h  HO ! N\(O
B e Rt A .
4.0 equiv TBSCI | I OMe
1.2 equiv DIPEA : MeN” SN
3.18 20% DIPEA-HCI 3.19 ! \—/
catalyst
R dr Yield (%)2  ee (%)?
Me 66:34 65 -8
iBu 75:25 42 0
iPr .
3.11) 70:30 46 42
tBu 85:15 67 41

@Determined by GC analysis.

In order to try to force the catalyst to favor one diastereomer, another stereocenter
was installed on the methylene linker between the ring and the N-methylimidazole

subunit. Both the (S,5) and (S,R)-catalysts were synthesized. The syntheses of these
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catalysts were similar to the synthesis of 3.11. To make the (S,S) series, after 3.9 was
condensed with an amino alcohol, the desired nucleophile was added into the imine to
obtain 3.20; cyclization of the amino alcohol gave 3.21 (Scheme 3.14). To obtain the
(S,R)-catalysts, valinol was condensed with the desired aldehyde and lithiated NMI was
added to the resulting imine to obtain 3.22 (Scheme 3.15). Closure of 3.22 gave III. The
syntheses focused on using valinol as the amino acid core since it gave good results in
Table 3.3. Catalyst optimization around tert-leucine was not pursued because it is much

more expensive.

Scheme 3.14 Synthesis of 3.21.

1) Et,0, MgSO,

iPr. iPr Me ~ OMe iPr
N N OH N—(
[\> 1) nBuli, Et,0 [\>_CHO HN  OH  iPr, NH Mé OMe  iPr, NYO
: : O T
AN AN

Me 2) DMF N 2) iPrMgCl, -78 °C MeOH, 50 °C OMe
e MeN” ~N MeN” >N
81% 43% \—/ 84% \—/
3.9 3.20 3.21

Both of the (S,5)-catalysts that were synthesized existed as one diastereomer in
solution. The yields and enantioselectivities obtained from the reactions with the (S.,S)-
catalysts were lower than when 3.11 was used as the catalyst (Table 3.3 and Table 3.4).
These results suggest that the addition of this stereocenter improperly gears the imidazole

ring making the silylation more difficult.



Scheme 3.15 Synthesis of II1.
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1) MgSO,,
Et,0, 1h
0 M OM i
M iPr € e iPr
. N H N oH N—( N
iPr i / ; 0
Me iPr. NH Me OMe iPr. N\(
H,oN OH  2) nBuli, Et,0, MeOH, rt, 3 h \/[ OMe
12h, -78 °C MeN” ~N MeN” SN
N — 73% \—/
[ \> 3.22 I
N .
Me

76%

All of the (S,R)-catalysts gave improved yields compared to the (S,5)-catalysts.

When R= Ph, the diastereomeric ratio was poor along with the enantioselectivity.

However, when R was Me, moderate enantioselectivities were achieved. When R was

iPr, the catalyst, III, is one diastereomer and gives 3.19 in good yield and excellent

Table 3.4 (S,S) and (S,R) Catalysts.

iPr,
OH 20% catalyst oTBS '
HO THF,4°C,24h  HO, ; R. N O
B EE— '
4.0 equiv TBSCI ; I \gMe
1.2 equiv DIPEA 1 MeN" %y
3.18 20% DIPEA-HCI 3.19 : \—/
catalyst
R dr? Yield (%)P ee (%)°
(S)-Me 99:1 19 -15
(S)-iPr 99:1 25 -16
(R-Me  90:10 40 60
(R)-Ph 56:44 31 10
(R)-iPr
99:1 82 96
(I11)

aDetermined by 'H NMR. ®Determined b

y GC analysis.
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enantioselectivity (Table 3.4). Attempts to synthesize R= tBu were unsuccessful due to

difficulty closing the ring in the last step. It is believed that the steric clash between the

two substituents makes the ring closure very unfavorable.

3.6 Desymmetrization of Meso-1,2-Diols

With an effective catalyst developed, the optimal reaction time was explored. The

reaction time of 24 h (4 °C) that had been used for catalyst testing was determined to be

unnecessary when III was used. At room temperature, the reaction reaches completion

after 4 h and retains high enantioselectivity (Table 3.5).

Table 3.5 Time Course with III.
OH 20% III
HO\Eg

4.0 equiv TBSCI
1.2 equiv DIPEA

THF, rt, X h

iPr
OTBS

HO ! iPr Ny
\d ! I OMe
: MeN”™ SN

3.18 20% DIPEA-HCI 3.19 i \=/
III
Time Yield (%)? ee (%)?
4 94 94
8 94 94

@Determined by GC analysis.

A catalyst loading screen showed that while 5% catalyst resulted in a sluggish

reaction and lowered enantioselectivities, 10% gave similar results to using 20% catalyst

(Table 3.6).



Table 3.6 Catalyst Loading Screen.

OH X% I OTBS

HO THF, rt,4 h HO,
4.0 equiv TBSCI

1.2 equiv DIPEA

3.18 20% DIPEA-HCI 3.19 E
Amount Yield (%)@ ee (%)?

5 56 87

10 90 93

20 94 94

@Determined by GC analysis.
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iPr
iPr N\(
I OMe
MeN” SN

1II

N,N-Diisopropylethylamine was originally chosen as a base because it is hindered

and thus, would be slow to promote the silylation by itself. If it were to promote the

silylation, it would lead to racemic product which would degrade the enantioselectivity of

the reaction. Another hindered base, 1,2,2,6,6-pentamethylpiperidine (PMPP), was also

tested in the reaction. Using PMPP, gave a comparable yield with slightly higher

enantioselectivies indicating that DIPEA had been promoting some background reaction

(Scheme 3.16).

Scheme 3.16 1,2,2,6,6-Pentamethylpiperdine as the Base.

0,
OH 20% I OTBS
HO THF, rt,4 h HO
_—
4.0 equiv TBSCI
1.2 equiv PMPP
3.18 20% DIPEA-HCI 3.19

93%, 97% ee

iPr

T

iPrIN\(
OMe
MeN” SN

I

A time course was performed with PMPP-HCI to ensure that this acid would

allow the reaction to proceed at a similar rate to the reaction with DIPEA-HCI. At 2 h, the
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conversion is not complete, but at 4 h, yields similar to previous reactions are obtained

(Table 3.7).
Table 3.7 Time Screen with PMPP and PMPP-HCI.

: iPr.
OH 20% I oTBS ! . 740

HO, THF, it Xh _  HO : Pr N\(
4.0 equiv TBSCI E I OMe

1.2 equiv PMPP MeN" N
3.18 3% PMPP-HCI 3.19 E \—/
I
Time Yield (%)? ee (%)?
2 62 97
4 87 97

@Determined by GC analysis.

In an effort to decrease the amount of TBSCI necessary for an efficient reaction
while still maintaining high enantioselectivity, a concentration screen was run. One
concern was that III might catalyze the intermolecular reaction in which 3.18 is not
bound before functionalization. Decreasing the catalyst concentration could decrease the
rate of the intermolecular reaction compared to the intramolecular reaction. With 2
equivalents of TBSCI, a concentration of 0.4 M gave the best enantioselectivities and
good yields. Lower concentration resulted in a sluggish reaction; higher concentration

started to degrade the enantioselectivity of the reaction (Table 3.8).



Table 3.8 Concentration Screen.

OH

o

3.18
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E iPr.
20% 11 oTBS | . Wﬂo
THF, rt, 4 h HO, | iPr. N\(
2.0 equiv TBSCI E OMe
1.2 equiv PMPP : MeN” SN
3% PMPP-HCI 3.19 E =
111
Concentration (M)  Yield (%)2 ee (%)?
0.2 56 96
0.4 84 97
1.0 87 95

@Determined by GC analysis.

With the optimized conditions in place, the reaction was run with control catalyst

3.23 in order to support the hypothesis that covalent bonding is the mode of catalysis that

is operating under these conditions. Not only was the enantioselectivity poor, but the

conversion was also very low (Scheme 3.17). This implies that III is not a good silylation

catalyst without the ability to covalently bind the substrate. As further support, running

the reaction with III in /BuOH gave comparable results to the reaction run in THF which

is inconsistent with a hydrogen-bonding mechanism (Scheme 3.18).

Scheme 3.17 Reaction with a Control Catalyst.

OH

“

3.18

20% 3.23

THF, tt, 4 h vo.  fres
_ =
2.0 equiv TBSCI \d
1.2 equiv PMPP
3% PMPP-HCI 3.19

5%, 4% ee

iPr.

T

/PrIN\/

MeN”™ SN

3.23



Scheme 3.18 Reaction Run in /BuOH.

20% 1T

OH OTBS
HO tBuOH, rt, 4 h HO
—_—.
\6 2.0 equiv TBSCI \E&
1.2 equiv PMPP
3.18 3% PMPP-HCI 3.19

76%, 92% ee
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The substrate scope was expanded to other cyclic and acyclic meso-1,2-diols.

Heteroatoms (3.24) and unsaturation (3.25) in cyclic substrates were well tolerated (Table

3.9). Medium rings 3.28 and 3.29, while less reactive, also gave good results. The slower

reaction rate for medium rings is believed to be due to ring distortion, which twists the

cis-diols into more of a frans configuration. (Note: ¢rans-diols do not react under these

conditions.) Due to increased freedom of rotation compared to the cyclic substrates,

acyclic substrates, such as 3.30, are also slower to react. The reaction of (1R,2S,2)-

cyclooct-5-ene-1,2-diol gives 3.32 with low enantioselectivity which is believed to be

due to the transannular effect causing the ring to twist the alcohols away from each other

(Scheme 3.19).

Scheme 3.19 Reaction of (1R,2S,72)-cyclooct-5-ene-1,2-diol.

HO OH 20% 111 HO OTBS
THF, 4 °C, 24 h

_—
4.0 equiv TBSCI
1.2 equiv PMPP

3% PMPP-HCI
3.31 3.32

78%, 33% ee

iPr

Iy
MeN"Yy OMe

III



Table 3.9 Substrate Scope.
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20% jpr
o}
iPr N\(
\/[ OMe
HO  OH MeN” SN HO  OTBS
: : NI
W 3 mol % PMPP-HCI, TBSCI, PMPP, THF W
OTBS OTBS OTBS
3.19° HO, f 3.24¢ HO 3.25¢  HO
o}
92%32, 94% eeP 79%32, 89% eeP 87%?2, 90% eeP
OTBS OTBS
3.26¢ OH 3.27° 328 HO
HO
OTBS
88%32, 95% eeP 86%32, 92% eeP 82%2, 90% eeP
3299 HO OTBS 3.30"
HO  OTBS
Me Me

93%32, 86% eeP

78%32, 90% eeP

3lsolated yields. °Enantiomers separated using a chiral GC column.°TBSCI (2 equiv), PMPP (1.2 equiv),
0.4 M, 4 h. “TBSCI (4 equiv), PMPP (1.2 equiv), 0.2 M, 24 h. °TBSCI (2 equiv), PMPP (1.2 equiv), 0.2 M,
12 h. fTBSCI (4 equiv), PMPP (2 equiv), 0.2 M, 24 h, 4 °C. STBSCI (4 equiv), PMPP (2 equiv), 0.2 M, 24 h.
hTBSCI (4 equiv), PMPP (2 equiv), 0.2 M, 36 h, 4 °C. TBSCI = tert-butyldimethylsilyl chloride, PMPP =
pentamethylpiperidine, THF = tetrahydrofuran

It is also important to note that (1R,3S)-cyclopentane-1,3-diol, even with 4.0

equivalents of TBSCI, reacts slowly and affords low enantioselectivities (Scheme 3.20).

An acyclic 1,3-diol, (2R,4S)-pentane-2,4-diol, has even worse reactivity than the cyclic

diol and gives < % yield hisi s most likely d e to the catalyst’s ina il ity to transfer the

electrophile if the alcohol is not in close proximity to the NMI subunit. While this limits

the scope of substrates for this catalyst, it was encouraging because the catalyst was
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designed to be a site selective catalyst. A catalyst that is stereoselective and sensitive to

proximity effects is less likely to be promiscuous.

Scheme 3.20 Reaction of cis-1,3-Diol.

20% II

HO\Q,OH THF, 1t, 4 h HO@,OTBS Lo P N\(
4.0 equiv TBSCI 5 OMe
1.2 equiv PMPP ' MeN SN
3.33 3% PMPP-HCI 3.34 . —
111
26%, 15% ee
Table 3.10 Silyl Reagent Screen.
OH OE
HO, electrophile, 20 mol % III ~ HO,
3 mol % PMPP-HCI,
PMPP (1.2 equiv), THF
3.18
product electrophile yield? ee?
3.35° TESCI 94 90
3.36° TBDPSCI 75(76)°  90(86)°
3.37¢ DMPSCI 71 79

2Yields and ees are an average of two runs and were determined
by GC analysis using 1,3,5-trimethoxybenzene as an internal
standard. PTESCI (1.2 equiv), 0.2 M, 1 h.°TBDPSCI (4 equiv),

0.2 M, 48 h. 91.0 M, 24 h.°DMPSCI (1.2 equiv), 0.2 M, 1 h. TESCI
= triethylsilyl chloride, TBDPSCI = tert-butyldiphenylsilyl chloride,
DMPSCI = dimethylphenylsilyl chloride.

Other silyl reagents were tested under the reaction conditions with 3.18 to
determine if they would also work. Impressively, the smaller and more reactive

chlorotriethylsilane (TESCI) gave slightly better yields while still maintaining high
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enantioselectivities. The bigger fert-butyldiphenylsilyl chloride (TBDPSCI) was less

reactive, but also maintained good enantioselectivity. The very reactive

dimethylphenylsilyl chloride (DMPSCI) gave only moderate enantioselectivities which

may be due to background silylation (Table 3.10).

Table 3.11 Enhancing the Reactivity of Challenging Substrates.

iPr

20 mol %
iPr. \Ni(\o
\/[ OMe

MeN” >N

HO  OH =/ 1m HO ~ OTES

—

R R 3 mol % PMPP-HCI, TESCI (1.2 equiv) R R
PMPP (1.2 equiv), THF, rt, 4-8 h

HO  OTES HO  OTES HO, ~ OTES
MeHMe = — Ph Ph
3.38 3.39 3.40
84% 82% 82%
92% ee 92% ee 90% ee

2Yields and ees were determined by GC analysis using trimethoxybenzene
as an internal standard.

As TESCI had been shown to be more reactive while still achieving high

enantioselectivities, it was used to enhance the reactivity of some challenging substrates.

(2R,3S)-butane-2,3-diol, which previously needed 36 h for complete conversion, showed

complete conversion to 3.38 after 4 h. (3R,45)-hexa-1,5-diene-3,4-diol and (1R,25)-1,2-

diphenylethane-1,2-diol are deactivated towards silylation and did not react with TBSCI.

When TESCI was used, both were converted to product (3.39 and 3.40, respectively) in

under 8 h with good enantioselectivities (Table 3.11).
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The exchange characteristics of III were also studied. Consistent with exchange
studies performed with I and 3.11, a K¢q 0of 0.12 was found when III was exchanged with

iPrOH (Scheme 3.21).

Scheme 3.21 Exchange of III with /PrOH.

iPr, iPrw/\
iPra__N._° THF-dg iPra_N_°
\( + iPrOH —_— \( + MeOH
OMe 3% PMPP-HCI OiPr
MeN SN MeN™ SN
Keq=10.12
111 3.41

When III was exchanged with 3.18, the K¢, was determined to be 0.20 after 2 h.
As there are two alcohols in 3.18, this number was expected. The more interesting piece
of data resulting from this exchange was that the two diastereomers, 3.42 and 3.43, which
originate from each alcohol binding to III, exist in a 60:40 ratio (Scheme 3.22). Since one
diastereomer is not strongly favored over the other, this most likely means that 3.18
binding to III is not the selectivity determining step of the reaction. Therefore, selectivity
must be arising from the functionalization step. One explanation for the selectivity is if
the (R)-diol binds III, the other alcohol is placed near the NMI subunit so it can be
functionalized. In contrast, when the (S)-diol binds III, the other alcohol may be
positioned away from the NMI subunit so it is unable to be functionalized. This is only
true, however, if the reaction occurs under exchange conditions at equilibrium. It is
possible that one diastereomer is kinetically favored to bind III. If silylation is fast and
the reaction occurs under kinetic control, it is possible that binding could be the source of

selectivity. Based on our observations that the exchange is rapid (Scheme 3.9), while
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silylation is much slower, we believe that it is not likely that binding is the source of

selectivity.

Scheme 3.22 Exchange of III with 3.18.

iPr iPr iPr.
iPr ?\1/\0 Ho, | THF-d iPr. ?\J/\O iPr ?\1/\0
N - —_ 8 . X OH -« ~  OH + MeOH
OMe 3% PMPP-HCI o 0, A
MeN" NN MeN" NN MeN" NN Q
3.42

Keq = 0.20 £ 0.01

I 3.18 dr =60:40 3.43

In order to determine if product exchange onto III was competitive, the exchange
of 3.19 with III was performed. Equilibrium was reached in 2 h with a K¢q 0of 0.02. The
K¢q 0f 3.19 was 10 fold less than with 3.18 (Scheme 3.22 and 3.23). This indicates that

product inhibition is not a significant problem during the reaction.

Scheme 3.23 Exchange of III with 3.19.

iPr iPr,

, ‘740 OTBS , 540
iPra_ _N HO, THF-dg iPra_ _N
\( + —_— . \( OTBS + MeOH
OMe 3% PMPP-HCI [e)
MeN”™ N MeN”™ N
Keq =0.02+0.01
111 3.19 3.44

Attempts to crystalize III were unsuccessful. However, by taking advantage of its
ability to bind alcohols, a crystalline alcohol, 3.45, was exchanged onto III (Scheme

3.24). 3.46 was crystallized, and an X-ray crystal structure was obtained which showed
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that the C-O bond was oriented up along with both iPr groups. The NMI subunit was

oriented underneath the ring of the catalyst (Figure 3.5).

Scheme 3.24 Exchange of III with 3.45.

iPr, HO iPr. w/\o

3% PMPP-HCI

iPr.
N \( N MeN" XN + MeOH
OMe 4 A Mol. Sieves \—/
MeN™ SN
\—/ Br
1.1 equiv Br
III 3.45 3.46

Figure 3.5 Crystal Structure of 3.46 (CCDC # 832192).
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The crystal structure allowed us to design models that would rationalize the
enantioselectivity of the reaction. In the solid state, the NMI subunit is positioned
underneath the ring. Models of the substrate bound catalyst oriented similar to the crystal
structure show the hydrogen of the free alcohol could be positioned over the nitrogen in
the ring. It is believed that the basic nitrogen in the ring could assist by deprotonating the
alcohol before the NMI subunit swings up to transfer the functional group. When the (R)-
alcohol is bound to the catalyst, the other alcohol is lined up well for this transformation.
However, when the (S)-alcohol is bound in a conformation in which the other alcohol
could be functionalized, there are two eclipsing hydrogens that could make this

conformation unfavorable (Figure 3.6).

Figure 3.6 Selectivity Models.

3.7 Developing a Site Selective Functionalization Reaction

Having shown that III was able to catalyze a stereoselective reaction, we returned
to developing a site selective reaction. Optimization was approached with the information

gained from developing the desymmetrization reaction while remaining cognizant that a
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very different problem was being addressed. Because we had seen optimal results with
III in the desymmetrization reaction, we decided to test it in the site selective reaction

(Scheme 3.25).

Scheme 3.12 Reaction of 3.11 with Individual Enantiomers.

20% 3.11
OH THF(0.07 M), rt OH OTES )
< _— < -
PO 40 equiv TESCI pp ~OTES P O
1.2 equiv DIPEA
(S)-3.13 20% DIPEA-HCI (S)-3.16 (8)-3.17
90:10
20% 3.11
OH THF(0.07 M), rt OH OTES
— v, + @)
Ph/bo"' 1.0 equiv TESCI Ph/k/OTES ph/k/OH
1.2 equiv DIPEA
(R)-3.13 20% DIPEA-HCI (R)-3.16 (R)-3.17
59:41

Scheme 3.25 Reaction of III with Individual Enantiomers.

20% 111
B " 10equivTESCI g~ OTES gy O
1.2 equiv PMPP
(5)-3.47 3% pTsOH (S)-3.48 (S)-3.49
41:59
20% III
OH . OH OTES
THF, 4 °C
: + (2)
Bu/'\/o"' 1.0 equiv TESCI Bu/'\/OTES B OH
1.2 equiv PMPP
(R)-3.47 3% pTsOH (R)-3.48 (R)-3.49

97:3
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Both enantiomers of 3.47 were tested with III. When comparing these
selectivities with the ones previously seen with catalyst 3.11, it is interesting to note that
the selectivities switch. The catalysts seemed to be matched to different enantiomers of
substrate. With III and (S)-hexane-1,2-diol, the reaction favored the secondary product,
3.49, in about 59:41 ratio. The (R)-hexane-1,2-diol strongly favors the primary product,

3.48 (Scheme 2.25).

The results with III are consistent with what was seen in the desymmetrization of
meso diols. In that reaction, it was hypothesized that when the (R)-alcohol was bound to
I11, the free alcohol was oriented over the amine in the ring allowing it to be
deprotonated and subsequently functionalized. However, when the (S)-alcohol was bound
to II1, in the only conformation that the free alcohol could possibly be functionalized,
two hydrogens are eclipsing each other (Figure 3.6 and 3.7). It is believed this
unfavorable interaction causes this conformation to be disfavored so the free alcohol is
not functionalized when the (S)-alcohol is bound. When the secondary alcohols are bound
in the site selective reaction, the desymmetrization models predict that the (R)-diol would
be able to silylate the primary alcohol easily while the (S)-diol would be less favorable.
Simple models of the primary alcohols bound show that the secondary alcohol in the (S)-
diol could be deprotonated similarly. When the (R)-diol is in the confirmation in which
the nitrogen could deprotonate the alcohol, there are two hydrogens pointing at each other
over the ring (Figure 3.7). This unfavorable interaction makes secondary

functionalization of the (R)-diol disfavored.



Figure 3.7 Selectivity Models.
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H N/<H
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TESO OH
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At this point, a solvent screen was run on the racemic substrate to determine if

solvent had an effect on the selectivity. By isolating both products and determining their

enantioselectivities, the approximate selectivity ratio for each enantiomer can be

calculated. Most solvents gave results comparable to THF except for MeOsBu and

BuOH. MeOtBu gave very low selectivities for both the enantiomers. Running the

reaction in /BuOH, however, greatly increased the enantioselectivity of 3.48. This

increase in enantioselectivity corresponds to the (S)-enantiomer forming mostly 3.49

(Table 3.12). In this case, the R and S ratios were calculated based on isolated yields so a
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loss of small amounts of material during isolation greatly affected these ratios. Future

results were calculated based on GC yields and are more correct.

Table 3.12 Solvent Screen.

20% iPr
OMe
MeN” >N

OH \—/ III R OTES

OH
.
Bu)\/OH 1 equiv TESCI, 4 °C BU/K/OTES Bu)\/OH
1.2 equiv DIPEA,

3.47 3% p-TsOH 3.48 3.49
Solvent 3.48 3.49 3.48:3.49
OH OTES - o5
C R=95:5
THF : o
5, N OTES . A _OH S=21:79
59% yield® 30% yield®
56% ee” 90% ee
OH OTES o5
: R=95:5
EtOAc : —og-
G N OTES . A _OH S=24:76
32% yield® 25% yield?
54% eeP 90% ee®
OH OTES - ra.
C R= 58:42
MeOtBu :
OTES OH = 51:
Bu/'\/ Bu S=51:49
26% yield® 17% yield?
16% ee® 3% eeP
o OTES R= 96:4
CH5CN : = oo
TE = 08:
sy~ OTES _ S _OH  $=2872
43% yield? 27% yield?
53% ee® 90% ee®
OH OTES .
e R= 96:4
CICH,CI : = 0
5N OTES A _OH S=23:77
45% yield? 35% yield®
55% eeP 91% ee®
OH OTES o8-
C R=98:2
tBuOH® TE - H —0-
Bu/bo S g 2O S=9:91
52% yield® 31% yield®
88% ee® 94% ee®

3solated yield. "Determined by GC analysis.°Run at rt.
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Table 3.13 Individual Enantiomer Selectivity in /BuOH.

20% iPrH

iPr NYO
I OMe
MeN N
OH \—/ I OH OTES

.
Bu)\/OH 1 equiv TESCI, tBUOH, 25 °C BU&OTES BU/K/OH
1.2 equiv DIPEA, 3% p-TsOH

3.47 3.48 3.49

Substrate 3.48:3.492 Yield(%)°

OH
Bu/k/OH 96:4 72
(R)-3.47
OH
By~ ~OH
(S)-3.47

17:83 77

OH
~__OH
Bu/\/
(S)-3.47

94:6° 62°

aDetermined by GC analysis.Plsolated yield. °Run with
N-methylimidazole as catalyst.

Each enantiomer was run in fBuOH to directly measure the selectivity of each.
(R)-3.47 gave similar selectivity to what was previously seen with THF, very high
selectivity for 3.48. (5)-3.47 gave an 83:17 ratio favoring 3.49. The reaction catalyzed by
NMI was also run in fBuOH to ensure that the solvent was not changing the inherent

selectivity of the reaction, and it was not (Table 3.13).
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Table 3.14 Temperature Screen with #~-Amyl Alcohol.

20% iPrH
iPr. N_ O
T

N, OMe
MeN” SN
OH \—/ I OH OTES
- < + <
Bu " 12equiv TESC, t-AmyloH g, ~CTES = 5 A~ _OH
1.2 equiv DIPEA, 3% p-TsOH

(S)-3.47 (S)-3.48 (S)-3.49

Temperature(°C)  3.48:3.492  Conversion(%)?

-6 13:87 >95
4 12:88 >95
25 15:85 >95

@Determined by GC analysis.

In order to test solvents similar to /BuOH, #-amyl alcohol was tested in the
reaction. Less sterically hindered alcoholic solvents, such as iPrOH, and MeOH, cannot
be used in the reaction as they bind the catalyst and would inhibit exchange. #-Amyl
alcohol gave slightly better results than --BuOH. The benefit of using -amyl alcohol was
that lower temperatures could be explored, whereas, --BuOH would freeze. At 4 °C, the
reaction gave almost 90:10 selectivity for 3.49. Decreasing the temperature to -6 °C did

not increase the selectivity further (Table 3.14).

In order to see if fine tuning the group on the methylene linker between NMI and
the ring could increase the selectivity further, a few derivatives were synthesized.
Previously smaller groups at this position, such as methyl, gave lower selectivities and

often existed as multiple diastereomers in solution. Larger groups, such as ¢-butyl, were
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unable to be synthesized. A series of catalysts with cyclic alkyl substituents at this
position were synthesized. These groups were explored as they are branched like an iPr
group, but are tied back making them slightly smaller. The catalyst in which R=
cyclopropyl exists as an 80:20 mixture of diastereomers and gives about a 1:1 ratio of
3.48 to 3.49. When R= cyclopentyl, however, the catalyst gives the same results as II1
(Table 3.15). Unfortunately, the cyclobutyl version of this catalyst could not be made,

and the cyclohexyl version did not exchange efficiently.

Table 3.15 Screen of Catalysts with Cyclic R groups.

20% iPr,

R N_ O

I \O(Me

N
OH MeN "N OH OTES

=z B + -
Bu” " 1.2 equiv TESCI, tAmylOH g~ ~OTES = 5 A _OH
1.2 equiv DIPEA, 4 °C

(S)-3.47 3% p-TsOH (S)-3.48 (5)-3.49
R 3.48:3.49%  Conversion (%)?
iPr 12:88 >95
Cyclopropyl .
(80:20 dr) 49:51 >99
Cyclopentyl 12:88 >95
Iv)

@Determined by GC analysis.

When you compare IV and III using other substrates, such as (S)-1-cyclohexane-
1,2-diol, 3.50, the difference is more obvious. Catalyst I'V gives almost 90:10 selectivity

for 3.52 and much higher yields (Table 3.16, Entry 2 compared with Entry 1). The
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reaction with NMI and (R)-3.50 are shown for comparision and are still highly selective

for 3.51 (Table 3.16, Entry 1 and 4, respectively).

Table 3.16 Catalyst Screen with (S)-Cyclohexylethane-1,2-diol.

15% iPr
R NYO
M NIN OMe
OH N/ OH OTES

R > R + :
oy >N 13 equiv TESCI, tAmyloH ¢y OTES o A OH
1.3 equiv DIPEA, 30 min

(S)-3.50 20% DIPEA-HCI, 4 °C (S)-3.51 (S)-3.52
Entry R 3.51:3.522 Yield(%)?
10 - 98:2 <2
2 iPr 18:82 58
3 Cyp 12:88 76(74)°
4d Cyp >08:2 <1

@Based on GC using trimethoxybenzene as an internal standard.
bUsing NMI as catalyst. ®Isolated yield of 3.47. 9(R)-Cy was used as
the substrate.

The control catalyst, 3.53, which lacks a substrate binding site gives primarily

3.51 with low conversions for both enantiomers of substrate (Scheme 3.26, Eq 1 and 2).
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Scheme 3.26 Control Catalyst with (S) and (R)-1-Cyclohexane-1,2-diol.

15% iP
: I \/
OH MeN N 3.53 OH OTES
- < + < 1
oy M 13 equiv TESCI, tAmylOH gy OTES = o A\ OH M

1.3 equiv DIPEA, 30 min
20% DIPEA-HCI, 4 °C

(S)-3.50 (S)-3.51 (S)-3.52
91:9
conversion: 33%
15% iPr
N\/O
MeN” >N
OH \__; 353 OTES

OH
" 2
)\/OH 1.3 equiv TESCI, tAmyIOH Cy)\/OTES Cy)\/OH )

1.3 equiv DIPEA, 30 min
20% DIPEA-HCI, 4 °C
(R)-3.50 (R)-3.51 (R)-3.52

94:6
conversion: 59%

With optimized conditions in hand, the substrate scope was expanded. The
racemic substrates were run to obtain both valuable enantioenriched products, the
primary and the secondary functionalized. This type of reaction is refered to as a

regiodivergent reaction on a racemic mixture.?!%*

If desired, an enantiopure diol can also
be run in this reaction to obtain high yields and good selectivities for the secondary
functionalized product. When optimizing each substrate, both III and IV were tested, as

they gave similar results with (S)-hexane-1,2-diol, 3.47, but different with (S)-1-

cyclohexane-1,2-diol, 3.50. It is important to note that exact reaction times are necessary

(a) Miller, L. C.; Sarpong, R. Chem. Soc. Rev. 2011, 40, 4550-4562.
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to prevent conversion of the secondary protected product into bis-protected product over
time. Most of the substrates gave good yields and excellent enantioselectivities for the
secondary product. The primary product is also obtained with good yields, albeit with
slightly lower enantioselectivities. This is because although the (R)-enantiomer is
extremely selective to form the primary functionalized product, the (S)-enantiomer forms
the secondary functionalized product in about a 90:10 ratio for most substrates (Table
3.18). Both bulkyl and small alkyl groups are tolerated as well as protected alcohols. The
OPh substrate, 3.58, suffers from bis-silylation being competitive with mono-silylation so
the yields are somewhat diminished. The vinyl substrate, 3.59, is the least selective which
has been attributed to its small size and the fact that it deactivates the functionalization of
the secondary alcohol (Table 3.17). Similarly, it is believed that the 1-phenyl-1,2-diol
substrate was less selective due to deactivation of the secondary alcohol (Scheme 3.27).
Notably, a benzyl group in 3.56 still allows for selective secondary alcohol

functionalization (Table 3.17).

Scheme 3.27 Reaction Run with 1-Phenyl-1,2-ethanediol.

15% iPr.

N YO
MeN” SN OMe
OH \—/ IV OTES

OH
+ -
Ph)\/OH 1.2 equiv TESCI, tAmylOH ph/'\/OTES ph O
1.2 equiv DIPEA, 25 min
3.13 20% DIPEA-HCI, 4 °C 3.16 3.17

56%, 45% ee 27%, 81% ee



Table 3.17 Substrate Scope.

OH

. L _on

10-15% catalyst
20% DIPEA-HCI
1.2-1.3 equiv TESCI
1.2-1.3 equiv DIPEA
t-Amyl alcohol
45-90 min, 0 °C

Substrate 1ab

OH
.
N OTES
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OTES
R A_OH

2

Za’b

OH

o A_oH

52%, 81% ee®

3.50

54%, 79% eed

OH 53%, 82% ee®

48%, 70% ee®

Ph\/K/OH 46%, 80% eef

56%, 74% eed

44%, 78% ee?

53%, 57% ee®

52%, 90% ee®

50%, 91% ee®
3.61

41%, 97% ee®

40%, 98% eed

40%, 98% ee®

36%, 92% ee®

40%, 96% eef

40%, 99% eed

32%, 96% ee?

37%, 91% ee®

45%, 97% ee®

41%, 98% ee®

3Isolated yields. "ee determined by GC or HPLC analysis. °Run with 15%

1V, 1.3 equiv TESCI and DIPEA. “Run with 10% II1, 1.2 equiv TESCI and
DIPEA. °Run with 15% IV, 1.2 equiv TESCI and DIPEA. 'Run with 10% IV,
1.2 equiv TESCI and DIPEA. 9Run with 15% III, 1.4 equiv TESCI and DIPEA.
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When attempting to silylate the bulky 3,3-dimethylbutane-1,2-diol, no secondary

silylation product was obtained (Scheme 3.28). The halogenated substrates, 3.60 and

3.61, were the most selective with the (S)-enantiomer forming the secondary product in

an impressive 95:5 ratio (Table 3.18).The selectivities for each enantiomer of substrate

could be calculated based on the yields and enantioselectivities of each product (Table

3.18).

Scheme 3.28 Reaction of 3,3-dimethylbutane-1,2-diol.

OH

tBu)\/OH 1.2 equiv TESCI, tAmylOH
1.2 equiv DIPEA, 45 min
20% DIPEA-HCI, 4 °C

15% iPr,

H

N_ O

T

OMe

MeN” N

\—/ IV

Table 3.18 Calculated Selectivities for Each Enantiomer of Substrate.

OH
- tBu/'\/OTES

60%, 52% ee

Substrate (R)-1* (R)-2* ($-1° ($)-2"
3.13 95 5 41 59
3.50 99 1 12 88
3.47 99 1 13 87
3.54 99 1 11 89
3.55 96 4 17 83
3.56 98 2 10 90
3.57 >99 <1 14 86
3.58 98 2 14 86
3.59 97 3 27 73
3.60 99 1 6 94
3.61 99 1 5 95

*Approximate (R)-enantiomer and (S)-enantiomer selectivities calculated based on isolated yields and ees

from Table 3.17.
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If the reaction is run to low conversion, a kinetic resolution of 1-cyclohexane-1,2-
diol is possible to isolate the primary functionalized product, 3.51, in good yields and
higher enantioselectivity (Scheme 3.29). As the rate of functionalization of the (R)-diol
with IV is much faster than the (S5)-diol, the (R)-diol is most likely matched with the

catalyst to silylate the primary alcohol.

Scheme 3.29 Kinetic Resolution of 1-Cyclohexylethane-1,2-diol.

10% iPr}_\
N_ O

Y
OMe

MeN” >N
OH v OH

Cy)\/OH 0.6 equiv TESCI, tBUOH, 25 °C Cy/k/OTES
0.7 equiv DIPEA, 6% DIPEA-HCI
3.50 3.51

470/0, 92% ee

Some exchange reactions were run with III to learn more about how binding
selectivity may be affecting the reaction. The exchange of III with simple alcohols was
performed first. The exchange of III with HOiPr gave a ratio of 57:43 of III to 3.41 at
equilibrium which corresponds to a K¢q of 0.12 (Scheme 3.30). This K is consistent
with previous exchange reactions and is expected due to the size difference between a

secondary alcohol and MeOH.
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Scheme 3.30 Exchange of III with HO:Pr.

iPr. iPr.
N/\O CgDg, 1t Y\O

iPra__N iPra__N
T \( +  HOPr =—m—7— T \( +  MeOH
OMe 10% DIPEA-HCI OiPr
MeN” SN MeN” SN
Keq= 0.12
111 3.41

The exchange of III with HOnBu gave a ratio of 67:33 (III to 3.62) at equilibrium
which gives a K¢q 0f 0.98. As HOnBu is a primary alcohol, the equilibrium was expected

to be slightly less than one (Scheme 3.31).

Scheme 3.31 Exchange of III with HOnBu.

iPr. iPr.
NAO CeDg, rt \40

iP N iP N
Ier \( + HOnNBuU — fer \( + MeOH
OMe 10% DIPEA-HCI OnBu
MeN” SN MeN” SN
Keq= 0.92
III 3.62

Next the exchange of each product with IIT was studied. As expected for both
enantiomers, the free primary alcohols have higher binding affinities than the secondary
alcohols. However comparing the individual enantiomers of 3.48 to each other shows
some interesting results. The K.q of (5)-3.48 is 1.9 times the K¢q of (R)-3.48 (Scheme
3.32, Entry 1 and 2). Because (R)-3.48 is the favored primary product that results from

the reaction of 3.47 with III, it is interesting that it has a lower binding affinity. The K,
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of (R)-3.49 is 1.2 fold the K4 of (5)-3.49 (Scheme 3.32, Entry 3 and 4). Again the
favored product of the reaction has a lower binding affinity than its enantiomer, but the
difference is less drastic. Secondary alcohol exchange, which is already less favorable
than primary alcohol exchange, appears to be more sensitive to the stereocenter in the

molecule.

Scheme 3.32 Product Exchange with I11.

iPr iPr
N/\O CgDg, 1t N/\O

Pra_N Pra N
' ~ + HOR ' ~ + MeOH
OMe 10% DIPEA-HCI OR

MeN” SN MeN” SN
\—/ \—/
111 3.63
Entry HOR Equiv. I11:3.63 Keq
HO  OTES
1 )—/ 7.4 92:8 0.012
Bu
(R)-3.48
HO  OTES
2 /—/ 76 87:13 0.023
Bu
(S)-3.48
TESO  OH
3 >—/ 5 55:45 0.26
Bu
(R)-3.49
TESO  OH
./ 5 58:42 0.22
4
Bu
(S)-3.49

When comparing the primary vs. secondary binding for each enantiomer, another

interesting set of data appears. At equilibrium, the K4 of (5)-3.49 is 9.6 times the K4 of
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(5)-3.48 (Scheme 3.32, Entry 2 and 4). As methanol has a binding affinity 8 times that of
a secondary alcohol, this difference seemed reasonable (Scheme 3.30). In contrast, (R)-
3.49 is 21.7 times more favorable to bind than (R)-3.48 (Scheme 3.32, Entry 1 and 3).
(R)-3.48 must have a very unfavorable interaction with I1I that causes binding to be
much more difficult. Because of the large difference in binding affinity for one
enantiomer over the other, we believe it is possible that this catalyst could be developed

into a chiral separation technology in the future.

Because the enantiomers of product are sterically and electronically different than
the substrates, an exchange reaction with each enantiomer of the hexane-1,2-diol
substate, 3.47, was also performed. (R)- and (S5)-3.47 led to a similar ratio of 3.64 to 3.65

(Scheme 3.33).

Scheme 3.33 Exchange of III with 3.47.

iPr iPr iPr.
Y\o . Y\o | \40
iPr N HO OH 6Y6; iPr. N iPr N\(
~ Y —— ~ OH . + MeOH
OMe BU 10% DIPEA-HCI o) A ©
MeN” SN MeN” SN MeN" "N j\
\:/ \:/ Bu HO Bu
111 3.47 3.64 3.65
Entry Diol Equiv. 3.64:3.65
HO  OH
1 5 18:82
Bu
(R)-3.47
HO  OH
2 /—/ 5 20:80
Bu

(S)-3.47
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Since the two individual enantiomers had been exchanged with I1I, it was

possible to identify all of the products of the exchange of racemic 3.47 with III. When

exchanging racemic 3.47 with I, within 10 min, 55% of III was converted to the

primary alcohol bound to the catalyst. After 24 h, equilibrium was reached with 67%

conversion of III. The ratio of primary to secondary alcohol bound products was 79:21.

This was consistent with the ratio of primary to secondary alcohol bound products seen

with the exchange of the individual enantiomers (Scheme 3.33). The ratio of 3.68 to 3.66

was 56:44 (Scheme 3.34). This means that at equilibrium (S)-3.47 is more favorable to

bind the secondary alcohol than (R)-3.47. This is consistent with the exchange data seen

with the product exchange but is a less dramatic difference (Scheme 3.32).

Scheme 3.34 Exchange of (+)-3.47 with I11.

iPr.

iPr. 7\1/\0 HO ~ OH
(o

I OMe Bu

MeN" ~N

CgDeg, rt

3.68:3.66= 56:44
11 (£)-3.47

10% DIPEA-HCI

+ MeOH

MeN” SN MeN” "N I
= Bu HO" ~Bu
3.68 3.69

Consistent with the desymmetrization, the exchange data indicates that the

binding of each enantiomer to III does not determine the difference in their selectivity.
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Both enantiomers show that the primary alcohol preferentially binds to III. This binding
of the primary alcohol preferentially over the secondary alcohol certainly does contribute

to the selective functionalization of the secondary alcohol.

The exchange information also corresponds with the optimal reaction conditions
that were discovered for each enantiomer. In the beginning of the reaction, before the
exchange is at equilibrium, only the primary alcohol has exchanged onto III. This is
important for the (5)-diol to selectively form the secondary functionalized product. Thus,
a pre-stir before adding the TESCI does not help the selectivity for the (S)-enantiomer.
However, when running the reaction under the kinetic resolution conditions, the reaction
was pre-stirred for 45 minutes in order to get optimal selectivities for the (R)-enantiomer.
During this pre-stir, the secondary alcohol exchanges onto the I1I so it can direct the

functionalization of the primary alcohol.

3.8 The Different Selectivities of 3.11 and I11.'"

During the optimization of the reaction of 3.13, the difference in selectivity of
3.11 and III was discovered (Scheme 3.12 and 3.35). This difference will be discussed

here in the context of the reaction with 3.13.



Scheme 3.12 Reaction of 3.11 with Individual Enantiomers.

20% 3.1
OH THF(0.07 M), rt OH OTES
- _— - -
PO ToequvTESCI P~ OTES N
1.2 equiv DIPEA
(S)-3.13 20% DIPEA-HCI (S)-3.16 (S)-3.17
90:10
20% 3.1
OH THF(0.07 M), rt OH OTES
R +
ph/K/OH 1.0 equiv TESCI ph)\/OTES ph/k/OH
1.2 equiv DIPEA
(R)-3.13 20% DIPEA-HCI (R)-3.16 (R)-3.17
59:41
Scheme 3.35 Reaction of III with Individual Enantiomers.
20% 111
OH THF, rt OH OTES
ph O 10equivTESCI  pp~OTES pr~OH
1.2 equiv DIPEA
(S)-3.13 10% DIPEA-HCI (S)-3.16 (S)-3.17
70:30
20% 111
OH THF 1t OH OTES
I LLUE L LSS +
Ph)\/OH 1.0 oquiv TESC) Ph)\/OTEs Ph/'\/OH
1.2 equiv DIPEA
(R)-3.13 10% DIPEA-HCI (R)-3.16 (R)-3.17
97:3
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)

(1

I

The experimental results which show that the two catalysts are matched to give

secondary functionalization with different enantiomers led us to believe that they may be

functionalizing the diols through different mechanisms. Remembering that III exists as

one diastereomer in which the C-O bond is oriented up and that 3.11 exists as two

diastereomers, we hypothesized that the diastereomer where the C-O bond is oriented
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down may be responsible for the secondary functionalization of the (R)-diol in the

reaction with 3.11. Some of the optimization that was done with the 1-phenyl-1,2-diol is
important for this discussion. For example, the reaction of 3.13 with 3.11 does not seem
to be affected by the catalyst loading (Table 3.19). This is not true of the reactions done

with III. Increasing the amount of IIlI, increased the selectivity.

Intriguingly, this indicates that 3.11 may be matched with the (R)-diol and can
accelerate the secondary functionalization reaction, whereas, III may be acting by
decelerating the primary functionalization reaction compared to the secondary
functionalization with the (S)-diol. This could be due to the steric size difference in the
two catalysts and the difference in the freedom of rotation of the N-methylimidazole. If
III is more rigid as well as being sterically hindered, the rate of silylation may be slower

for both alcohols.

Table 3.19 Catalyst Loading Screen.

X% 3.11
OH THF(0.07 M), rt OTES

OH
+
ph)\/OH 1.0 equiv TESCI ph/'\/OTES ph/'\/OH
1.2 equiv DIPEA

(R)-3.13 20% DIPEA-HCI (R)-3.16 (R)-3.17
Entry 3.11 (%) 3.16:3.172
1 10 58:42
2 20 58:42
3 50 58:42

@Determined by GC analysis.
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As shown previously, to increase the selectivity for the secondary product, 3.17,
other catalysts were synthesized to see if any would give improved selectivities. When
the catalysts were run with (R)-3.13, there was a clear trend that increasing the size of the
R group corresponded to an increase in the diastereomer ratio of the catalyst and an

increase in the selectivity for 3.17 (Table 3.2).

Table 3.2 Variation of Amino Alcohol Backbone.

| R
20% catalyst :
OH THF (0.07 M), rt OH OTES ! E/\o
L .
ph)vOH 1.0 equiv TESCI ph)\/OTES ph)\/OH ! \(
1.2 equiv DIPEA : . OMe
(R)-313  20% DIPEA-HCI (R)-3.16 (R)-3.17 E MeN" N
| \—/
catalyst

R dr Conversion (%)? 3.16:3.172
tBu 85:15 96 55:45
iPr 70:30 98 58:42
iBu 75:25 97 78:22
Me 66:34 95 69:31

H - 95 83:17
Ph 60:40 97 89:11

@Determined by GC analysis.

When trying to optimize the catalyst to force it to be one diastereomer, the (,S)
and (S,R) catalysts were tested in the reaction. Unfortunately, the (S,5)-catalysts gave
much worse selectivity in the site selective silylation compared with the simple amino

alcohol based catalysts even when one diastereomer was present (Table 3.20 and Table
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3.2). Most of the (S,R)-catalysts did not give good selectivities for 3.17. However,
catalyst III was more selective for secondary functionalization than any of the catalysts
that were previously tested, but only when the (S)-enantiomer of substrate was used
(Table 3.20). It was previously rationalized using models why the (R)-enantiomer is
matched with III to form primary functionalized product and does not favor secondary

functionalization (Figure 3.7). We believe that during this catalyst optimization we

Table 3.20 (S,5)- and (S,R)-Catalysts.

OH Tﬁ?;%oc@:ﬂ;al\l/)ll Strt OH OTES iPrw/\
ph)\/OH 1.0 eiqu-iv TE)S’CI ph/K/OTES ' ph)\/OH " N\(O
1.2 equiv DIPEA ' OMe
3.13 10% DIPEA-HCI 3.16 3.17 | MeN_\N
| catalyst
R dr 313 Conversion (%)2  3.16:3.172
(S-Me  99:1 (S) 78 93:7
(R) 99 91:9
(S)-iPr 99:1 (S) 92 94:6
(R) 93 95:5
(R-Me 90:10  (S) 96 94:6
(R) 95 96:4
(R)-iPr 9911 (S) 82 70:30
[(11))
(R) 99 97:3
(R-Ph 56:44  (S) 81 95:5
(R) 90 97:3

@Determined by GC analysis.
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switched the mechanism from acceleration of the secondary functionalization pathway to

deceleration of the primary functionalization pathway.

Going forward with catalyst I1I, (S)-1-phenyl-1,2-ethanediol was used to optimize
the reaction conditions. Simply decreasing the temperature to 4 °C increased the

selectivity to 60:40 (Scheme 3.36).

Scheme 3.36 Decreasing the Reaction Temperature.

20% iPr
iPr N\‘/O
I OMe
MeN~ N
OH \—/ I OH OTES
- B + B
ph/\/OH 1 equiv TESCI, ph/\/OTES ph/\/OH
1.2 equiv DIPEA
(S)-3.13 10% DIPEA-HCI, 4 °C (S)-3.16 (S)-3.17

3.16:3.17=60:40
>95% conversion

Next, the base was changed to 1,2,2,6,6-pentamethylpiperidine which in the
desymmetrization reaction seemed to catalyze less background reaction than N, N-
diisopropylethylamine. Indeed, as before, the reaction with PMPP gave better selectivity
than when DIPEA was used. However, when the reaction temperature was lowered using
PMPP as the base, there was no increase in selectivity. This implies that background
reaction is sufficiently suppressed using PMPP as the base so decreasing the temperature
is not necessary. If DIPEA is used, decreasing the temperature to 4 °C gives
approximately the same results as using PMPP. Either reaction condition allows the

intramolecular reaction to outcompete the intermolecular reaction. Using crystallized
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catalyst, instead of distilled catalyst, also increased the selectivity of the reaction

significantly. Clearly, the selectivity is very sensitive to the purity of the III (Table 3.21).

Table 3.21 1,2,2,6,6-Pentamethylpiperidine as the Base.

20% iPrH
iPr N_ O
T

X, OMe
MeN  ~N
OH \—/ 111 OH . OTES
ph " 1 equiv TESCI, THF ph OTES o A OH
1.2 equiv PMPP, 3% p-TsOH
(S)-3.13 (S)-3.16 (S)-3.17

Temperature (°C) 3.16:3.172 Conversion(%)?

4 62:38 >95
25 62:38 >95
25 53:47 88

(crystallized ligand)

@Determined by GC analysis.

A reagent screen was performed at this point to see if it affected the selectivity.
Using TESBr gave similar results to using TESCI. TESNO; gave much lower
selectivities, and the very reactive TESOTf was unselective and gave high amounts of bis
silylation. A variety of temperatures were screened with TESOTT, but they all resulted in

similar undesirable results (Table 3.22).



Table 3.22 Electrophile Screen.

20% i-Pr
i-PrIN\‘/O
OMe
MeN” >N
OH \—/ 1II OH

: : *
phe > 1equivTESCI, THF, 25°C  pp~OTES

1.2 equiv PMPP, 3% p-TsOH

Chapter 3, Page 282

OTES
b ~OH

(S)-3.17

Bis(%)?

(S)-3.13 (S)-3.16
Reagent Conversion(%)? 3.16:3.172
TESBr 80 63:37
TESNO, 63 82:18
TESOTf 75 89:11
T&%(é;-f 74 94:6
TESOTT 67 82:18

(-60 to 10 °C)

TESOTf

(60 °C) 68 82:18

4

6

35

33

42

31

@Determined by GC analysis.

At this point, as shown previously, hexane-1,2-diol was used for further

optimization because it was realized that the 1-phenyl-1,2-diol was a less selective

substrate in the reaction with III. With III, 1-phenyl-1,2-diol never acheieved selectivity

over 60:40 for secondary functionalization (Table 3.18). In the future, our group will

focus on making a catalyst that would exist as one diastereomer in which the C-O bond is

oriented down. We believed this may allow for secondary functionalization of the (R)-

diol with high selectivity.



Chapter 3, Page 283

3.9 Conclusions

A new set of organocatalysts were developed that benefit from reversible covalent
bonding and induced intramolecularity. The desymmetrization of meso-1,2-diols was
accomplished using organocatalyst III, which was synthesized easily and cheaply.
Experimental results indicate that the selectivity and increased reactivity are a result of
the ability of III to pre-organize the substrate through a reversible, covalent bond. A
variety of cyclic and acylic substrates were shown to react efficiently with good
enantioselectivities under mild conditions. Other silylating reagents were also shown to
be effective under the reaction conditions. he catalyst’s a il ity to f nc tionalize cis-1,2-
diols selectively indicated it might be successfully applied to site selective catalysis.
Thus, the selective functionalization of a secondary alcohol in the presence of a primary
alcohol was developed using a combination of binding selectivity and stereoselectivity.
The (S)-enantiomer forms the secondary functionalized product while the (R)-enantiomer
forms the primary functionalized product with high selectivity. As the enantiomers
preferentially form different functionalized products, a regiodivergent reaction on a

racemic mixture resulted giving two valuable enantioenriched products.

3.10 Experimental

General Considerations

Unless otherwise noted, all reagents were obtained from commercial suppliers and used
without further purification. Lithium reagents were titrated against 2-pentanol using

1,10-phenanthroline as the indicator. Flash column chromatography was performed
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using EMD Silica Gel 60 (230-400 mesh) and ACS grade solvents as received from
Fisher Scientific. All experiments were performed in oven or flame-dried glassware
under an atmosphere of nitrogen or argon using standard syringe and cannula techniques,
except where otherwise noted. All reactions were run with dry, degassed solvents
dispensed from a Glass Contour Solvent Purification System (SG Water, USA LLC). 'H
and °C NMR were performed on either a Varian Gemini 400 MHz, Varian Gemini 500
MHz or a Varian Unity Inova 500 MHz spectrometer. Deuterated solvents were
purchased from Cambridge Isotope Labs and stored over 3A molecular sieves. C¢Dg was
degassed by three successive freeze-pump-thaw cycles and stored over 3A molecular
sieves in a dry box under a nitrogen atmosphere. All NMR chemical shifts are reported
in ppm relative to residual solvent for 'H and *C NMR. Coupling constants are reported
in Hz. All IR spectra were gathered on a Bruker Alpha FT-IR equipped with a single
crystal diamond ATR module and values are reported in cm ™. All GC analyses were
performed on an Agilent Technologies 7890A GC System. HRMS and X-ray crystal
structure data were generated in Boston College facilities. Analytical chiral high-
performance liquid chromatography (HPLC) was performed on a Shimadzu-LC-2010A

HT.

Initial Studies of Selective Functionalization of 1.2-Diols

Catalyst Synthesis

N-methyl-imidazole-2-carboxaldehyde, 3.9, * was made following literature procedures

and matched reported spectra.

23Plater, M. J.; Barnes, P.; McDonald, L. K.; Wallace, S.; Archer, N.; Gelbrich, T.; Horton, P. N_;
Hursthouse, M. B. Org. Biomol. Chem. 2009, 7, 1633-1641.
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(8)-2-((1-methyl-1H-imidazol-2-yl) methylamino)propan-1-ol.** To a solution of N-
methyl-imidazole-2-carboxaldehyde (650 mg, 8.7 mmol) in methanol (17 mL) was added
(S)-alaninol (960 mg, 8.7 mmol) and 4A molecular sieves (1.7 g). After refluxing for 24
hours, the reaction was cooled to room temperature, and NaBH, (340 mg, 8.7 mmol) was
added. The reaction was stirred at room temperature for 2 hours, followed by quenching
with dropwise addition of concentrated HCI (0.44 mL). The resulting mixture was further
neutralized with Na,COj (1.4 g). The precipitated salts were filtered off, and the filtrate
was concentrated. Flash column chromatography (CH,Cl,:MeOH = 10:1) afforded pure
product as a colorless oil (1.0 g, 70%). '"H NMR (CDCl; 00M z 56 7 d J=
1.2),6.78 (d, IH,J=1.2),3.91 (d, 1H,J=14.4),3.76 (d, 1H, J = 14.4), 3.60 (s, 3H),
3.53(dd, 1H,J=11.0, 3.9), 3.26-3.30 (m, 1H), 2.82 (qt, 1H, J=10.3, 3.9), 1.04 (d, 3H, J
=6.4); B"CNMR (C¢Ds 26 Mz § 147.0,126.9, 121.2, 65.5, 54.9, 42.9, 32.7, 17.3;
IR: 3201, 2872, 1636, 1499, 1452, 1283, 1048, 736, 662 cm '; HRMS (DART-TOF)
caled. for CsH N3O [M+H]": 170.1293, found: 170.1292. [at]p>" = +33.0 (¢ = 1.10,

CHCls, /=50 mm).

2*Suzuki, Y.; Takahashi, H. Chem. Pharm. Bull. 1983, 31, 2895-2898.
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"

N (@)

I he

MeN"X OMe
\/

N

(45)-2-methoxy-4-methyl-3-((1-methyl-1H-imidazol-2-yl)methyl)oxazolidine (66:34
dr). To a solution of (S)-2-(((1-methyl-1H-imidazol-2-yl)methyl)amino)propan-1-ol (1.0
g, 6.0 mmol) in anhydrous methanol (24 mL) under argon was added N, N-
dimethylformamide dimethyl acetal (0.80 mL, 6.0 mmol). The reaction was stirred at
room temperature for 2 hours, and the solvent was removed under vacuum. The residue
was redissolved in anhydrous methanol (24 mL), and reaction was stirred at room
temperature for another 2 hours. '"H NMR analysis showed that all the substrate was
consumed and product had formed. The solvent was removed under vacuum. The flask
was brought into a dry glove box under nitrogen atmosphere, and the residue was
extracted with degassed pentane. The pentane was removed under vacuum, and
Kugelrohr distillation (170 °C at 0.05 mmHg) afforded pure product as a colorless oil
(330 mg, 26%). "H NMR (C¢Dg, 500Mz 87 s 03 7 3d066 J=0.1),
6.37 (s, 0.34H), 6.36 (s, 0.34H), 5.24 (s, 0.66H), 5.17 (s, 0.34H), 3.98 (t, 0.34H, J = 7.3),
3.78 (t, 0.66H, J = 6.8), 3.68-3.72 (m, 2H), 3.36-3.43 (m, 0.66H), 3.32-3.34 (m, 0.34H),
3.28 (s, 0.66H), 3.23 (s, 0.66H), 3.14 (s, 0.34H), 3.07 (s, 0.34H), 2.94-2.96 (m, 1H), 0.74
(d, 1H,J=6.1),0.71 (d, 2H, J=5.9); "CNMR (C¢Dg 26 M z & 7 2

121.7, 114.7, 111.7, 109.0, 73.1, 72.6, 57.9, 54.9, 53.1, 51.4,47.1,43.4, 38.3, 32.7, 17.5,

16.8; IR: 2928, 1501, 1458, 1284, 1162, 1113, 1066, 1017, 975, 742 cm™'; HRMS
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(DART-TOF) caled. for C1oHsN30 [M-OMe]: 180.1137, found: 180.1142. [at]p™" =

+11.6 (¢ = 1.09, C¢Hs, / = 50 mm).

Me

[

MeN ~N
\—/

Me
.

NH

X

(S)-4-Methyl-2-(((1-methyl-1H-imidazol-Z-yl)methyl)amino)pentan-l-01.24 To a
solution of N-methyl-imidazole-2-carboxaldehyde (1.65 g, 15.0 mmol) in benzene (30
mL) was added (S)-leucinol (1.20 g, 10.0 mmol) and 3A molecular sieves (1.40 g). After
refluxing for 24 hours, the reaction was cooled to room temperature and the solvent was
removed in vacuo. The resulting residue was redissolved in MeOH (30 mL), and NaBH4
(570 mg, 15.0 mmol) was added. The reaction was stirred at room temperature for 2
hours, followed by quenching with dropwise addition of concentrated HCI (0.510 mL ).
The resulting mixture was further neutralized with Na,CO3 (1.70 g). The precipitated
salts were filtered off, and the filtrate was concentrated. Flash column chromatography
(CH,Cl;:MeOH = 10:1) afforded the pure product as a yellow oil (1.58 g, 75%). 'H
NMR (CDCl; 00Mz &6 0 d1 J=1.0),6.73(d,IH,J=1.0),3.84(d,IH,J =
14.5),3.76 (d, IH, J = 14.5), 3.56 (s, 3H), 3.26-3.30 (m, 1H), 2.65-2.69 (m, 1H), 1.58-
1.65 (m, 1H), 1.25-1.31 (m, IH), 1.14-1.19 (m, 1H), 0.82 (d, 3H, J = 6.5),0.79 (d, 3H, J
=6.5; "CNMR(CDC; 2 Mz & 6 26 6 2263 7 26 326

24.8,22.8,22.7; IR: 3281, 2952, 2867, 1500, 1466, 1051, 735 cm™; HRMS calcd. for
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C11H,N3;0 [M+H]™: 212.1762, found: 212.1761.

Me

ii

/(NYO

MeN Yy OMe
\—/

(4S)-4-Isobutyl-2-methoxy-3-((1-methyl-1H-imidazol-2-yl)methyl)oxazolidine (75:25
dr). To a solution of (S)-4-methyl-2-(((1-methyl-1H-imidazol-2-
yl)methyl)amino)pentan-1-ol (0.70 g, 3.3 mmol) in anhydrous methanol (13 mL) under
argon was added N,N-dimethylformamide dimethyl acetal (0.40 mL, 3.3 mmol). The
reaction was stirred at room temperature for 2 hours, and the solvent was removed under
vacuum. The residue was redissolved in anhydrous methanol (13 mL), and the reaction
was again stirred at room temperature for 2 hours until '"H NMR analysis showed all the
substrate was consumed. The solvent was removed under vacuum. The flask was brought
into a dry glove box under nitrogen atmosphere, and the residue was extracted with
degassed pentane. The pentane was removed under vacuum, and Kugelrohr distillation
(180 °C at 0.05 mmHg) afforded the pure product as a pale green oil (190 mg, 23%). 'H
NMR (C¢Dg 00Mz 672 d02 J=1.0),7.09(d,0.75H,J =1.0), 6.34 (d,
0.25H, J =1.0), 6.32 (d, 0.75H, J = 1.0), 5.29 (s, 0.75H), 5.17 (s, 0.25H, J = 1.0), 3.87-
3.92 (m, 0.75H), 3.84-3.86 (m, 0.25H), 3.76-3.81 (m, 0.5H), 3.75 (d, 0.75H, J = 13.5),
3.68 (d, 0.75H, J = 13.5), 3.49-3.55 (m, 0.75H), 3.40-3.44 (m, 0.25H), 3.19 (s, 0.75H),

3.11 (s, 2.25H), 3.01-3.09 (m, IH), 3.04 (s, 2.25H), 2.97 (s, 0.75H), 1.15-1.28 (m, 2.25H),
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1.05-1.11 (m, 0.75H), 0.75 (d, 0.75H, J = 6.5), 0.72 (d, 0.25H, J = 6.5), 0.70 (d, 0.75H, J
= 6.5),0.67 (d, 0.25H, J = 6.5); *"CNMR (CDCl; 26Mz & 6 26 7 207
114.0, 112.6, 110.6, 71.1, 70.9, 70.5, 70.1, 57.5, 56.1, 52.3, 50.8, 47.2, 42.6, 42.1, 41.5,
37.5,31.9,25.5,23.6,23.5,22.1, 21.7; IR: 2953, 1500, 1284, 1160, 1076, 1036, 736 cm’

I HRMS calcd. for C1,HyoN;0 [M-OMe]: 222.1606, found: 222.1611.

Me

Me/SAOH
NH

MeN\:\/N
(5)-3-methyl-2-((1-methyl-1H-imidazol-2-yl)methylamino)butan-1-ol, 3.10.>* To a
solution of N-methyl-imidazole-2-carboxaldehyde (2.1 g, 2.0 x 10" mmol) in (40 mL)
was added (S)-valinol (2.2 g, 2.0 x 10" mmol) and 4A molecular sieves (4.0 g). After
refluxing for 24 hours, the reaction was cooled to room temperature, and NaBH4 (760
mg, 2.0 x 10" mmol) was added. The reaction was stirred at room temperature for 2
hours, followed by quenching with dropwise addition of concentrated HCI (1.0 mL). The
resulting mixture was further neutralized with Na,COs (3.3 g). The precipitated salts were
filtered off, and the filtrate was concentrated. Flash column chromatography
(CH,Cl:MeOH = 10:1) afforded the pure product as a colorless oil (2.3 g, 58%). 'H
NMR (CDCl3, 500 MHz) 6 6.86 (d, 1H, J=1.5), 6.77 (d, 1H, J=1.2),3.90 (d, I1H, J=
14.7),3.78 (d, 1H, J=14.9), 3.62 (dd, 1H, J=11.2, 3.7), 3.58 (s, 3H), 3.39 (dd, 1H, J =

11.0, 7.3), 2.40-2.44 (m, 1H), 1.71-1.78 (m, 1H), 0.92 (d, 3H, J = 6.8), 0.87 (d, 3H, J =
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6.8); 3C NMR (CDCls, 125 MHz) § 147.4, 126.9, 121.3, 65.1, 61.6, 44.0, 32.6, 30.0,
19.5, 19.0; IR: 3199, 2955, 2871, 1500, 1465, 1283, 1043, 734, 705, 661 cm'; HRMS
(DART-TOF) calcd. for C1oHoN;O [M+H]': 198.1606, found:198.1606. [a]p®* = +19.0

(¢ = 1.0, CH,Cly, I = 50 mm).

Me
Me/g/\
N\(O
@]
MeN N
\—/

Me

,

(45)-4-isopropyl-2-methoxy-3-((1-methyl-1H-imidazol-2-yl)methyl)oxazolidine, 3.11
(70:30 dr). To a solution of (S)-3-methyl-2-(((1-methyl-1H-imidazol-2-
yl)methyl)amino)butan-1-ol (860 mg, 4.4 mmol) in anhydrous methanol (18 mL) under
argon was added N, N-dimethylformamide dimethyl acetal (580 pL, 4.4 mmol). The
reaction was stirred at room temperature for 2 hours, and the solvent was removed under
vacuum. The residue was redissolved in anhydrous methanol (18 mL), and the reaction
was further stirred at room temperature for 2 more hours until '"H NMR analysis showed
complete conversion. The solvent was removed under vacuum. The flask was brought
into a dry glove box under nitrogen atmosphere, and the residue was extracted with
degassed pentane. The pentane was removed under vacuum, and Kugelrohr distillation
(130 °C at 0.05 mmHg) afforded pure product as colorless oil (490 mg, 47%). '"H NMR
(CDs OOM z 87 do3 J=1.2),7.12(d, 0.7H, J=1.0), 6.36 (d, 0.3H, J=1.0),

6.35 (d, 0.7H, J= 1.2), 5.34 (s, 0.3H), 5.21 (s, 0.7H), 4.02 (d, 0.3H, J = 13.9), 3.90 (t,
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0.6H, J=8.1), 3.84 (d, 0.3H, J = 13.9), 3.79 (t, 0.7H), 3.74 (d, 0.7H, J = 13.4), 3.67-3.70
(m, 0.7H), 3.65 (d, 0.7H, J = 13.7), 3.17 (s, 0.9H), 3.09 (s, 2.1H), 3.07 (s, 2.1H), 2.98 (s,
09H), 2.82-2.86 (m, 1H), 1.67 (dt, 0.7H, J = 20.5, 6.8), 1.58 (ddd, 0.3H, J = 13.9, 6.8,
3.7),0.72 (d, 0.3H, J = 6.8), 0.69 (d, 0.7H, J = 6.8), 0.65 (d, 0.7H, J = 6.8), 0.58 (d, 0.3H,
J=17.1); "CNMR (CDCl; 26M z § 27222623

111.9, 68.3, 67.1, 65.6, 64.7, 53.0, 51.8, 49.3, 43.9, 32.5, 32.4, 30.7, 28.7, 20.1, 19.9,
17.5, 15.4; IR: 2956, 1500, 1466, 1284, 1158, 1123, 1080, 1062, 986, 741 cm™'; HRMS
(DART-TOF) calcd. for C;;H;sN30 [M-OMe]: 208.1450, found: 208.1459. [at]p™’ = -

7.09 (¢ = 0.71, CDCls, / = 50 mm).

Me e

Me*/\OH
J:NH

MeN” SN

M
X
\—/
(5)-3,3-dimethyl-2-((1-methyl-1H-imidazol-2-yl)methylamino)butan-1-ol.>* To a
solution of N-methyl-imidazole-2-carboxaldehyde (750 mg, 6.8 mmol) in methanol (14
mL) was added (S)-tert-leucinol (0.80 g, 6.8 mmol) and 4A molecular sieves (1.4 g).
After refluxing for 24 hours, the reaction was cooled to room temperature, and NaBH4
(260 mg, 6.8 mmol) was added. The reaction was stirred at room temperature for 2 hours,
followed by quenching with dropwise addition of concentrated HCI (0.34 mL). The

resulting mixture was further neutralized with Na,CO; (1.1 g). The precipitated salts were

filtered off, and the filtrate was concentrated. Flash column chromatography
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(CH,Cl,:MeOH = 10:1) afforded the pure product as a colorless oil (720 mg, 50%). "H
NMR (CDCl3, 500 MHz) 8 6.97 (d, 1H, J=1.5), 6.88 (d, 1H, J=1.0), 4.20 (br s, 2H),
4.15(d, 1H,J=15.9),3.97 (d, 1H, J=15.6), 3.82 (dd, 1H, J=11.2, 3.7), 3.45 (s, 3H),
3.51 (dd, 1H, J=11.2, 8.1), 2.45 (dd, 1H, J=8.1, 3.7), 0.94 (s, 9H); *C NMR (CDCl;,
125 MHz) ¢ 147.7, 126.0, 121.6, 68.7, 62.1, 46.0, 35.1, 32.9, 27.2; IR: 3333, 2950, 2868,
1501, 1476, 1283, 1110, 1045, 736 cm '; HRMS (DART-TOF) calcd. for C;H2,N;0

[M+H]": 212.1763, found: 212.1764. [a]p>® = +5.0 (¢ = 1.0, CH,Cl,, / = 50 mm).
Me Me
Me*/\
O
"~
L OMe
MeN” "N
\—/

(4S5)-4-tert-butyl-2-methoxy-3-((1-methyl-1H-imidazol-2-yl)methyl)oxazolidine
(85:15 dr). To a solution of (S5)-3,3-dimethyl-2-(((1-methyl-1H-imidazol-2-
yl)methyl)amino)butan-1-o0l (0.70 g, 3.3 mmol) in anhydrous methanol (13 mL) under
argon was added N, N-dimethylformamide dimethyl acetal (0.40 mL, 3.3 mmol). The
reaction was stirred at room temperature for 2 hours. The residue was redissolved in
anhydrous methanol (13 mL), and the reaction was again stirred at room temperature for
2 hours until "H NMR analysis showed all the substrate was consumed and product had
formed. The solvent was removed under vacuum. The flask was brought into a dry glove
box under nitrogen atmosphere, and the residue was extracted with degassed pentane.

The pentane was removed under vacuum, and Kugelrohr distillation (180 °C at 0.05
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mmHg) afforded the pure product as a colorless oil (190 mg, 23%). "H NMR (C¢Ds, 500
Mz 872 s 63 s s 0 2 s0 3 d J=13.4),
3.85-3.89 (m, 1H), 3.78-3.81 (m, 1H), 3.65 (d, 1H, J=13.4), 3.15 (s, 0.5H), 3.13 (s,
2.5H), 3.01 (s, 2.5H), 3.00 (s, 0.5H), 2.65-2.68 (m, 1H), 0.85 (s, 1.4H), 0.83 (s, 7.6H);
BCNMR (CDCl; 26 Mz & 2 273 27 20 07236 663
65.1,53.2,52.5,51.8, 38.1, 34.6, 33.5, 33.3, 26.7, 26.4; IR: 2955, 2905, 1499, 1477,
1285, 1147, 1132, 1082, 1066, 993, 740 cm '; HRMS (DART-TOF) calcd. for
C12H0N30 [M-OMe]: 222.1606, found: 222.1612. [at]p*’ =-7.09 (¢ = 0.71, CDCl, [ =

50 mm).

Me
Me OH
Me,INH
MeN” SN

\—/

(S)-3-Methyl-2-(((S)-1-(1-methyl-IH-imidazol-2-yl)ethyl)amino)butan-1-ol.>* To a
solution of N-methyl-imidazole-2-carboxaldehyde (3.42 g, 31.0 mmol) in benzene (90
mL) was added (S)-valinol (3.20 g, 10.0 mmol) and 3A molecular sieves (1.40 g). After
refluxing for 24 hours, the reaction was cooled to room temperature, and the solvent was
removed in vacuo. The resulting residue was redissolved in anhydrous Et,O (180
mL). The solution was cooled to -78 °C and MeLi (31.0 mL, 3.0 M in dimethoxyethane,

93.0 mmol) was added dropwise. The reaction was allowed to stir for 24 hours before

quenching with aqueous NH4Cl. The organic layer was separated, and the aqueous layer
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was extracted with ethyl acetate (3x100 mL ). The combined organic layers were dried
over MgSQy, filtered, and concentrated. Flash column chromatography (CH,Cl,:MeOH =
10:1) afforded pure product as a yellow oil (2.50 g, 38%). '"HNMR (CDCl; 00Mz 3§
6.84 (d, 1H,J=1.5),6.70 (d, 1H, J=1.5),4.04 (q, 1H, J=6.5), 3.63 (s, 3H), 3.52-3.55
(m, 1H), 3.31 (dd, 1H, J= 6.5, 11.0), 2.22-2.25 (m, 1H), 1.61-1.65 (m, 1H), 1.36 (d, 3H,
J=6.5),0.85 (d, 3H, J=7.0), 0.78 (d, 3H, J=7.0); "CNMR (CDCl; 2 Mz 3§
150.8, 126.8, 120.9, 62.2, 60.7,47.9, 32.7,29.3, 21.4, 19.4, 18.8; IR: 3311, 2956, 1467,

1280, 1049, 725 cm'l; HRMS calcd. for C;1H2oN;0 [M+H]+: 212.1762, found: 212.1769.

Me
Meﬁ/\
Me/,/ N\(o
LS
MeN” SN ©
\—/
(45)-4-Isopropyl-2-methoxy-3-(($)-1-(1-methyl-1H-imidazol-2-yl)ethyl)oxazolidine
(99:1 dr). To a solution of (S)-3-methyl-2-(((S)-1-(1-methyl-IH-imidazol-2-
yl)ethyl)amino)butan-1-ol (4.3 g, 18 mmol) in anhydrous methanol (36 mL) under
nitrogen atmosphere was added N,N-dimethylformamide dimethyl acetal (12 mL, 9.0 x
10! mmol). The reaction was stirred at 50 °C overnight, concentrated, and redissolved in
methanol. After stirring for 2 hours, "H NMR analysis showed complete
conversion to product. The solvent was removed under vacuum, and Kugelrohr

distillation (130 °C at 0.05 mmHg) afforded the product as a colorless oil (3.7 g, 73%).

"HNMR (CDCl3, 500Mz 870 d H,J=15),6.35(d, 1H, J=1.5),5.52 s, 1H),
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3.64-3.75 (m, 3H), 3.11 (s, 3H), 2.81-2.85 (m, 1H), 2.83 (s, 3H), 1.59-1.66 (m, 1H), 1.55
(d, 3H, J = 7.0), 0.77 (d, 3H, J = 7.0), 0.75 (d, 3H, J = 7.0); *C NMR (CDClLs, 125 MHz)
5 0 26 20 66 6 2 320 30 76 3 IR: 2954,
1281, 1155, 1056, 971, 728 cm™'; HRMS caled. for C1,HyN30 [M-OMe]: 222.1606,

found: 222.1615.

Me
Meﬁkl/\
Me OH
.. _NH
Me J:
MeN” SN
\—/
(8)-3-methyl-2-((S)-2-methyl-1-(1-methyl-1H-imidazol-2-yl)propylamino)butan-1-ol,
3.20.% N-methyl-2-imidazolecarboxaldehyde (1.62 g, 14.7 mmol) and (S)-valinol (1.52 g,
14.7 mmol) were refluxed in toluene for 3 hours. The solution was concentrated in vacuo.
The resulting crude imine was dissolved in tetrahydrofuran (86 mL) and cooled to —78
°C. Isopropyl magnesium chloride (22.8 mL, 45.6 mmol, 2.0 M in THF) was added
dropwise. After stirring for 16 hours and allowing the solution to warm to room
temperature, the reaction was quenched by slowly adding H,O (5 mL). The layers were
separated, and the organic layer was washed with H,O (100 mL) and brine (100 mL). The
organic layers were concentrated. Column chromatography (1% NEt; and 10% MeOH in
CH,Cl,) yielded a slightly yellow oil (86:14 diastereomer ratio). Rapid stirring of the oil

with hexanes (3 mL) resulted in the precipitation of a slightly yellow solid that was one

diastereomer (1.50 g, 43%). '"THNMR (CDCl; 00Mz &6 d J=1.0), 6.76 (d,
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1H, J=1.2), 3.61 (s, 3H), 3.57 (dd, 1H, J=11.0, 3.9), 3.43 (d, 1H, J = 7.6), 3.34-3.37
(m, 1H), 3.17-3.21 (bs, 1H), 2.07 (dd, 1H, J=11.0, 4.2), 1.99 (dt, 1H, J=21.0, 6.8),
1.55-1.62 (m, 2H), 1.07 (d, 3H, J = 6.8), 0.86 (d, 3H, J = 6.8), 0.79-0.87 (m, 6H); *C
NMR (CDCl; 26Mz & 07 27 203 632603 3632 27

19.0; IR: 3219, 2958, 2198, 1467, 1281, 1047, 724, 439 cm™'; HRMS (DART-TOF)
caled. for C3HaN3O [M+H]": 240.2076, found: 240.2079. [at]p* = -27.9 (¢ = 1.0,

CHCl3, /=50 mm).

Me

Me/\/\

Me

@]

MeA"u N\(
L OMe

MeN” >N

(45)-4-isopropyl-2-methoxy-3-((S)-2-methyl-1-(1-methyl-1H-imidazol-2-
yl)propyl)oxazolidine, 3.21 (99:1 dr) . (S)-3-methyl-2-((S)-2-methyl-1-(1-methyl-1H-
imidazol-2-yl)propylamino)butan-1-o0l (1.01g, 4.18 mmol) was dissolved in methanol (17
mL) and sparged with nitrogen for 5 minutes. N, N-dimethylformamide dimethyl acetal
(2.79 mL, 20.9 mmol) was added in one portion, and the solution was stirred 13 hours at
50 °C. The solution was concentrated under high vacuum. The yellow residue was
dissolved in methanol (17 mL) and another portion (2.79 mL, 20.9 mmol) of N, N-
dimethylformamide dimethyl acetal was added. After 3 hours, the solution was
concentrated and stored in a dry glovebox. The yellow residue was distilled (150 °C at

0.25 torr) to yield a slightly yellow oil (994 mg, 84%). "H NMR (CsDg 00 Mz & 720
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(s, 1H), 6.37 (s, 0.05H), 6.30 (s, 0.95H), 5.41 (s, 0.05H), 5.35 (s, 0.95H), 3.97 (ddd, 1H, J
=13.2,5.6,1.2),3.80 (dd, 1H, J=7.8, 2.2), 3.65 (d, 0.08H, J = 10.8), 3.51 (t, 1H, J =
7.8), 3.43 (d, 0.92H, J = 10.3), 3.33 (s, 2.83H), 3.10 (s, 0.17H), 3.08 (s, 0.17H), 2.88 (s,
2.83H), 2.58-2.65 (m, 1H), 2.16-2.22 (m, 1H), 1.32 (d, 2.7H, J = 6.6), 1.25 (d, 0.3H, J =
6.6), 1.09 (d, 0.3H, J=6.8), 1.03 (d, 2.7H, J = 6.6), 0.95 (d, 2.7H, J = 6.9), 0.90-0.92 (m,
0.3H), 0.82 (d, 2.7H, J = 6.6), 0.74 (d, 0.3H, J = 6.4); C NMR (C¢D¢ 26 Mz
147.5,128.9, 120.4, 114.9, 66.7, 62.5, 61.6, 51.4, 32.7, 32.3, 31.8, 21.8, 21.0, 20.7, 17.6;
IR: 2955, 2871, 1473, 1383, 1366, 1282, 1168, 1136, 1054, 959, 727 cm™'; HRMS
(DART-TOF) calcd. for C4HasN30 [M-OMe]: 250.1919, found: 250.1920. [ot]p™’ = -

12.5 (¢ =1.20, CDCl3, / = 50 mm).

e
Me/\/\
OH
Ph INH

M
MeN”™ >

N

L

(8)-3-Methyl-2-(((R)-(1-methyl-1H-imidazol-2-yl)(phenyl)methyl)amino)butan-1-
ol.”* To a solution of benzaldehyde (2.0 mL, 2.0 x 10" mmol) in benzene (30 mL) was
added (S)-valinol (2.0 g, 2.0 x 10" mmol) and 3A molecular sieves (1.4 g). After
refluxing for 24 hours, the reaction was cooled to room temperature, and the solvent was
removed in vacuo. '"H NMR analysis showed that the imine had formed. The resulting
residue was redissolved in Et,O (20 mL). In another oven-dried glass reaction flask, to a

solution of N-methylimidazole (5.6 mL, 7.0 x 10" mmol) in anhydrous Et,O (50 mL)
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under nitrogen atmosphere was added n-butyllithium (7.0 mL, 10 M in hexanes, 7.0 x 10’
mmol) dropwise at -78 °C. The solution was stirred at -78 °C for 30 minutes, and then
slowly cannula transferred into the solution of pre-formed imine at -78 °C. The resulting
mixture was stirred at -78 °C for 2 hours and then at room temperature overnight.
Aqueous NH4Cl was added slowly to quench the reaction. The organic layer was
separated, and the aqueous layer was extracted with Et,O (3x50 mL). The combined
organic layers were dried over MgSQy, filtered, and concentrated. Flash column
chromatography (3:1, Hex/EtOAc to 100% EtOAc) afforded pure product as a yellow oil
(3.8 g, 70%). "H NMR (CDCl;, 500 M z &7 -7.28 (m, 5H), 6.97 (d, 1H, J = 1.0),
6.77 (d, 1H, J=1.0), 4.91 (s, 1H), 3.63 (dd, 1H, J= 3.5, 11.0), 3.40 (dd, 1H, J= 8.0,
11.0), 3.26 (s, 3H), 2.49-2.53 (m, 1H), 1.67-1.71 (m, 1H), 0.96 (d, 3H, J = 6.5), 0.90 (d,
3H,J=6.5); °CNMR(CDCl; 2M z& 3 0 2 27 276 26

121.6, 63.7, 62.9, 59.4, 32.6, 31.7, 19.3; IR: 3339, 2955, 2870, 1492, 1281, 1048, 700

cm’l; HRMS calcd. For CiH24N3O [M+H]+: 274.1919, found: 274.1925.

Me

Me/\/\
O

Ph N\{

OMe
MeN” >N
\—/

(4S)-4-isopropyl-2-methoxy-3-((R)-(1-methyl-1H-imidazol-2-
y)(phenyl)methyl)oxazolidine (56:44 dr). To a solution of (S)-3-methyl-2-(((R)-(1-

methyl-1H-imidazol-2-yl)(phenyl)methyl)amino)butan-1-ol (1.0 g, 4.0 mmol) in
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anhydrous methanol (16 mL) under nitrogen atmosphere was added N,/N-
dimethylformamide dimethyl acetal (0.53 mL, 4.0 mmol). The reaction was stirred at 50
°C overnight, concentrated, and redissolved in MeOH (16 mL). After stirring for 2 hours,
"H NMR analysis showed complete conversion to product. The solvent was removed
under vacuum and extraction with degassed pentanes afforded the product as an orange
oil (820 mg, 65%). '"H NMR (CDCl; 00M z & 7 66-7.96 (m, 1.12H), 7.44-7.47 (m,
0.88H), 6.92-7.12 (m, 3H), 6.29 (d, 0.44H, J = 1.5), 6.22 (s, 0.56H), 6.19 (d, 0.56H, J =
1.5), 5.88 (s, 0.44H), 5.17 (s, 0.44H), 5.01 (s, 0.56H), 4.00 (t, 0.56H, J = 8.0), 3.90 (t,
0.44H, J = 8.0), 3.10-3.15 (m, 0.44H), 3.05-3.08 (m, 0.56H), 3.01 (s, 1.32H), 2.86 (s,
1.68H), 2.82 (s, 1.68H), 2.74 (s, 1.32H), 1.70-1.77 (m, 1H), 0.91 (d, 1.68H, J = 7.0), 0.81
(d, 1.32H, J = 6.5), 0.75 (d, 1.32H, J = 6.5), 0.37 (d, 1.68H, J = 7.0); C NMR (CDCl;,
2Mz 67 6 0 322 2 23206 6 119.5,112.4,
111.7, 66.7, 65.3, 64.3, 63.9, 59.6, 59.3, 52.3, 51.1, 31.6, 31.5, 30.5, 29.5, 29.4, 29.3,
19.5,19.2,19.1, 17.2, 14.3, 14.2; IR: 2953, 1490, 1279, 1157, 1055, 962, 700 cm™;

HRMS calcd. for C;7H2,N30 [M-OMe]: 284.1762, found: 284.1748.

Me
Me/%/\OH
MeINH
MeN” >N

\—/
(S)-3-Methyl-2-(((R)-1-(l-methyl-lH-imidazol-Z-yl)ethyl)amino)butan-1-01.24 Toa

stirring solution of (S)-valinol (2.0 g, 2.0 x 10" mmol) in anhydrous Et,O (10 mL) under
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nitrogen atmosphere was added a solution of acetaldehyde (1.1 mL, 2.0 x 10" mmol) in
anhydrous Et,O (10 mL). MgSO;4 (4.0 g) was added, and the solution was stirred

at room temperature for 1 hour. '"H NMR analysis showed that the imine had formed.

In another oven-dried flask, to a solution of N-methylimidazole (5.6 mL, 7.0 x 10' mmol)
in anhydrous Et,O (50 mL) under nitrogen atmosphere was added n-butyllithium (7.0
mL, 10 M in hexanes, 7.0 x 10" mmol) dropwise at -78 °C. The solution was stirred at -
78 °C for 30 minutes, and then slowly cannula transferred into the solution of pre-formed
imine at -78 °C. The resulting mixture was stirred at -78 °C for 2 hours and

then at room temperature overnight. Aqueous NH4Cl was added slowly to quench the
reaction. The organic layer was separated, and the aqueous layer was extracted with

Et,O (3x50 mL). The combined organic layers were dried over MgSQOy, filtered,

and concentrated. Flash column chromatography (3:1 Hex/EtOAc to 100% EtOAc)
afforded pure product as a yellow oil (970 mg, 23%). '"H NMR (CDCl; 00Mz & 6
(d, 1H,J=1.2),6.72 (d, 1H,J = 1.2),3.90 (q, 1H, J = 7.0), 3.55 (s, 3H), 3.47 (dd, 1H, J
=3.5,11.0), 3.30 (dd, 1H, J = 8.5, 11.0), 2.25-2.29 (m, 1H), 1.56-1.61 (m, 1H), 1.31 (d,
3H, J =17.0), 0.873 (d, 3H, J = 6.5), 0.871 (d, 3H, J = 6.5); *C NMR (CDCl;, 125 MHz)
d 7 26 2263362 32 3 26 2 IR: 3234, 2957, 1492,
1281, 1121, 1052, 725 cm™'; HRMS calcd. for C;1H2,N50 [M+H]": 212.1762, found:

212.1764.
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Me

Me/\/\
@)

Me N\(

OMe
MeN” >N
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(45)-4-Isopropyl-2-methoxy-3-((R)-1-(1-methyl-1H-imidazol-2-yl)ethyl)oxazolidine
(90:10 dr). To a solution of (S)-3-methyl-2-(((R)-1-(1-methyl-IH-imidazol-2-
yl)ethyl)amino)butan-1-ol (902 mg, 4.30 mmol) in anhydrous methanol (17 mL) under
nitrogen atmosphere was added N,N-dimethylformamide dimethyl acetal (0.570 mL, 4.30
mmol). The reaction was stirred at room temperature for 2 hours, and the solvent was
removed under vacuum. The residue was redissolved in anhydrous methanol (17 mL),
and another 0.5 equivalents of N,N-dimethylformamide dimethyl acetal was added to the
mixture. The reaction was again stirred at room temperature for 2 hours until 'H NMR
analysis showed all the substrate was consumed. The solvent was removed under
vacuum. The flask was brought into a dry glove box under nitrogen atmosphere, and the
residue was extracted with degassed pentanes to afford the pure product as a yellow oil
(380 mg, 35%). '"HNMR (CDCl; 00Mz 870 d 0.1H,J=1.5),7.02(d, 0.9H, J =
1.0), 6.33 (d, 0.1H, J = 1.5), 6.31 (d, 0.9H, J = 1.0), 5.53 (s, 0.1H), 5.33 (s, 0.9H), 3.97
(g, 0.1H, J =6.5), 3.88 (q, 0.9H, J = 6.5), 3.64-3.72 (m, 1.8H), 3.56-3.62 (m, 0.2H), 3.13
(s, 2.7H), 3.08-3.10 (m, 1H), 3.09 (s, 2.7H), 2.95 (s, 0.3H), 2.84 (s, 0.3H), 1.83 (d, 0.3H,
J=16.5),1.51(d,2.7H,J =6.5), 1.36-1.43 (m, 1H), 0.59 (d, 2.7H, J = 7.0), 0.56 (d,
0.3H,J = 7.0), 0.41 (d, 2.7H, J = 7.0), 0.38 (d, 0.3H, J = 7.0); *C NMR (CDCl;, 125

Mz & 77 26 20 4,114.3,112.0,107.7.67.6, 67.0,61.2,60.1, 52.2, 51.7, 50.4,
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48.7,46.0, 38.2, 31.4, 30.8, 30.4, 28.7, 19.0, 18.7, 17.1, 15.6, 13.5, 11.3; IR: 2954, 1496,
1281, 1153, 1068, 970, 728 cm™'; HRMS calcd. for C1,H,0N30 [M-OMe]: 222.1606,

found: 222.1615.

Me

Me
Me OH

Me/jNH
NN

MeN" ~N

(8)-3-methyl-2-((R)-2-methyl-1-(1-methyl-1H-imidazol-2-yl)propylamino)butan-1-ol,
3222 Toa stirring solution of (S)-valinol (6.8 g, 66 mmol) in anhydrous Et,O (66 mL)
under nitrogen atmosphere was added a solution of isobutyraldehyde (4.8 g, 66 mmol) in
anhydrous Et,O (66 mL). MgSO4 (13 g) was added, and solution was stirred at room
temperature overnight. 'H NMR analysis showed that the imine had formed. In another
oven-dried flask, to a solution of N-methylimidazole (19 g, 230 mmol) in anhydrous THF
(160 mL) under nitrogen atmosphere was added n-butyllithium (23 mL, 10 M in hexanes,
230 mmol) dropwise at —78 °C. The solution was stirred at —78 °C for 30 minutes, and
then slowly cannula transferred into the solution of pre-formed imine at —78 °C. The
resulting mixture was stirred at —78 °C for 2 hours and then at room temperature
overnight. Aqueous NH4Cl was added slowly to quench the reaction. The organic layer
was separated, and the aqueous layer was extracted with Et,O (3%x100 mL). The
combined organic layers were dried over MgSOQy, filtered, and concentrated. Flash

column chromatography (2:1 Hex/EtOAc to 100% EtOAc) afforded pure product as a
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colorless oil (12 g, 76%). "H NMR (CDCls, 500 MHz) § 6.93 (d, 1H, J = 1.2), 6.78 (d,
1H, J=1.2), 3.56-3.57 (m, 4H), 3.35 (d, 1H, J= 1.2), 3.34 (d, 1H, J=3.9), 2.13-2.17 (m,
1H), 1.87-1.93 (m, 1H), 1.62-1.68 (m, 1H), 0.98 (d, 3H, J = 6.8), 0.93 (d, 3H, /= 6.8),
0.88 (d, 3H, J=2.9), 0.87 (d, 3H, J=2.9); *C NMR (CDCl;, 125 MHz) § 151.7, 127.0,
121.3, 64.2, 62.9, 60.4, 34.0, 32.9, 31.7, 20.2, 19.5, 19.4, 17.7; IR: 2956, 2871, 1488,
1468, 1280, 1045, 725 cm™'; HRMS (DART-TOF) calcd. for Ci3HyN;0 [M+H]

240.2076, found: 240.2087. [a]p>" = +40.0 (¢ = 1.0, CH,Cl,, / = 50 mm).

Me

Me
Me 0]

N
Me
OMe
MeN” SN

(45)-4-isopropyl-2-methoxy-3-((R)-2-methyl-1-(1-methyl-1H-imidazol-2-
yl)propyl)oxazolidine, II1 (99:1 dr). To a solution of (S)-3-methyl-2-(((R)-2-methyl-1-
(1-methyl-1H-imidazol-2-yl)propyl)amino)butan-1-ol (4.3 g, 18 mmol) in anhydrous
methanol (36 mL) under nitrogen atmosphere was added N, N-dimethylformamide
dimethyl acetal (12 mL, 9.0 x 10" mmol). The reaction was stirred at 50 °C overnight,
concentrated, and redissolved in methanol. After stirring for 2 hours, 'H NMR analysis
showed complete conversion to product. The solvent was removed under vacuum, and
Kugelrohr distillation (130 °C at 0.05 mmHg) afforded the product as a colorless oil (3.7
g, 73%). "H NMR (CDCls, 500 MHz) § 7.12 (d, 1H, J = 1.2), 6.80 (s, 1H), 6.20 (d, 1H, J

=1.2),3.70 (dd, 1H, J=9.0, 8.1),3.52 (dd, 1H, J="7.8, 7.1), 3.29 (s, 3H), 3.22 (d, 1H, J
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= 10.8), 2.78 (s, 3H), 2.55-2.64 (m, 2H), 1.63-1.72 (m, 1H), 1.34 (d, 3H, J = 6.4), 0.85 (d,
3H, J = 6.8), 0.66 (d, 3H, J = 6.8), 0.63 (d, 3H, J = 6.6); *C NMR (CDCL, 125 MHz) §
148.8, 128.7, 120.1, 112.4, 66.1, 65.8, 60.5, 52.7, 33.7, 32.2, 29.5, 21.6, 21.0, 20.2, 16.9;
IR: 2956, 1470, 1281, 1052, 964 cm™'; HRMS (DART-TOF) calcd. for C14H>4N30 [M-

OMe]: 250.1919, found: 250.1926. [a]p>’ = -57.0 (¢ = 1.0, CH,Cl,, / = 50 mm).

Me

Me/\/\

Me

@]

Me N\(
QiPr

MeN” SN

(4S5)-2-isopropoxy-4-isopropyl-3-((S)-2-methyl-1-(1-methyl-1H-imidazol-2-
yl)propyl)oxazolidine, 3.41. In a dry glove-box, (45)-4-isopropyl-2-methoxy-3-((R)-2-
methyl-1-(1-methyl-1H-imidazol-2-yl)propyl)oxazolidine (138 mg, 0.490 mmol) was
dissolved in benzene (2.5 mL) in a scintillation vial and i/PrO 2 7 mmol and
10 molecular sieves (4 A) were added. After sitting overnight, the sieves were filtered out
of the solution and washed with benzene (3x1 mL). The solution was concentrated to
obtain a colorless oil (121 mg, 80%). '"H NMR (C¢Dg 00M z §720 d J=1.0),
6.98 (s, 1H), 6.27 (d, 1H, J=1.2), 4.35 (app heptet, 1H, J=6.1), 3.80-3.83 (m, 1H),
3.57-3.60 (m, 1H), 3.28 (d, 1H, J=11.0), 2.85 (s, 3H), 2.66-2.73 (m, 1H), 2.58-2.62 (m,
1H), 1.71-1.77 (m, 1H), 1.48 (d, 3H, J=6.6), 1.30 (d, 3H, J=6.1), 1.24 (d, 3H, J=6.1),
0.94 (d, 3H, J = 6.8), 0.75 (d, 3H, J = 6.8), 0.72 (d, 3H, J = 6.6); *C NMR (C4Ds, 126

Mz & 02 200 076 66 6 60 3373222626232



Chapter 3, Page 305

21.6,21.1,20.3, 17.0; IR: 2958, 2870, 1471, 1380, 1366, 1281, 1139, 1104, 1034, 980,
950, 729 cm_l; HRMS (DART-TOF) caled. for C14H24N30 [M-OiPr]: 250.1919, found:

250.1911. [at]p® = -42.0 (¢ = 0.93, CDCls, [ = 50 mm).

MeN” SN

(S)-4-isopropyl-3-((R)-2-methyl-1-(1-methyl-1H-imidazol-2-yl)propyl)oxazolidine,
3.23.% To a stirring solution of (S)-3-methyl-2-(((R)-2-methyl-1-(1-methyl-1H-imidazol-
2-yl)propyl)amino)butan-1-ol (720 mg, 3.0 mmol) and paraformaldehyde (91 mg, 3.0
mmol) in anhydrous toluene (30 mL), p-toluenesulfonic acid monohydrate (5.7 mg, 3.0 X
10 mmol) was added. After refluxing overnight, reaction was cooled to room
temperature, and CH,Cl, (30 mL) was added. The resulting solution was concentrated.
Flash column chromatography (100% EtOAc) afforded the product as a colorless oil (520
mg, 68%). "H NMR (CDCls, 500 MHz) & 7.00 (d, 1H, J=1.2), 6.73 (d, 1H, J=1.2),
5.01(d, 1H,J=4.6),4.34 (d, 1H, J=4.4), 3.61 (s, 3H), 3.40-3.42 (m, 3H), 2.57 (dd, 1H,
J=12.7,6.6),2.17-2.27 (m, 1H), 1.65-1.75 (m, 1H), 1.12 (d, 3H, J=6.6), 0.93 (d, 3H, J
=6.8), 0.86 (d, 3H, J = 6.6), 0.66 (d, 3H, J = 6.6); *C NMR (CDCls, 125 MHz) & 147.9,
127.9, 120.3, 81.8, 67.6, 67.2, 62.8, 33.1, 33.0, 31.0, 21.1, 20.2, 20.0, 18.1; IR: 2955,

2868, 1468, 1279, 1140, 1084, 945, 724 cm™'; HRMS (DART-TOF) calcd. for

»Agami, C.; Couty, F.; Rabasso, N. Tet. Lett. 2002, 43, 4633-4636.
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C14H26N30: [M+H]": 252.2076, found: 252.2075. [a]p>" = +32.0 (¢ = 1.0, CH,Cl,, [ = 50

mm).

iPr
iPr

)
MeN/\g; N)ﬁI?H

LN ©
N-((S)-1-hydroxy-3-methylbutan-2-yl)-N-((R)-2-methyl-1-(1-methyl-1H-imidazol-2-
yl)propyl)formamide, decomp-III. Hydrolysis of (S)-3-methyl-2-(((R)-2-methyl-1-(1-
methyl-1H-imidazol-2-yl)propyl)amino)butan-1-ol, catalyst III, (25 mg, 8.9 x 107
mmol) by flash column chromatography (40:1, CH,Cl,:MeOH) afforded the product as a
white solid (21 mg, 88%). "H NMR (CDCls, 500 MHz) & 8.45 (s, 1H), 6.95 (d, 1H, J =
1.2),6.79 (d, IH,J=1.2),5.54 (d, 1H,J=11.2),3.97 (ddd, 1H, J=11.7,4.4, 2.9), 3.76
(dq, 1H, J=11.7,2.7), 3.60 (s, 3H), 3.49 (dt, 1H, J=10.3, 2.7), 2.33-2.43 (m, 1H), 2.17
(t, IH, J=4.9), 1.90-2.00 (m, 1H), 1.06 (d, 3H, J=6.6), 0.83 (d, 6H, J = 6.4), 0.08 (d,
3H, J=6.8); *C NMR (CDCls, 125 MHz) & 164.3, 144.9, 127.4, 120.9, 61.6, 60.3, 52.6,
32.9,29.3,28.7,20.3, 20.2, 20.0, 17.7; IR: 2963, 1648, 1490, 1248, 1080, 730 cm ';
HRMS (DART-TOF) calcd. for C14HyN30,: [M+H]": 268.2025, found: 268.2034.

[o]p?® = +48.0 (¢ = 1.0, CH,CL, [ = 50 mm).

Crystal Structure

In order to get confirmation of the relative stereochemistry, III was hydrolyzed to the
more crystalline compound decomp-III. It was crystallized out of pentanes at 25°C in a

glove box.
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Equilibrium Experiment of 3.11 with i{PrOH (Scheme 3.9)

In a glovebox, a solution of catalyst 3.11 (10.0 mg, 4.17 x 10 mmol) and N,N-
diisopropylethylamine hydrochloride (6.91 mg, 4.17 x 10 mmol) in anhydrous C¢Ds

00 p  was made and dispensed into an NMR t ¢ /PrOH (0.209 mmol, 00p 0 7
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M solution in Cg¢Dg, 5 equiv) was added to the NMR tube. The reaction was monitored by
'"H NMR. After 15 hours, equilibrium was reached. A ratio of 48:52, 3.11 to 3.12 gave a
Keq 0f 0.126. The equilibrium experiment was repeated with 10 eq iPrOH (0.417 mmol)
which gave a ratio of 34:66, 3.11 to 3.12, and a K4 0of 0.137. The average K¢q was 0.131.

Procedure for the Initial Studies of the Selective Functionalization of 1.2-Diols

GC Method. An Agilent Technologies 7890A GC System equipped with a 7683B Series
Injector was used to introduce samples into a J&W Scientific column (HP-5, 30 m, 0.320
mmID 02 pm film heG wa srn at 00° for 0 mintes and then the
temperature was ramped 8 °C/min. to a final temperature of 180 °C. Compounds were
detected by FID and data was analyzed with Agilent Technologies GC Chemstation
software. Retention times are reported in minutes.

Scheme 3.10, Eq. 1

In an oven-dried reaction vial, 1-phenyl-1,2-ethanediol, 3.13, (28 mg, 0.20 mmol) was
dissolved in anhydrous THF (0.5 mL). N-methylimidazole 32 p 4.0 x 10 mmol, 20
mol %) was added, and the reaction was stirred at room temperature for 10 minutes. N,N-
Diisopropylethylamine 2 02 mm ol was added followed y addition of a sol ti on
of tert-butylchlorodimethylsilane (33 mg, 0.20 mmol) in anhydrous THF (0.5 mL). After
stirring at room temperature for 12 hours, the reaction was quenched by addition of N,N-
diisopropylethylamine 30 p and methanol p he mi tre was stirred at room
temperature for 10 min and filtered through a Pasteur pipette packed with silica gel,
followed by a flush with EtOAc (10 mL). GC analysis afforded the selectivity of the

reaction.
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Scheme 3.10, Eq. 2

To an oven-dried reaction vial, a solution of 1-phenyl,-1,2-ethanediol, 3.13, (28 mg, 0.20
mmol) and 3.11 (9.6 mg, 4.0 x 102 mmol, 20 mol %) in anhydrous THF (0.5 mL) was
added. The reaction was stirred at room temperature for 10 minutes. N,N-
Diisopropylethylamine 2 02 mm ol was added followed y addition of a sol ti on
of tert-butylchlorodimethylsilane (33 mg, 0.20 mmol) in anhydrous THF (0.5 mL). After
stirring at room temperature for 12 hours, the reaction was quenched by addition of N,N-
diisopropylethylamine 30 p  and methanol p he mi tre was stirred at room
temperature for 10 min and filtered through a Pasteur pipette packed with silica gel,
followed by a flush with EtOAc (10 mL). GC analysis afforded the selectivity of the

reaction.

OH

©)\/OTBS

2-((tert-Butyldimethylsilyl)oxy)-1-phenylethanol, 3.14. A 100 mL flask was charged
with tert-butyldimethylsilyl chloride (545 mg, 3.62 mmol) in THF (18 mL). N,N-
Diisopropylethylamine (0.630 mL, 3.62 mmol), N-methylimidazole (5.80 x 10 mL,
0.720 mmol) and 1-phenyl-1,2-ethanediol, 3.13, (501 mg, 3.62 mmol) in THF was slowly
added as a mixture. The reaction was allowed to stir for 48 hours before quenching with
MeOH. The resulting mixture was evaporated in vacuo and the crude product was
purified on silica gel with 5% EtOAc/Hex to yield 631 mg (69%) of the title compound

as a clear oil. "H NMR (CDCl; 00M z 672 -7.39 (m, 5H), 4.74-4.77 (m, 1H), 3.78
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(dd, IH, J = 4.0, 10.0), 3.56 (dd, 1H, J = 8.5, 10.0), 3.00 (d, 1H, J = 2.0), 0.93 (s, 9H),
0.09 (s, 3H), 0.08 (s, 3H); *CNMR (CDCl; 00Mz & 03 28.3,127.7,126.2,
74.4,68.9,25.9, 18.3, -5.3, -5.4; IR: 3443, 3063, 2953, 2856, 1253, 1103, 833, 698 cm™';
HRMS calcd. for C14H,50,Si [M-H]": 253.1623, found: 253.1617. GC Method: 76.2

min.

OTBS
OTBS

2,2,3,3,8,8,9,9-Octamethyl-5-phenyl-4,7-dioxa-3,8-disiladecane. A 100 mL flask was
charged with tert-butyldimethylsilyl chloride (2.40 g, 15.9 mmol) in THF (18 mL). N-
methylimidazole (1.30 mL, 15.9 mmol) and 1-phenyl-1,2-ethanediol, 3.13, (1.01 g, 7.24
mmol) in THF was slowly added as a mixture. The reaction was allowed to stir for 48
hours before quenching with MeOH. The resulting mixture was evaporated in vacuo and
the crude product was purified on silica gel with 2% EtOAc/Hex to yield 1.30 g (49%) of
the title compound as a clear oil. '"HNMR (CDCl; 00Mz & 726-7.38 (m, 5H), 4.73
(dd, 1H,J=5.5,7.5),3.70 (dd, 1H, J = 7.0, 10.5), 3.58 (dd, 1H, J = 5.0, 10.0), 0.92 (s,
9H), 0.89 (s, 9H), 0.10 (s, 3H), 0.001 (s, 3H), -0.01 (s, 3H), -0.02 (s, 3H); *C NMR
(CDCl; 00Mz &6 2 27 272 26 76 70 1,26.0,25.9,18.4, 18.3, -4.6, -
4.8, -5.4,-5.5; IR: 2954, 2928, 2856, 1471, 1253, 1095, 830, 774 cm™'; HRMS calcd. for

C0H4NO,Si; [M+NH4]": 384.2763, found: 384.2754. GC Method: 91.7 min.
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OTBS
OH

2-((tert-Butyldimethylsilyl)oxy)-2-phenylethanol, 3.15. A 100 mL flask was charged
with 2,2,3,3,8,8,9,9-octamethyl-5-phenyl-4,7-dioxa-3,8-disiladecane (1.30 g, 3.55 mmol)
in ethanol (7 mL), followed by addition of pyridinium p-toluenesulfonate (0.892 g, 3.55
mmol). The reaction was allowed to stir for 13 hours before quenching with
triethylamine. The crude mixture was evaporated in vacuo and the crude product was
purified on silica gel eluting with 5% EtOAc/Hex to yield 647 mg (72%) of the title
compound as a colorless oil. "H NMR (CDCls, 500 MHz) & 7 26-7.35 (m, 5H), 4.76 (dd,
1H,J=4.5,7.5),3.57-3.60 (m, 2H), 2.07 (dd, 1H, J = 5.0, 8.5), 0.91 (s, 9H), 0.07 (s,
3H), -0.09 (s, 3H); "C NMR (CDCl; 00Mz & 23 277 2637 6
25.8,25.6, 18.2, -4.5, -5.0; IR: 3433, 2953, 2856, 1252, 1098, 912, 776, 698 cm™";
HRMS calcd. for C4H,50,Si [M+H]": 253.1623, found: 253.1620. GC Method: 61.3
min.

Scheme 3.11, Eq. 1

In an oven-dried reaction vial, 1-phenyl-1,2-ethanediol, 3.13, (28 mg, 0.20 mmol) was
dissolved in anhydrous THF (1.0 mL). N-methylimidazole 32 4.0 x 10 mmol, 20
mol %) was added, and the reaction was stirred at room temperature for 10 minutes. N,N-
Diisopropylethylamine 2 02 mm ol was added followed vy triethylchlorosilane
36 0 020 mmol A fter stirring at room temperat re for 2 h ors the reaction was
quenched by addition of N,N-diisopropylethylamine 30 u and methanol p he

mixture was stirred at room temperature for 10 min and filtered through a Pasteur pipette
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packed with silica gel, followed by a flush with EtOAc (10 mL). GC analysis afforded
the selectivity of the reaction.

Scheme 3.11, Eq. 2

To an oven-dried reaction vial, a solution of 1-phenyl,-1,2-ethanediol, 3.13, (28 mg, 0.20
mmol) and 3.11 (9.6 mg, 4.0 x 10> mmol, 20 mol %) in anhydrous THF (1.0 mL) was
added. The reaction was stirred at room temperature for 10 minutes. N, N-
Diisopropylethylamine 2 02 mm ol was added followed vy triethylchlorosilane
36 u 020 mmol A fter stirring at room temperat re for 2 h ors the reaction was
quenched by addition of N,N-diisopropylethylamine 30 u and methanol p he
mixture was stirred at room temperature for 10 min and filtered through a Pasteur pipette
packed with silica gel, followed by a flush with EtOAc (10 mL). GC analysis afforded

the selectivity of the reaction.

OH

©)\/OTES

1-phenyl-2-((triethylsilyl)oxy)ethanol, 3.16. A 100 mL flask was charged with
triethylchlorosilane (1.09 g, 7.24 mmol) in THF (18 mL). N-methylimidazole 7 p

7.24 mmol) and I-phenyl-1,2-ethanediol, 3.13, (1.0 g, 7.24 mmol) in THF (18 mL) was
slowly added as a mixture. The reaction was allowed to stir for 48 hours before
quenching with MeOH. The resulting mixture was evaporated in vacuo and the crude
product was purified on silica gel with 2% EtOAc/Hex to yield 898 mg (49%) of the title

compound as a clear oil. 'HNMR (CDCl; 00M z & 729-7.42 (m, 5H), 4.77-4.79 (m,
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1H), 3.79 (dd, 1H, J = 3.5, 10.0), 3.59 (dd, 1H, J =9.0, 10.5), 3.17 (d, 1H, J = 2.0), 1.01
(t, 9H, J = 8.0), 0.66 (q, 6H, J = 8.0); *CNMR (CDCl; 00M z 35 0 2 3

127.7,126.2, 74.5, 68.7, 6.7, 4.4; IR: 3456, 2954, 2876, 1454, 1104, 1005, 743, 699 cm
1; HRMS (DART-TOF) caled. for C4H»50,Si1 [M+H]+: 253.1623, found: 253.1624. GC

Method: 88.2 min.

OTES
OTES

3,3,8,8-Tetraethyl-5-phenyl-4, 7-dioxa-3,8-disiladecane. A 100 mL flask was charged
with triethylchlorosilane (2.40 g, 15.9 mmol) in THF (9 mL). N-methylimidazole (1.30 g,
15.9 mmol) and 1-phenyl-1,2-ethanediol, 3.13, (1.01 g, 7.24 mmol) in THF (9 mL) was
slowly added as a mixture. The reaction was allowed to stir for 96 hours before
quenching with MeOH. The resulting mixture was evaporated in vacuo and the crude
product was purified on silica gel with 2% EtOAc/Hex to yield 824 mg (31%) of the title
compound as a clear oil. "HNMR (CDCl; 00M z & 726-7.39 (m, 5H), 4.75 (dd, 1H,
J=15.0,7.0),3.72 (dd, I1H, J = 7.0, 10.0), 3.60 (dd, 1H, 5.0, 10.0), 0.92-0.97 (m, 18H),
0.55-0.65 (m, 12H); ®*C NMR (CDCl; 00Mz & 2 27 272 26 7

69.6, 6.8, 6.7, 4.9, 4.4; IR: 2953, 2876, 1124, 1095, 1004, 723, 697 cm™'; HRMS

calcd. for Co0H300,Si; [M+H]": 367.2488, found: 367.2495. GC Method: 98.4 min.

OTES
OH
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2-Phenyl-2-((triethylsilyl)oxy)ethanol, 3.17. A 50 mL flask was charged with 3,3,8,8-
tetraethyl-5-phenyl-4,7-dioxa-3,8-disiladecane (831 mg, 2.26 mmol) in ethanol (5 mL),
followed by addition of pyridinium p-toluenesulfonate (572 mg, 2.26 mmol). The
reaction was allowed to stir for 14 hours before quenching with triethylamine. The crude
mixture was evaporated in vacuo and the crude product was purified on silica gel eluting
with 2% EtOAc/Hex to yield 281 mg (49%) of the title compound as a clear oil. "H NMR
(CDCI; 00Mz 6 7.26-7.33 (m, SH), 4.76 (dd, 1H, J =4.5,7.5), 3.57-3.60 (m, 2H),
2.12 (dd, 1H, J = 5.0, 8.5), 0.89 (t, 9H, J = 8.5), 0.59 (q, 6H, J = 8.5); *C NMR (CDCls,
00Mz 128.2,127.7,126.2, 75.6, 68.9, 6.7, 4.8; IR: 3406, 2953, 2875, 1454,
1098, 1004, 725, 698 cm']; HRMS calcd. for C4H,50,S1 [M+H]+: 253.1623, found:
253.1634. GC Method: 85.1 min.

Reaction of 3.11 with Individual Enantiomers (Scheme 3.12. Eq 1)

To an oven-dried reaction vial, a solution of (S)-1-phenyl-1,2-ethanediol, (5)-3.13, (28
mg, 0.20 mmol), N,N-diisopropylethylamine hydrochloride (6.6 mg, 4.0 x 10 mmol, 20
mol %), and 3.11 (9.6 mg, 4.0 x 10 mmol, 20 mol %) in anhydrous THF (3 mL) was
added. The reaction was stirred at room temperature for 10 minutes. N,/N-
Diisopropylethylamine 2p 02 mmol 1.2 equiv) was added, followed by
triethylchlorosilane 36 p 0 20 mmol 0 eqiv ). After stirring at room temperature for
12 hours, the reaction was quenched by addition of N,N-diisopropylethylamine 30 p

and methanol p he mi tre was stirred at room temperature for 10 min and filtered
through a Pasteur pipette packed with silica gel, followed by a flush with EtOAc (10

mL). GC analysis afforded the yield and selectivity of the reaction.
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Reaction of 3.11 with Individual Enantiomers (Scheme 3.12. Eq 2)

To an oven-dried reaction vial, a solution of (R)-1-phenyl-1,2-ethanediol, (R)-3.13, (28
mg, 0.20 mmol), N,N-diisopropylethylamine hydrochloride (6.6 mg, 4.0 x 10% mmol, 20
mol %), and 3.11 (9.6 mg, 4.0 x 10”2 mmol, 20 mol %) in anhydrous THF (3 mL) was
added. The reaction was stirred at room temperature for 10 minutes. N, N-
Diisopropylethylamine 2pu 02 mmol 2eq iv) was added, followed by
triethylchlorosilane 36 020 mmol 0 eqiv ). After stirring at room temperature for
12 hours, the reaction was quenched by addition of N,N-diisopropylethylamine 30 p

and methanol p he mi tre was stirred at room temperat re for 0 min and filtered
through a Pasteur pipette packed with silica gel, followed by a flush with EtOAc (10
mL). GC analysis afforded the yield and selectivity of the reaction.

Catalyst Optimization Procedure with 3.13 (Table 3.2)

To an oven-dried reaction vial, a solution of (R)-1-phenyl-1,2-ethanediol, (R)-3.13, (28
mg, 0.20 mmol), N,N-diisopropylethylamine hydrochloride (6.6 mg, 4.0 x 10 mmol, 20
mol %), and catalyst (20 mol %) in anhydrous THF (3 mL) was added. The reaction was
stirred at room temperature for 10 minutes. N,N-Diisopropylethylamine 2 p 02
mmol, 1.2 equiv) was added, followed by triethylchlorosilane 36 p 0 20 mmol 0
equiv). After stirring at room temperature for 12 hours, the reaction was quenched by
addition of N,N-diisopropylethylamine 30 p  and methanol p he mitre was
stirred at room temperature for 10 min and filtered through a Pasteur pipette packed with
silica gel, followed by a flush with EtOAc (10 mL). GC analysis afforded the yield and

selectivity of the reaction.
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Table 3.2

R=Bu (1.0 x 10" mg, 4.0 x 10> mmol, 20 mol %)
R=iPr, 3.11, (9.6 mg, 4.0 x 102 mmol, 20 mol %)
R=iBu (1.0 x 10" mg, 4.0 x 10> mmol, 20 mol %)
R=Me (9.1 mg, 4.0 x 10 mmol, 20 mol %)

R=H (8.5 mg, 4.0 x 10” mmol, 20 mol %)

R=Ph (12 mg, 4.0 x 10 mmol, 20 mol %)

Stereoselective Functionalization of Diols

General Catalyst Optimization Procedure with 3.18

To an oven-dried glass reaction vial, a solution of cis-1,2-cyclopentanediol, 3.18 (2.0 x
10! mg, 0.20 mmol), catalyst (4.0 x 107 mmol, 20 mol %), and N,N
diisopropylethylamine hydrochloride (6.6 mg, 4.0 x 10 mmol, 20 mol %) in anhydrous
THF (0.25 mL) was added. The reaction was stirred at 4 °C for 10 minutes. N,/N-
diisopropylethylamine (42 pL, 0.24 mmol, 1.2 equiv) was added, followed by addition of
a solution of tert-butylchlorodimethylsilane (120 mg, 0.80 mmol, 4.0 equiv) in anhydrous
THF (0.25 mL). After stirring at 4 °C for 24 hours, the reaction was quenched by addition
of N,N-diisopropylethylamine (100 pL) and methanol (30 pL). The mixture was stirred
for 10 minutes and filtered through a Pasteur pipette packed with silica gel, followed by
flush with EtOAc (15 mL). To the combined filtrate, 1,3,5-trimetho y enzene Op of
0.40M in EtOAc, 0.020 mmol) was added as internal standard. Chiral GLC Analysis

(Supelco Beta Dex 120 (30 m x 0.15 mm X 0.25 um film thickness), 78 °C for 100 min,
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20 °C/min to 180 °C, 180 °C for 20 min, 15 psi.) of crude product afforded yields and

enantioselectivities of 3.19.

OH 20 mol % catalyst, 24 h, 4 °C OTBS
HO 4 equiv TBSCI, THF (0.4 M) HO,
1.2 equiv DIPEA
20 mol % DIPEA-HCI
3.18 3.19
Major Prod c t | Minor Prod c t . Internal
; . Diol S st rate
na ntiomer na ntiomer Standard
G Ret 1ime 7mi n Omi n 03 mi n 0 mi n
Response
pons 062 0 62 7 00
Factor

“Response factors were calculated against internal standard on GLC. °1,3,5-trimethoxybenzene was used as
an internal standard.

Initial Catalyst Optimization (Table 3.3)

R=Me (9.1 mg, 4.0 x 10 mmol, 20 mol %)
R=iBu (1.0 x 10" mg, 4.0 x 10> mmol, 20 mol %)
R= iPr, 3.11, (9.6 mg, 4.0 x 10 mmol, 20 mol %)
R=Bu (1.0 x 10" mg, 4.0 x 10> mmol, 20 mol %)

(S, S) and (S, R)-Catalysts (Table 3.4)

R= (S)-Me (1.0 x 10" mg, 4.0 x 10 mmol, 20 mol %)
R= (S)-iPr (11 mg, 4.0 x 10 mmol, 20 mol %)
R= (R)-Me (1.0 x 10" mg, 4.0 x 10> mmol, 20 mol %)
R= (R)-Ph (13 mg, 4.0 x 10 mmol, 20 mol %)

R= (R)-iPr, 111, (11 mg, 4.0 x 10 mmol, 20 mol %)



Chapter 3, Page 318

General Optimization Procedure:

To an oven-dried glass reaction vial, a solution of cis-1,2-cyclopentanediol, 3.18 (2.0 x
10" mg, 0.20 mmol), ITI (11 mg, 4.0 x 10 mmol, 20 mol %), and N,N-
diisopropylethylamine hydrochloride (6.6 mg, 4.0 x 10 mmol, 20 mol %) in anhydrous
THF (0.25 mL) was added. The reaction was stirred at room temperature for 10 minutes.
N,N-diisopropylethylamine (42 pL, 0.24 mmol, 1.2 equiv) was added, followed by
addition of a solution of zert-butylchlorodimethylsilane (120 mg, 0.80 mmol, 4.0 equiv)
in anhydrous THF (0.25 mL). After stirring at room temperature for 4 hours, the reaction
was quenched by addition of N, N-diisopropylethylamine (100 puL) and methanol (30 uL).
The mixture was stirred at room temperature for 10 minutes and filtered through a
Pasteur pipette packed with silica gel, followed by flush with EtOAc (15 mL). To the
combined filtrate, 1,3,5-trimetho yenzene Op of 0 OMin tOA ¢ 0020 mmol was
added as internal standard. Chiral GLC Analysis (Supelco Beta Dex 120 (30 m x 0.15
mm % 0.25 um film thickness), 78 °C for 100 min, 20 °C/min to 180 °C, 180 °C for 20
min, 15 psi.) of crude product, 3.19, afforded yields and enantioselectivities.

Time Course with III (Table 3.5)

The General Optimization Procedure was followed except the reaction time was 8 hours
for entry 2.

Catalyst Loading Screen (Table 3.6)

The General Optimization Procedure was followed using 5 mol % (2.8 mg, 1.0 x 10
mmol), 10 mol % (5.6 mg, 2.0 x 10 mmol), and 20 mol % (11 mg, 4.0 x 10? mmol) of

I11.
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1.2.2.6.6-Pentamethylpiperdine as the Base (Scheme 3.16)

The General Optimization Procedure was followed using 1,2,2,6,6-pentamethylpiperidine
(44 pL, 0.24 mmol, 1.2 equiv) instead of N,N-diisopropylethylamine as the base.

Time Screen with PMPP and PMPP-HCI (Table 3.7)

To an oven-dried glass reaction vial, a solution of cis-1,2-cyclopentanediol, 3.18 (2.0 x
10" mg, 0.20 mmol), IIX (11 mg, 4.0 x 10~ mmol, 20 mol %), and 1,2,2,6,6-
pentamethylpiperidine hydrochloride (1.2 mg, 6.0 x 10~ mmol, 3 mol %) in anhydrous
THF (0.25 mL) was added. The reaction was stirred at room temperature for 10 minutes.
1,2,2,6,6-pentamethylpiperidine (44 pL, 0.24 mmol, 1.2 equiv) was added, followed by
addition of a solution of tert-butylchlorodimethylsilane (121 mg, 0.80 mmol, 4.0 equiv)
in anhydrous THF (0.25 mL). After stirring at room temperature for 2 or 4 hours, the
reaction was quenched by addition of N, N-diisopropylethylamine (100 pL) and methanol
(30 pL). The mixture was stirred at room temperature for 10 minutes and filtered through
a Pasteur pipette packed with silica gel, followed by flush with EtOAc (15 mL). To the
combined filtrate, 1,3,5-trimetho yenzene Op of 0 OMin tOA ¢ 0020 mmol was
added as internal standard. Chiral GLC Analysis (Supelco Beta Dex 120 (30 m x 0.15
mm X 0.25 um film thickness), 78 °C for 100 min, 20 °C/min to 180 °C, 180 °C for 20
min, 15 psi.) of crude product afforded yields and enantioselectivities.

Concentration Screen (Table 3.8)

The procedure for Table 3.7 was followed using 2.0 equiv TBSCI (120 mg, 0.80 mmol),
running the reaction for 4 hours, and varying the concentration of the reaction.

Concentrations: 0.2 M (1 mL), 0.4 M 00 p 0M 200 pn
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Reaction with a Control Catalyst (Scheme 3.17)

The procedure for Table 3.8 was followed using 3.23 (1.0 x 10" mg, 4.0 x 10 mmol, 20
mol %) as the catalyst in THF (0.4 M).

Reaction Run in fBuOH (Scheme 3.18)

The procedure for Table 3.8 was followed using /BuOH (0.4 M) as the solvent.

Reaction of (1R.2S5.2)-cyclooct-5-ene (Scheme 3.19)

The procedure for Table 3.7 was followed using (1R,2S,Z)-cyclooct-5-ene, 3.31, (28 mg,
0.20 mmol), and the reaction was run for 24 h at 4 °C.

Substrate Synthesis

The following compounds were made according to literature procedures and matched
reported spectra: (IR, 2S)-cyclohex-4-ene-1,2-diol*®, (1R, 2S)-cycloheptane-1,2-diol*,
(IR,3S)-cyclopentane-1,3-diol*’.

General Procedure for Substrate Scope (Table 3.9)

To an oven-dried glass reaction vial, a solution of cis-1,2-cyclopentanediol, 3.18, (41 mg,
0.40 mmol), catalyst ITI (22 mg, 8.0 x 102 mmol, 20 mol %), and 1,2.2.6,6-
pentamethylpiperidine hydrochloride (2.3 mg, 1.2 x 10 mmol, 3 mol %) in anhydrous
THF (0.50 mL) was added. The reaction was stirred at room temperature for 10 minutes.
1,2,2,6,6-pentamethylpiperidine (87 uL, 0.48 mmol, 1.2 equiv) was added, followed by
addition of a solution of zert-butylchlorodimethylsilane (120 mg, 0.80 mmol, 2.0 equiv)

in anhydrous THF (0.50 mL). After stirring at room temperature for 4 hours, the reaction

*Alvarez, E.; Diaz, M. T.; Perez, R.; Ravelo, J. L.; Regueiro, A.; Vera, J. A.; Zurita, D.; Martin, J. D. J.
Org. Chem. 1994, 59, 2848-2876. 27Chen, Z.; Halterman, R. L. Organometallics 1994, 13,3932-3942.
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was quenched by addition of N, N-diisopropylethylamine (200 uL) and methanol (60 uL).
The mixture was stirred at room temperature for 10 minutes and was concentrated. Flash
column chromatography (Hex/EtOAc = 20/1) afforded pure product, 3.19, as a colorless
oil (81 mg, 92%, 94% ee). Chiral GLC Analysis (Supelco Beta Dex 120 (30 m % 0.15
mm X 0.25 um film thickness), 78 °C for 100 min, 20 °C/min to 180 °C, 180 °C for 20

min, 15 psi.).
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Table 3.9 Substrate Scope

iPr

IPFI\NQO 3%

OMe Me— ®_t—Me

20%

HO  OH MeN" N MdoNyMe  Ho  OTBS
\—/ I Sme
I TBSCI, pentamethylpiperidine, THF ' )
0.2 mmol
. ) ave. yield ave. ee
entry  substrate product yield (%)  ee (%)° vield (%) ee (%)° 2 runs) (2 runs)
OH OTBS
1¢ HO\E& Hoxé 319 92 944 84 97 88 96
OH OTBS
HO, HO,
2 324 73 92 85 85 79 89
o] o]
OH OTBS
39 H0\© H0\© 325 85 90 88 90¢ 87 90
OH OTBS
HO HO
4f 326 90 94 85 95 88 95
OH OTBS
59 HO\@ HO\(’) 3.27 grd 92d 85 91 86 92
Ho OH Ho OTBS
gh 3.28 83 90 80 90 82 90

(%

HO OH H OTBS

o)
7i © 329 o4 86 o1 85 93 86

HO OH HO OTBS

8l 330 78 91 7 88 78 90

X

Me Me Me Me

aIsolated yields. PEes determined using a chiral GC column. °Using 2 equiv TBSCI and 1.2 equiv PMPP at 0.4 M for 4 h. °Run on 0.4
mmol substrate. ®Using 4 equiv TBSCI and 1.2 equiv PMPP at 0.2 M for 24 h. fUsing 2 equiv TBSCl and 1.2 equiv PMPP at 0.2 M for
8 h.8Using 2 equiv TBSCI and 1.2 equiv PMPP at 0.2 M for 12 h. hUsing 4 equiv TBSCI and 2 equiv PMPP for 24 h at 4 °C. iUsing 4
equiv TBSCI and 2 equiv PMPP for 24 h at rt. jUsing 4 equiv TBSCI and 2 equiv PMPP for 36 h at 4 °C.
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Desymmetrization Product Characterization

Table 3.9, Entry 1.

Me\/l\ﬂ?\/le

0-Si-Me
HO\@ Me

(I1R,25)-2-(tert-butyldimethylsilyloxy)cyclopentanol, 3.19. The general procedure was
followed to yield a colorless oil (81 mg, 92%). GC (Supelco Beta Dex 120 (30 m x 0.15
mm 02 upm film thickness 7 ©°C for 100 min, 20 °C/min to 180 °C, 180 °C for 20
min, 15 psi., frmajor = 91.6 MIN, tminer = 94.4 min), 94% ee; '"H NMR (CDCl; 00Mz o
4.02-4.06 (m, 1H), 3.89-3.93 (m, 1H), 2.61 (d, 1H, J=3.9), 1.59-1.88 (m, 5H), 1.42-1.51
(m, 1H), 0.91 (s, 9H), 0.10 (s, 3H), 0.08 (s, 3H); *CNMR (CDCl; 00Mz &7

73.7,31.6,31.1,26.0,20.2, 18.3, -4.4, -4.8; [a]p>’ = +18.7 (¢ = 0.52, CHCls, [ = 50 mm).

[ FID1 A. Fronl Signal (XSWS-SILYLATION 2011-05-18 05-98-34W5-2-276- -RETRY.D)
pA] N E °
] 3 ¢

o "o _"_alz £ o I 8 —mia

FID1 A, Frant Signal (ADWXS-SILYLATION 201 -04-12 18-30-3NAW-4-142.D)
pA]
10
g
8-
8-
53 g &
o bl
B 9 02 ® o e T T e
Pegak RetTime Type Width Area Height Area
# [min] [min] [ph*=s] [pA] %

-oemfememeee R [-=mmmemmes |--mmmeees e |
1 91.839 MF G.8639 380,97656 T.34083 37.3777¢8

2 94,395 FM 0.8785  10.25304 1.%4625e-1 2.82222
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Table 3.9, Entry 2.

v
e e

HO 0-Si-Me

el

(0)
(3R,45)-4-((tert-butyldimethylsilyl)oxy)tetrahydrofuran-3-ol, 3.24. The general
procedure was followed using 4 equivalents of tert-butylchlorodimethylsilane at 0.2 M
and running 24 hours to yield a colorless oil (32 mg, 73%). GC (Supelco Beta Dex 120
(30 m x 0.15 mm x 0.25 pum film thickness), 75 °C for 260 min, 20 °C/min to 180 °C,
180 °C for 20 min, 15 psi., fimajor = 223.3 min, fminer = 229.7 min), 92% ee; 'H NMR
(CDCl3, 500 MHz) 6 4.26 (dd, 1H, J=11.5, 5.9), 4.08-4.12 (m, 1H), 3.87-3.92 (m, 2H),
3.71 (dd, 1H, J=9.5, 3.7), 3.57 (dd, 1H, J=9.0, 5.6), 2.81 (d, 1H, J = 4.6), 0.90 (s, 9H),
0.11 (s, 3H), 0.09 (s, 3H); *C NMR (CDCl;, 125 MHz) & 73.6, 72.5, 72.4, 71.2, 26.0,
18.3, -4.5, -4.8; IR: 2953, 2930, 2858, 1254, 1131, 1069, 836, 779 cm'; HRMS (DART-
TOF) caled. for CHx305Si: [M+H]™: 219.1417, found: 219.1421. [a]p™® = +21.0 (¢ =

1.1, CH2C12, /=50 mm)

FID1 A, Front Signal (XSWS-SILYLATION 2011-05-12 15-30-14\X5-3- 160-BETA-TSC300MIN.D|
I

~ E &
e

220 229 224 o8 228 230 232 234 min
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[ FID1 A Front Signal (RSWE-SILYLATION 2011-05-18 06-46-340(5-3-168-75C.0)
v

5.4

5.2

5=

| 484

467 &
4.4 g A
4.2"r
220 222 224 228 228 230 " am 284 mi
Peak RetTime Type Width Area Height Araa
# [min] [min] [pa*z] (pal %

e e |-=mmmmee |- =msmmmnm | = mmm a
1 223.230 MF 2.05877 182.49138 1.47814 36.0896E
2 229.855 FK 1.2853 7.42638 5 _55570e-2 3.91032

Table 3.9, Entry 3

M
Me\FMe

_Si-Me
O \

Me
HO\©

(IR, 6S5)-6-(tert-butyldimethylsilyloxy)cyclohex-3-enol, 3.25. The general procedure
was followed running at 0.2 M in THF for 12 hours to yield a colorless oil (79 mg, 88%).
GC SpelcoBetaDe 20 30m 0 mm 02 pm film thickness °C for 70
min, 20 °C/min to 180 °C, 180 °C for 20 min, 15 psi., fimajor = 73.9 min, fiminer = 74.1
min), 90% ee; "H NMR (CDCl; 00M z & -5.55 (m, 2H), 3.86-3.92 (m, 2H), 2.28-
2.30 (m, 2H), 2.18-2.22 (m, 3H), 0.90 (s, 9H), 0.08 (s, 6H); *C NMR (CDCl; 00
124.0, 123.7, 70.0, 69.3, 31.5, 30.7, 26.0, 18.3, -4.3, -4.6; [a]p>" = +24.2 (¢ = 1.0, CHCl;,

/=50 mm).
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[ FIDTA Front Signal (%SXS-SILYLATION 2017-03-11 15-01-36X5-3-82.0)

pA 3 ] -15‘:'

] )

60 ;!

50

40—_

30__

204

103

737 ?3'.3 7'5.9 ?'4 74'.1 74'1 75.3 miny

T FID1 A, Front Signal {(ADWXS-SILYLATION 2011-04-00 13.237 S0AW-&- 125D} -

pA 5 &

o )

503
%3
{ 303

20 =

104

737 ) 138 " a0 m 71 741 m T4z 743 " i
Peak RetTime Type Width Area Height Area
g [mmin] [min] [pA*s) [pal %
aaand I R . | === | =mmme e R |
1 73.901 MF 0.0%43 213.06021 65.41747 54.82220
2 T4.078 PHM 0.0558 11.63422 3.46714 5.17780
Table 3.9, Entry 4
Me
I._Me
HO O-Si
>VMe
Me Me

(2R,3S5)-3-((tert-butyldimethylsilyl)oxy)-1,2,3,4-tetrahydronaphthalen-2-ol, 3.26. The
general procedure was followed with (2R,35)-1,2,3,4-tetrahydronaphthalene-2,3-diol (99
mg, 0.60 mmol) at 0.2 M in THF for 8 hours to yield a colorless oil (140 mg, 85%).
Chiral HPLC Analysis (Chiracel AS-H, hexanes/iPrOH = 99/1, 1.0 mL/min, 220 nm,
trmajor= 4.9 min and #mino= 5.4 min) 95% ee; '"H NMR (CDCl; 00Mz 670 -7.26 (m,
4H), 4.08-4.12 (m, 1H), 4.05-4.06 (m, 1H), 3.02 (t, 2H, J=4.2), 2.99 (t, IH, J=8.3),
2.87(dd, 1H,J=16.1,5.4),2.24 (d, 1H, J=3.4), 0.90 (s, 9H), 0.12 (s, 3H), 0.11 (s, 3H);

BCNMR(CDCl; 2 Mz 833 33 22 20 263 26 70 6 .8,34.9,
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34.5,26.0, 18.3, -4.2, -4.5; IR: 2928, 1253, 1083, 980, 918, 831, 775, 742 cm™'; HRMS
(DART-TOF) calcd. for C1H»0,Si: [M+H]": 279.1780, found: 279.1781. [ap2* = +27.0

(¢ =1.0, MeOH, / = 50 mm).

AT

e
i \

4 i) « af 55 51 52 53 a4 85 ) ) sk an

. i = /.\\ .
SN
200 !';
) ./’/;I X b N
Detector A Ch2 220nm
Peak# Ret. Time Area Height Area % Height %
1 4.964 2990306 364009 97.401 97.372
2 5.441 79785 9824 2.599 2.628
Total 3070091 373833 100.000 100.000
Table 3.9, Entry 5.
Me eMe
_Si-Me

(IR,25)-2-(tert-butyldimethylsilyloxy)cyclohexanol, 3.27. The general procedure was

followed at 0.2 M in THF for 12 hours to yield a colorless oil (8.0 x 10" mg, 87%). GC
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SpelcoBetaDe 20 30m O mm 02 pm film thickness 0 °C for 190 min,
20 °C/min to 180 °C, 180 °C for 20 min, 15 psi, tumajor = 167.4 Min, fypinor = 172.7 min),
92% ee; "H NMR (CDCl; 00 Mz & 3 73-3.76 (m, 1H), 3.63-3.65 (m, 1H), 2.18-2.19
(m, 1H), 1.72-1.79 (m, 2H), 1.65-1.72 (m, 2H), 1.56-1.62 (m, 2H), 1.44-1.51 (m, 1H),
1.21-1.31 (m, 1H), 0.91 (s, 9H), 0.08 (s, 6H); *C NMR (CDCl; 00 Mz &722 70

30.7,30.3,26.0,22.2,21.3, 18.3, -4.3, -4.7; [a]p”’ = +12.1 (c = 1.1, MeOH, / = 50 mm).

FiD A, Front Signal (RS XE-SILYLATION 2011-03-03 20-32-50%5-3-61- 1-B0C.D)

[

?—
65

a-—
5.5+

5
453

PE

168 188 170 172 174 178 T s i
ID1 A, Frent Signal CS-SILYLATHON 2011-04-12 18-30-3NAW-4-135.0)

PA J

8]

7

o]

54 § .-Q@

4 bﬁ“’

188 188 170 ' 172 114 178 178 _min
Peak RetTime Type Widch Area Height Area
# [min] [min] [pA*=] [pAl %
e e o [ |-mmmmmne- | mmmmmmmee |=mmmmme |
1 167.430 MF 1.9304 &50.79871 5.61872 96.01317
2 172.879 FM 2.0692 27.02361 2.17670e-1 3.98EB3
Table 3.9, Entry 6

M
Me\i/eMe

_Si-M
o

HO f Me

(1R,2S5)-2-(tert-butyldimethylsilyloxy)cycloheptanol, 3.28. The general procedure was

followed using 4 equivalents of fert-butylchlorodimethylsilane and 2 equivalents of
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1,2,2,6,6-pentamethylpiperidine at 4 °C for 24 hours to yield a colorless oil (39 mg,

80%). GC SpelcoBetaDe 20 30m O mm 02 pm film thickness

°C for

70 min, 20 °C/min to 180 °C, 180 °C for 20 min, 15 psi, fimajor = 63.4 Min, fminor = 63.7

min),

90% ee; '"HNMR (CDCl; 00 Mz &3 0-3.82 (m, 1H), 3.73-3.75 (m, 1H), 2.55

(d, 1H, J = 4.4), 1.69-1.84 (m, 4H), 1.44-1.62 (m, 4H), 1.26-1.36 (m, 2H), 0.91 (s, 9H),

0.083 (s, 3H), 0.081 (s, 3H); *CNMR (CDCl; 26 Mz &7 73732 3 2
26.0,22.6,21.4, 18.3, -4.3, -4.8; [alp>" = +6.5 (¢ = 0.87, CHCls, = 50 mm).
FID1 A, Front Signal {XSXS-SILYLATION 201 1-05-17 20-45-18\S-3-187-2D)
[LE 2 Ria
804
T0-
804
503
403
303
203
8 832 834 838 64 mir
FID1 A, Front Signal (ADWIXS-SILYLATION 2011-04-26 17-45-30WAW-4-165.0)
pAg &
80 »S?
i e
J ¥ |
e w2 s 636 s " 64 84.2 sia  edg 818 " poin
Peak RetTime Type Width Area Height Area
#  [min] fmin)  [pA*s] {pAl %
o et |---- | -==--~- |-==--mmmme R onl b
1 6€3.445 MM 0.0605 306.95523 B84.49146 9482308
2 63.770 MM 0.0598 16.75839  4.66702 5.17692
Table 3.9, Entry 7
Me Me
Me
HO  o-s
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(I1R,25)-2-(tert-butyldimethylsilyloxy)cyclooctanol, 3.29. The general procedure was
followed using 4 equivalents of fert-butylchlorodimethylsilane and 2 equivalents of
1,2,2,6,6-pentamethylpiperidine for 24 hours to yield a colorless oil (49 mg, 94%). GC
SpelcoBetaDe 20 30m 0O mm 02 pm film thickness 0 ©°C for 30 min,
20 °C/min to 180 °C, 180 °C for 20 min, 15 psi, trmajor = 23.2 MiN, fuminer = 23.9 min),
86% ee; '"H NMR (CDCl; 00 Mz &3 2 dt J=9.0, 3.2), 3.71-3.73 (m, 1H),
2.67-2.68 (m, 1H), 1.97-2.04 (m, 1H), 1.40-1.80 (m, 11H), 0.90 (s, 9H), 0.09 (s, 3H),
0.08 (s, 3H); "CNMR (CDCl; 00Mz &7 773730 22 270260272

22.8,18.3,-4.3, -4.7; [a]p*" = +2.88 (¢ = 0.83, CHCl3, / = 50 mm).

FID1 A, Frond Signal (X5XS-SILYLATION 2011-05-17 20-45-16WX5-3-187-3D)
-]

] & & P
30 3
253
m-
153
10
5 T
2 295 ' 2 235 24 245 i

"~ FID1 A, Front Signal (XSXS-SILYLATION 2011-04-16 12-05-01WW-4-151.0)
w

253
203
3 i
o] g,
2 225 Co: 215 24 245 i
Feak RetTime Type Width hrea Height Araa
¥ [min] [min] [phA*s] [pAl %
o P B |-mmmem e |oemmemeae |-==---=-
1 23.206 vM G.1852 381.07095 34.30234 92 00392
2 13.885 MM 0.1837 2B8.70537 2.60485 7.00608
Table 3.9, Entry 8
Me Me
Me
HO O-Si.
I "Me
Me

Me Me
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(2R,3S)-3-(tert-butyldimethylsilyloxy)butan-2-ol, 3.30. The general procedure was
followed using 4 equivalents of fert-butylchlorodimethylsilane and 2 equivalents of
1,2,2,6,6-pentamethylpiperidine at 4 °C for 36 hours to yield a colorless oil (32 mg,
78%). GC (Supelco Beta Dex 120 30m 0 mm 02 pm film thickness 0 °C for
35 min, 20 °C/min to 180 °C, 180 °C for 20 min, 15 psi, frmajor = 28.1 min, fminer = 29.1
min), 91% ee; '"H NMR (CDCl; 00 Mz &3 6 -3.78 (m, 2H), 2.12-2.13 (m, 1H), 1.09
(d, 3H, J=5.7), 1.07 (d, 3H, J = 5.7), 0.90 (s, 9H), 0.08 (s, 3H), 0.07 (s, 3H); *C NMR
(CDCl; 00 Mz 872 73 260 2 7 72 -42,-47; [alp™ = +14.7 (c =

019, CH2C12, [=50 mm)

FID1 A, Front Signal (XSXS-SILYLATION 2011-03-08 10-47-500X5-3-76.0)

5 2178 28 28. 3 ; t Y " Toars min
FID1 A, Front Signal (ADWXS-SILYLATION 2011-04-20 14-32-0NAW-4-16TF12-14.0)

20

183

183

144

123

103

B o \5.9.3

6] .

4] - T M .

278 ams g8 zezs 2685 28,75 2 925 25 2975 "l
Peak RetTime Type Width Area Height Area

#  [min] [min] [pA*s] [pAl &

1 28.077 WF 0.2945 315.74554 17.865900 95.48817
2 29.182 FM 0.3468 14.91901 7.1698%e-1 4.51183
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HO  OTBS

(1S,28)-2-((tert-butyldimethylsilyl)oxy)cyclohexanol. The general procedure was
followed with (+)-trans-1,2-cyclohexanediol (23 mg, 0.20 mmol) and running for 8 hours
.The crude reaction was injected into the GC (Supelco Gamma Dex 120 (30 m x 0.15 mm
% 0.25 um film thickness), 100 °C for 85 min, 20 °C/min to 180 °C, 180 °C for 20 min,
15psi, t;; = 72.2 min, t, = 78.1 min) to show <5% yield.

Reaction of a cis-1.3-Diol (Scheme 3.18)

HO

T )—ores

(IR,3S)-3-(tert-butyldimethylsilyloxy)cyclopentanol, 3.34. The general procedure was
followed using 4 equivalents of tert-butylchlorodimethylsilane and 3.33 and running for 4
hours. The crude reaction mixture was injected on the GC (Supelco Gamma Dex 120 (30
m % 0.15 mm x 0.25 pm film thickness), 95 °C for 60 min, 20 °C/min to 180 °C, 180 °C
for 20 min, 16 psi, frmajor = 49.8 min, frminer = 50.9 min) to obtain a 26% yield and 15% ee.
"H NMR (CDCl;, 500 MHz) & 4.37-4.39 (m, 1H), 4.24-4.26 (m, 1H), 3.02 (d, 1H, J =
10.3), 1.81-1.95 (m, 4H), 1.71-1.78 (m, 1H), 1.63-1.68 (m, 1H), 0.87 (s, 9H), 0.07 (s,

6H); *C NMR (CDCls, 125 MHz) 8 75.1, 74.2, 44.6, 34.4,34.3, 26.0, 18.1, -4.7, -4.8.

FiO1 A, From ﬁml iﬁiﬁﬁ CYLATION 2011-05-17 18-34-000(5-3- 167- 1-85C.0)
PA =~ a@ % \5‘;\
N =N

48 435 40 495 50 505 51 515 52 525 il
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[ FDT A From Signal (SWe-SILYLATION 2011-05-17 17-02-30W8-3-130-556.5)
pA
14 -]
12
103 2 ._@“# s
8] & g
\ o
48 485 40 405 50 505 51 515 52 525 min}
Peak RetTime Type Width Area Height Area
§ [min] {min] [ph*sg] [pa] %

I I
1 45,764 MF 0.5093 101.%08605 3.33474 57.85921
2 50.947 FM 0.5546 T4.833249 2.24866 42.3407%

HO OTBS

Me Me
(2R,45)-4-(tert-butyldimethylsilyloxy)pentan-2-ol. The general procedure was followed
using 4 equivalents of fert-butylchlorodimethylsilane and running for 8 hours. The crude
reaction was injected into the GC (Supelco Gamma Dex 120 (30 m x 0.15 mm X 0.25 pm
film thickness), 90 °C for 50 min, 20 °C/min to 180 °C, 180 °C for 20 min, 15 psi, # =
36.5 min, #, = 38.0 min) to show <5% yield.

Silyl Reagent Screen (Table 3.10)

Table 3.10, Entry 1.

I|Et
HO O’S\i‘Et

U Et
(IR,2S5)-2-((triethylsilyl)oxy)cyclopentanol, 3.35. To an oven-dried glass reaction vial, a
solution of cis-1,2-cyclopentanediol, 3.18 (61 mg, 0.60 mmol), catalyst III (34 mg, 0.12
mmol, 20 mol %), and 1,2,2,6,6-pentamethylpiperidine hydrochloride (3.4 mg, 1.8 x 107

mmol, 3 mol %) in anhydrous THF (3.0 mL) was added. The reaction was stirred at room
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temperature for 10 minutes. 1,2,2,6,6-pentamethylpiperidine (130 pL, 0.72 mmol, 1.2
equiv) was added, followed by addition of triethylchlorosilane (120 uL, 0.72 mmol, 1.2
equiv). After stirring at room temperature for 1 hour, the reaction was concentrated. Flash
column chromatography (Hex/EtOAc = 20/1) afforded pure product as a colorless oil
(130 mg, 96%). Chiral GLC Analysis (Supelco Beta Dex 120 (30 m x 0.15 mm % 0.25
um film thickness), 80 °C for 180 min, 20 °C/min to 180 °C, 180 °C for 20 min, 15 psi,
trmajor = 160.5 min, fminer = 164.2 min) 90% ee. "H NMR (CDCls, 500 MHz) & 4.01 (dt,
1H, J=28.3,4.9),3.89 (dt, 1H, /= 8.3, 3.7), 2.65 (d, 1H, J=3.4), 1.55-1.85 (m, 5H),
1.39-1.48 (m, 1H), 0.95 (t, 9H, J = 8.0), 0.60 (q, 6H, J = 8.0); *C NMR (CDCl;, 125
MHz) & 75.1, 73.7,31.7, 31.2, 20.2, 6.9, 5.0; IR: 2955, 2876, 1123, 1096, 1005, 742, 728
cm '; HRMS (DART-TOF) caled. for C;H50,Si: [M+H]": 217.1624, found: 217.1629.
[o]p?® =+18.0 (c = 1.0, CH,CL, [ = 50 mm).

A duplicate reaction of cis-1,2-cyclopentanediol, 3.18 (21 mg, 0.20 mmol) with the same

procedure afforded the pure product as colorless oil (39 mg, 92%, 90% ee).

FIGT A, From Signal (RSWs-SILYLATION 2011-04-10 12-06-01S-3-117-1-B0C 160MIN.D)

pA = P
T5=
7=
65
8=
55
5 -
4.5
P
353

&

=
o
=

%,

. + T .
158 158 180 153 184 _fu 168 min
FID1 A, Frant Signal (A5 X5-SILTLATION 2011-04-18 16-00-53W5-2-150-1.0}
A S
g ¢

156 188 1_§_Q 162 1&5 T e _1.I#.E ' " il
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Peak RetTime Type Width Area Height Area
# [min] [min] [ph*s] [pAl %
e s R |===mmmmmee o | ==meme |
1 160.496 MF 1.3444 456.92770 5.66467 95.00762
2 164.203 FM 1.5778 24.01024 2.5362le-1 4.39238

Table 3.10, Entry 2
Me\%M,ae
HO O’Si\©

ot
(IR,25)-2-((tert-butyldiphenylsilyl)oxy)cyclopentanol, 3.36. To an oven-dried glass
reaction vial, a solution of cis-1,2-cyclopentanediol, 3.18 (61 mg, 0.60 mmol), catalyst
II (34 mg, 0.12 mmol, 20 mol %), and 1,2,2,6,6-pentamethylpiperidine hydrochloride
(3.4 mg, 1.8 x 10 mmol, 3 mol %) in anhydrous THF (1.5 mL) was added. The reaction
was stirred at room temperature for 10 minutes. 1,2,2,6,6-pentamethylpiperidine (130 pL,
0.72 mmol, 1.2 equiv) was added, followed by addition of tert-
butyl(chloro)diphenylsilane (620 pL, 2.4 mmol, 4.0 equiv). After stirring at room
temperature for 48 hours, the reaction was concentrated. Flash column chromatography
(Hex/EtOAc = 80/1) afforded pure product as a colorless oil (150 mg, 71%). Chiral
HPLC Analysis (Chiracel OD-H, Hexanes/iPrOH = 99/1, 1.0 mL/min, 220 nm, #minor =
4.9 min and frmajor = 5.7 min), 88% ee; "H NMR (CDCls, 500 MHz) & 7.65-7.69 (m, 4H),
7.42-7.45 (m, 2H), 7.25-7.40 (m, 4H), 4.03-4.07 (m, 1H), 3.86-3.90 (m, 1H), 2.73 (d, 1H,
J=2.9), 1.54-1.83 (m, 5H), 1.29-1.38 (m, 1H), 1.08 (s, 9H); *C NMR (CDCls, 125
MHz) § 136.0, 135.8, 133.9, 133.6, 130.1, 130.0, 128.0, 127.9, 76.7, 73.6, 31.1, 31.0,

27.2,20.0, 19.4; IR: 2931, 1105, 821, 740, 700, 611, 504 cm™'; HRMS (DART-TOF)
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caled. for Co1H,70Si: [M-OH]": 323.1831, found: 323.1822. [a]p* = +12.0 (c=1.0,

CHZCIZ, [=50 mm)

m)
T KO T

REEEEEEEERER

s arh

75

Detector A Ch2 220nm

_Peak# Ret, Time

325

 Height

1 4922

130720]

7.352

21 5.663|

15191936

Totaﬁ

16178396

1647199

93.903

92.648

1777919

100.000|

100.000

A duplicate reaction of cis-1,2-cyclopentanediol, 3.18 (21 mg, 0.20 mmol) with the same

procedure afforded the pure product as colorless oil (53 mg, 78%, 92% ee).

Table 3.10, Entry 3

HO,

O’S\i‘Me

UMG

(I1R,25)-2-((dimethyl(phenyl)silyl)oxy)cyclopentanol, 3.37. To an oven-dried glass

reaction vial, a solution of cis-1,2-cyclopentanediol, 3.18 (21 mg, 0.20 mmol), catalyst
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I (11 mg, 4.0 x 10 mmol, 20 mol %), and 1,2,2,6,6-pentamethylpiperidine
hydrochloride (1.2 mg, 6.0 x 10° mmol, 3 mol %) in anhydrous THF (2.0 mL) was
added. The reaction was stirred at room temperature for 10 minutes. 1,2,2,6,6-
pentamethylpiperidine (44 puL, 0.24 mmol, 1.2 equiv) was added, followed by dropwise
addition of a solution of chloro(dimethyl)phenylsilane (0.40 mL, 0.24 mmol, 1.2 equiv)
in anhydrous THF (2.0 mL) over 2 hours by syringe pump. The reaction was
concentrated. Flash column chromatography (Hex/EtOAc = 20/1) afforded the pure
product as a colorless oil (34 mg, 72%). Chiral HPLC Analysis (Chiracel OD-H,
Hexanes/iPrOH = 99.8/0.2, 0.50 mL/min, 220 nm, fminor = 25.3 min and fmajor = 27.0
min), 80% ee; "H NMR (CDCls, 500 MHz) 6 7.55-7.57 (m, 2H,), 7.35-7.40 (m, 3H),
3.98-4.02 (m, 1H), 3.85-3.88 (m, 1H), 2.58 (dd, 1H, J=3.7, 0.5), 1.44-1.82 (m, 5SH),
1.35-1.44 (m, 1H), 0.40 (s, 3H), 0.39 (s, 3H); *C NMR (CDCls, 125 MHz) § 137.8,
133.6, 130.0, 128.2, 75.7, 73.7, 31.3, 31.0, 20.1, -1.0, -1.1; IR: 2961, 1253, 1117, 1093,

891, 830, 787, 741, 700 cm'; [at]p>" = +14.0 (¢ = 1.0, CH,Cl, / = 50 mm).

T E DT T T

NEEEEEEEEREE R
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w ] AN
e f ) .
Detector A Ch2 220nm
Peald Ret. Time | Area Height Area % Height %
| 10.892 | 826314 66098 10.197 10.958
2 11.365 7277541 537081 89.803 89.042
Total [ 8103853| 603178 100.000 100.000

A duplicate reaction of cis-1,2-cyclopentanediol, 3.18 (21 mg, 0.20 mmol) with the same
procedure afforded pure product as colorless oil (33 mg, 70%, 79% ee).

Silylation with TESCI (Table 3.11)

General procedure. To an oven-dried glass reaction vial, a solution of substrate (0.20
mmol), catalyst III (11 mg, 4.0 x 102 mmol, 20 mol %), and 1,2,2,6,6-
pentamethylpiperidine hydrochloride (1.2 mg, 6.0 x 10 mmol, 3 mol %) in anhydrous
THF (4.0 mL) was added. The reaction was stirred at room temperature for 10 minutes.
1,2,2,6,6-pentamethylpiperidine p 02 mmol 2eqiv ) was added, followed by
addition of triethylchlorosilane (0.40 mL, 0.24 mmol, 1.2 equiv). After stirring at room
temperature for 4 hours, the reaction was concentrated. Flash column chromatography
(Hex/EtOAc = 20/1) afforded the pure product.

HO OTES

Me Me
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(2R,35)-3-((triethylsilyl)oxy)butan-2-ol, 3.38. meso-2,3-Butanediol (18 mg, 0.20 mmol)
was silylated using the general procedure. Pure product was isolated as a colorless oil (34
mg, 83%). Chiral GLC Analysis (Supelco Beta Dex 120 (30 m x 0.15 mm X 0.25 pm
film thickness), 85 °C for 50 min, 20 °C/min to 180 °C, 180 °C for 20 min, 15 psi, frmajor
= 41.4 min, fminor = 42.5 min) 92% ee. "H NMR (CDCl3, 500 MHz) & 3.68-3.87 (m, 2H),
2.20 (d, 1H, J=3.9), 1.08 (d, 6H, J = 6.1), 0.96 (t, 9H, J = 7.8), 0.60 (q, 6H, J = 7.8); *C
NMR (CDCls, 125 MHz) 6 71.8, 71.3, 17.6, 17.1, 7.0, 5.1; IR: 2956, 2877, 1239, 1106,
1003, 908, 725 cm™; HRMS (DART-TOF) calcd. for C1oHy50,Si: [M+H]": 205.1624,

found: 205.1626. [a]p>" = +12.2 (¢ = 1.0, CH,Cl,, [ = 50 mm).

FID1 A, Front Signal (XS\XS-SILYLATION 2011-06-07 09-04-521%X5-3-212-85CT00MIN.D)
3 [yl
1JA'~E| 6\\% g ']?‘3
2(;‘—'E B
17.5 9
15
1253
10
7.5
5 ~ - __
| T T T T 1 T T T T T T T T T T T T T T T T
40 a5 S a4 a5 a2 25 4 435 min

FiD1 A, Front Signal (ADW\XS-SILYLATION 2011-06-07 18-28-06\XS-2-213-2.0)
-

i

30 4 A

7 T T T T T T T T T T T T T T T T T T T T T
40 40.5 41 415 42 42.5 43 43.5 min

Peak RetTime Type Width Area Height Area
# [min] [min] [pA*s] [pa] %

1 41.391 MF 0.3745 734.,13788 32.67337 96.30480
2 42.460 FM 0.4290 28.16878 1.09434 3.6%8520

A duplicate reaction of meso-2,3-butanediol (54 mg, 0.60 mmol) with the same procedure
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afforded the pure product, 3.38, as a colorless oil (110 mg, 85%, 92% ee).

HO OTES

(3R,45)-4-((triethylsilyl)oxy)hexa-1,5-dien-3-ol, 3.39. meso-1,5-Hexadiene-3,4-diol (23
mg, 0.20 mmol) was silylated using the general procedure. Pure product was isolated as a
colorless oil (38 mg, 83%). Chiral GLC Analysis (Supelco Beta Dex 120 (30 m x 0.15
mm X 02 pm film thickness 0° for 00min 20 °C/min to 180 °C, 180 °C for 20
min, 15psi, frmajor = 85.4 Min, tuminer = 87.4 min) 91% ee. '"H NMR (CDCl; 00Mz o
5.77-5.84 (m, 2H), 5.28 (dt, 1H, J=17.4, 1.5), 5.23 (dt, I1H, J=17.4, 1.5), 5.19-5.20 (m,
1H), 5.16-5.18 (m, 1H), 4.10-4.12 (m, 1H), 4.04-4.08 (m, 1H), 2.32 (d, 1H, J=4.4), 0.94
(t, 9H, J=8.1),0.60 (q, 6H, J=8.1); *CNMR (CDCl; 2 M =z & 36 366 73
116.8,77.1,76.2, 7.0, 5.1; IR: 2955, 2877, 1459, 1416, 1238, 1003, 922, 829, 725 cm’';
HRMS (DART-TOF) calcd. for C1,H»308Si: [M-OH]™: 211.1518, found: 211.1527. [o]p>"

=+4.1 (c = 1.0, CH,Cl,, / =50 mm).

Fili A, Fronl Signal (XS\XS-SILYLATION 2011-05-20 16-45-110(5-3- 101-2-80C 1000MIN.0)

5.75
5.5
626
5 -]
475

e IR -
B8 . . omin
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Peak RetTime Type Width Area Height Area
i [min] [min] [ph*s] [pA] %

e Lt | =oe | wmmme = |-==meemne |====mmeees ommmmme |
1 B5.363 MF 0.7031 1135.45007 26.91563 85.52745

2 B7.347 FM 0.B6ED 53.16124 1.02205 4.47255

A duplicate reaction of meso-1,5-Hexadiene-3,4-diol (69 mg, 0.60 mmol) was silylated
using the general procedure. Pure product, 3.39, was isolated as a colorless oil (110 mg, 80%,

92% ee).

HO OTES

(1R,25)-1,2-diphenyl-2-((triethylsilyl)oxy)ethanol, 3.40. meso-1,2-Diphenylethane-1,2-
diol (43 mg, 0.20 mmol) was silylated for 8 hours using the general procedure. Pure
product was isolated as a colorless oil (53 mg, 81%). Chiral HPLC Analysis (Chiracel
OJ-H, Hexanes/iPrOH = 99/1, 1.0 mL/min, 220 nm, fimajor = 7.3 min and fminer = 8.6 min)
92% ee. 'HNMR (CDCl; 00Mz &7 6-7.27 (m, 10H), 4.75 (dd, 1H, J=5.9, 2.9),
470 (d, 1H, J=5.9), 2.33 (d, 1H, J=3.2), 0.77 (t, 9H, J=7.8), 0.39 (q, 6H, J=7.8); *C
NMR(CDCl; 2 Mz & 0 07 27 276 270 277 276 27

79.3,78.9, 6.8, 4.8; IR: 2953, 2876, 1097, 1005, 837, 740, 700 cm™'; HRMS (DART-
TOF) calcd. for C;oH,50,Si: [M+H]+: 329.1937, found: 329.1926. [(1]1)20 =+6.6 (c=1.0,

CHzClz, /=50 mm)
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: WA
Detector A Ch2 220nm i
Peak# = Ret. Time Area Height Area % _Height %
1 7221 11612838 541504 . 96.042 97.949
B 2 84¥4 478613 113421 3958 2.051
Total 12091450 552846,  100.000 100.000

A duplicate reaction of meso-1,2-diphenylethane-1,2-diol (130 mg, 0.60 mmol) was
silylated using the general procedure. Pure product, 3.40, was isolated as a colorless oil (160
mg, 83%, 87% ee).

Absolute Stereochemical Proof

The absolute stereochemistry of the products was determined by comparing the optical
rotations to known values. The optical rotations of the silylated products in this paper
were determined to be opposite in sign to the optical rotations of the products reported by
the Hoveyda and Snapper groups'®. The absolute stereochemistry of (IR, 2S)-2-
((triethylsilyl)oxy)cyclopentanol, (/R,2S)-2-((tert-butyldiphenylsilyl)oxy)cyclopentanol,

and (/R,2S)-2-((dimethyl(phenyl)silyl)oxy)cyclopentanol was assigned by analogy.
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Catalyst Equilibrium Experiment with iPrOH (Scheme 3.21)

iPr, iPr

iPr ?\J/\O THF-dg iPr ?\J/\O
~ + PrOH s=———= Y+ MeOH
OMe 3% PMPP-HCI OiPr
MeN" SN MeN™ SN
Keq=0.12
11 3.41

In a glovebox, a solution of catalyst IIT (21 mg, 7.5 x 102 mmol) and 1,2,2,6,6-
pentamethylpiperidine hydrochloride (0.40 mg, 2.0 x 10% mmol) in anhydrous THF-dg
20 p wasmade 00 p ofthesoltionwasaddedtoaNMRt e 2 p  ofan
internal standard solution of 1,3,5-trimethoxybenzene (5.0 x 102 mmol, 0.20 M in THF)
was added to the NMR tube. ;iPrO 02 mmol 2 p  2Msoltionin F -dg) and
MeOH (5.0 x 102 mmol 2 p 2Msoltionin F -dg) was added to the NMR tube.
THF-dg 22 p was added to the NMR t e to reach a total volume of 0.5 mL. The
reaction was monitored by "H NMR. After 12 hours, equilibrium was reached. A ratio of
70:30, III to 3.41 gave a K¢q 0f 0.119.

3.41 Equilbrium Experiment with MeOH

iPr iPr,

iPr w/\o THF-dg iPr w/\o
N\( + HOMe =———-—= N\( +  HOIPr
OiPr 3% PMPP-HCI OMe
MeN SN MeN™ SN
Keq=0.12
3.41 1111

An equilibrium experiment in the reverse direction of the above reaction was performed.

In a glovebox, a solution of catalyst 3.41 (23 mg, 7.3 x 102 mmol) and 1,2,2,6,6-
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pentamethylpiperidine hydrochloride (0.80 mg, 4.0 x 10~ mmol) in anhydrous THF-ds
20 p wasmade Op ofthe catalystsoltionand Op  ofthe acid sol t ion was
added to each of two NMR t es of an internal standard sol tion of 1,3,5-
trimethoxybenzene (3.0 x 10~ mmol, 0.20 M in THF) and iPrOH (6.3 x 10 mmol, 63

u  Msol tionin F -dg) was added to each NMR tube as well. MeOH (0.08 mmol, 80
i Msol tionin F -dg) was added to NMR tube 1, and MeOH (0.12 mmol, 120 p
IM solution in THF-dg) was added to NMR tube 2, followed by THF-dg 27 p and 23
pn  respectivelytot e and2 toreachatotal volmeof06 m  h ereaction was
monitored by "H NMR. After 12 hours, equilibrium was reached. For tube 1, a ratio of
16:84, 3.36 to III and gave a Ky 0f 0.121. For tube 2, a ratio of 10:90, 3.36 to IIT gave a
Keq 0f 0.117. The average K4 for the two runs is 0.119 £+ 0.002.

Catalyst Equilibrium Experiment with 3.18 (Scheme 3.22)

iPr, iPr

o o, °H THF-dg »/\ %
j: \( + *m OH + I \( OH + MeOH
) A .
*X 7 Me ‘

MeN \N N \N Q
Keq= 0.20 £ 0.01

111 3.18 dr = 60:40 3.43

In a glovebox, catalyst ITI (5.6 mg, 2.0 x 10 mmol), 1,2,2,6,6-pentamethylpiperidine
hydrochloride (0.60 mg, 3.0 x 10 mmol), and cis-1,2-cyclopentanediol, 3.18, (1.0 x 10
mg, 0.10 mmol) were dissolved in THF-dg (0.45 mL) and added to a NMR tube. 1,3,5-
Trimethoxybenzene, as an internal standard, (0.050 mL, 1.0 x 10 mmol, 0.20 M
solution in THF) was added to the NMR tube. The exchange reaction was followed by

"H NMR. The reaction reached equilibrium in 3 hours with 40% starting catalyst III
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remaining and a 60:40 ratio of diastereomers (3.42 and 3.43). The K. was determined to
be 0.193. This reaction was repeated to give a K¢q 0of 0.205. The average K¢q is 0.199 +
0.006. The spectrum of the experiment and an NMR of III in THF-dg are attached in the
spectra section.

Exchange of II1I with 3.19 (Scheme 3.23)

iPr.

Pre 0L o OTBS ey, Pre
Yoot — Y otes * MeOH
- 3% PMP-HC MeN“\, | O
N l~/

Keq=0.02 £ 0.01
I 3.19 3.44

Catalyst ITI (1.9 mg, 6.8 x 10” mmol, 20 mol %), 3.19 (7.4 mg, 3.0 x 10> mmol), and
1,2,2,6,6-pentamethylpiperidine hydrochloride (2.0 x 10" mg, 1.0 x 10 mmol, 3 mol %)
were mixed in THF-dg and monitored by "H NMR. After 2 h, equilibrium was reached

with a ratio of 76:24, I1I to 3.44, and a K¢q 0f 0.02 = 0.001.

Exchange of II1I with 3.45 (Scheme 3.24)

iPr
iPr, HO iPrl/N\‘/o
iPr N: o 3% PMP-HCl  MeN-X\. O
I \( + _— \Q/N + MeOH
MeN"N N OMe 4 A Mol. Sieves
= Br
1.1 equiv

I 3.45 346 O
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(2R ,4S5)-2-((4-bromobenzyl)oxy)-4-isopropyl-3-((R)-2-methyl-1-(1-methyl-1H-
imidazol-2-yl)propyl)oxazolidine, 3.46. To an oven-dried reaction vial was added a
solution of (45)-4-isopropyl-2-methoxy-3-((R)-2-methyl-1-(1-methyl-1H-imidazol-2-
yl)propyl)oxazolidine, III, (56 mg, 0.20 mmol), 4-bromobenzoyl alcohol, 3.45, (41 mg,
0.22 mmol, 1.1 equiv.), and 1,2,2,6,6-pentamethylpiperidine hydrochloride (1.2 mg, 6.0 x
10 mmol, 3 mol %) in 1.0 mL anhydrous THF. After stirring at room temperature for 8
hours, solvent was removed under high vacuum, and the residue was redissolved in 1.0
mL anhydrous THF. Removal and addition of solvent was repeated every 8 hours, until
"H NMR showed complete conversion. Recrystallization of crude product with Et,0 at

4°C afforded pure product 3.46.

Crystal Structure of 3.46. CCDC# 832192 (Figure 3.5)
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Developing a Site Selective Functionalization Reaction

The following compounds were made according to literature procedure: 1-benzyloxy-2,3-
propanediol, 3.57°%, III' and (S)-1-cyclohexylethane-1,2-diol, (S)-3.50"°.

Catalyst Synthesis

K\OH
NH

MeN” SN

2-(((1-Methyl—lH—imidazol-Z-yl)methyl)amino)ethanol.24 To a solution of N-
methylimidazole-2-carboxaldehyde (2.0 g, 18 mmol) in methanol (40 mL) was added
ethanolamine (1.1 mL, 18 mmol) and 3A molecular sieves (1.4 g). After refluxing for 24
hours, the reaction was cooled to room temperature, and NaBH,4 (1.0 g, 27 mmol) was
added. The reaction was stirred at room temperature for 2 hours, followed by quenching
with dropwise addition of concentrated HCI (0.88 mL). The resulting mixture was further
neutralized with Na,COj; (2.9 g). The precipitated salts were filtered off, and the filtrate
was concentrated. Flash column chromatography (CH,Cl,:MeOH = 9:1) afforded the
pure product as a yellow oil (1.9 g, 68%). "THNMR (CDCl; 00Mz &6 d J=
1.0), 6.74 (d, 1H, J = 1.0), 5.79 (s, 2H), 3.89 (s, 2H), 3.62 (t, 2H, J = 5.0), 3.58 (s, 3H),
2.82(t,2H,J=5.0); *CNMR(CDCl; 2 Mz & 7 26 26 0

43.8,32.9; IR: 3280, 2947, 1496, 1282, 1049, 748, 655 cm™'; HRMS calcd. for

C,H14sN30 [M+H]": 156.1136, found: 156.1141.

*Tsujigami, T.; Sugai, T.; Ohta, H. Tet. Asymm. 2001, 12, 2543-2549.
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o
\(
O

L owe
MeN” >N
\—/

2-Methoxy-3-((1-methyl-1H-imidazol-2-yl)methyl)oxazolidine. To a solution of
2-(((1-methyl-1H-imidazol-2-yl)methyl)amino)ethanol (0.50 g, 3.2 mmol) in anhydrous
methanol (11 mL) under argon was added N,N-dimethylformamide dimethyl acetal (0.51
mL, 3.8 mmol). The reaction was stirred at room temperature for 2 hours, and the solvent
was removed under vacuum. The residue was redissolved in anhydrous methanol (11
mL), and the reaction was again stirred at room temperature for 2 hours. The solvent was
removed under vacuum. The flask was brought into a dry glove box under nitrogen
atmosphere, and the residue was extracted with degassed pentane to afford the pure
product as a colorless oil (320 mg, 51%). 'H NMR (CéDg OOMz o670 d H,J=
1.0), 6.38 (d, I1H, J = 1.0), 5.09 (s, 1H), 3.74 (d, 1H, J = 13.0), 3.65 (d, 1H, J = 13.0),
3.63-3.67 (m, 1H), 3.53-3.57 (m, 1H), 3.09 (s, 3H), 2.99 (s, 3H), 2.73-2.77 (m, 1H), 2.56-
2.60 (m, 1H); *CNMR (CDCl; 26 Mz & 6 20 111.6,107.1,64.8,51.1,
49.1,46.1, 37.6; IR: 2948, 2894, 1500, 1284, 1046, 953, 736 cm™ ; HRMS calcd. for

CsHi12N>O [M-OMe]: 166.0980, found: 166.0980.
Ph
N oH
NH

MeN” SN

(S)-2-(((1-Methyl-1H-imidazol-2-yl)methyl)amino)-z-phenylethanol.24 To a solution

of N-methyl-imidazole-2-carboxaldehyde (1.37 g, 10.0 mmol) in benzene (30 mL) was
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added (S)-glycinol (1.10 g, 10.0 mmol) and 3A molecular sieves (1.40 g). After refluxing
for 24 hours, the reaction was cooled to room temperature, and the solvent was removed
in vacuo. The resulting residue was redissolved in MeOH (30 mL) and NaBH4 (378 mg,
10.0 mmol) was added. The reaction was stirred at room temperature for 2 hours,
followed by quenching with dropwise addition of concentrated HCI (0.51 mL). The
resulting mixture was further neutralized with Na,COj; (1.67 g). The precipitated salts
were filtered off, and the filtrate was concentrated. Flash column chromatography
(CH,Cl;:MeOH = 10:1) afforded the pure product as a yellow oil (1.88 g, 81%). 'H
NMR (CDCl; 00Mz & 72 -7.37 (m, 5H), 6.84 (d, 1H,J=1.0), 6.72 (d, IH, J =
1.0), 3.82-3.86 (m, 1H), 3.66-3.69 (m, 3H), 3.55 (dd, 1H, J = 9.5, 11.0), 3.45 (s, 3H); °C
NMR(CDCl; 2 Mz & 6 0 2 276 27 26 2066 63

55.9,43.3, 32.6; IR: 3299, 2914, 2842, 1493, 1283, 1050, 758, 702 cm™'; HRMS calcd.

for C13H N3O [M+H]': 232.1449, found: 232.1454.

MeN” >N

(4S)-2-Methoxy-3-((1-methyl-lH-imidazol-2-yl)methyl)-4-phenyloxazolidine (60:40
dr). To a solution of (S)-2-(((1-methyl-1H-imidazol-2-yl)methyl)amino)-2-phenylethanol
(1.88 g, 8.10 mmol) in anhydrous methanol (30 mL) under argon was added N,N-
dimethylformamide dimethyl acetal (1.09 mL, 8.10 mmol). The reaction was stirred at

room temperature for 2 hours, and the solvent was removed under vacuum. The residue
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was redissolved in anhydrous methanol (13 mL), and the reaction was stirred at

room temperature for 1 hour. The solvent was removed under vacuum. The flask

was brought into a dry glove box under nitrogen atmosphere, and the residue was
extracted with degassed pentane to afford the pure product as a pale yellow oil (1.95 g,
88%). 'HNMR (C¢Ds 00Mz & 72 -7.26 (m, 1.2H), 7.15-7.18 (m, 0.8H), 6.99-7.09
(m, 3H), 6.98 (d, 0.4H, J = 1.0), 6.96 (d, 0.6H, J = 1.0), 6.22 (d, 0.4H, J = 1.0), 6.20 (d,
0.6H, J = 1.0), 5.60 (s, 0.6H), 5.39 (s, 0.4H), 4.18 (t, 0.6H, J = 8.0), 4.09 (t, 0.4H, J =
8.0), 3.95-3.98 (m, 1H), 3.87 (dd, 0.6H, J = 7.0, 8.0), 3.72 (dd, 0.4H, J = 8.0, 9.5), 3.67-
3.70 (m, 0.8H), 3.70 (d, 0.6H, J= 14.0), 3.65 (d, 0.6H, J= 14.0), 3.20 (s, 0.4H), 3.15 (s,
0.6H), 2.77 (s, 0.6H), 2.72 (s, 0.4H); “"CNMR (CDCl; 26 Mz & 2 3 06
138.9, 128.2, 127.1, 120.5, 120.4, 113.1, 110.5, 109.1, 106.5, 73.2, 72.3, 66.0, 63.3, 52.7,
50.9,44.9,44.0,41.8,37.5, 32.0, 31.6; IR: 2943, 1498, 1453, 1283, 1155, 1042, 731, 700

cm’l; HRMS calcd. for C4H N30 [M-OMe]: 242.1293, Found: 242.1308.

iprﬁ/\OH
NH

MeN” >N

(8)-2-(((R)-cyclopentyl(1-methyl-1H-imidazol-2-yl)methyl)amino)-3-methylbutan-1-
ol (94:6 dr).”**’ Cyclopentene (7.5 g, 110 mmol) and tris(2,4-ditert-butyl-
phenyl)phosphite (890 mg, 1.4 mmol) were distributed evenly into five Endeavor®
reaction vials that were purged with nitrogen. Rh(acac)(CO), (99 mg, 1.8 x 10 mmol)

was dissolved in benzene (22 mL) and also distributed evenly into the five reaction vials.

PTrzeciak, A. M.; Ziolkowski, J. J. J. Organomet. Chem. 1994, 479, 213-216.
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The vials were purged 3 times with 1:1 H,/CO, pressurized to 150 psi, and heated to 80
°C. The reactions were stirred for 6 hours maintaining constant temperature and pressure.
Four of the vials containing the crude cyclopentanecarboxaldehyde were combined and
used in the next step without purification. To a stirring solution of (S)-valinol (9.1 g, 88
mmol) in anhydrous THF (180 mL) under nitrogen atmosphere was added a solution of
crude cyclopentanecarboxaldehyde (88 mmol) in benzene (18 mL). MgSO,4 (18 g) was
added, and the solution was stirred at room temperature for 3 hours to form the imine
which closes to the oxazolidine in situ. In another oven-dried flask, to a solution of V-
methylimidazole (25 g, 310 mmol) in anhydrous THF (180 mL) under nitrogen
atmosphere was added n-butyllithium (31 mL, 10 M in hexanes, 310 mmol) dropwise at -
78 °C. The solution was stirred at -78 °C for 30 minutes, and then was slowly cannula
transferred into the solution of formed oxazolidine at -78 °C. The resulting mixture was
stirred overnight and gradually warmed to room temperature. Saturated aqueous NH4Cl
solution was added slowly to quench the reaction. The organic layer was separated, and
the aqueous layer was extracted with Et,O (3200 mL). The combined organic layers
were dried over MgSO, and concentrated. Column chromatography (CH,Cl,/MeOH =
30:1) afforded the product as colorless oil (12 g, 63%). "H NMR (CDCls;, 500 MHz) &
0.77 (d, 0.18H, J=6.8), 0.82 (d, 0.18H, J=6.8), 0.87 (d, 2.82H, J=6.8), 0.91 (d, 2.82H,
J=16.8),1.20-1.32 (m, 0.54H), 1.33-1.74 (m, 8.46H), 2.13-2.22 (m, 1.88H), 2.24-2.27
(m, 0.12H), 3.26 (d, 0.06H, J=7.1), 3.28 (d, 0.94H, J=5.9), 3.30 (d, 0.94H, J=2.9),
3.32(d, 0.06H, J=4.4), 3.61 (s, 2.82H), 3.62 (s, 0.18H), 3.72 (d, 1H, J=7.6), 6.72 (d,

0.06H, J = 1.2), 6.76 (d, 0.94H, J = 1.2), 6.93 (d, 0.94H, J = 1.2); *C NMR (CDCls, 125
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MHz) 6 38.1, 38.3, 38.4, 38.6, 44.4, 44.5, 44.6, 48.6, 48.7, 48.9, 49.8, 50.1, 52.1, 65.0,
77.7,78.0,79.3, 81.6, 82.0, 82.7, 139.7, 140.2, 146.1, 146.2, 169.8, 170.6; IR: 3201,
2952, 2868, 1486, 1467, 1280, 1107, 1047, 835, 724 cm™'; HRMS (ESI+) calcd. for
C1sHasN3O [M+H]™: 266.2227, found: 266.2247. [a]p™ = +46.7 (c = 1.0, CH,Cl,, [ = 50
mm).

Note: The mixture of diastereomers can be taken forward because only one precipitates

during purification in the next step.

iPrY\O
N
OMe

MeN~ N

(2R,45)-3-((R)-cyclopentyl(1-methyl-1H-imidazol-2-yl)methyl)-4-isopropyl-2-
methoxyoxazolidine, I'V (99:1 dr). To a solution of (5)-2-(((R)-cyclopentyl(1-methyl-
1H-imidazol-2-yl)methyl)amino)-3-methylbutan-1-ol (7.4 g, 28 mmol) in anhydrous
MeOH (56 mL) under nitrogen atmosphere was added N, N-dimethylformamide dimethyl
acetal (19 mL, 140 mmol). The reaction was stirred at 50 °C overnight. The solvent was
removed under vacuum, and the residue was redissolved in anhydrous MeOH (56 mL) in
order to convert the small amount of dimethylamine bound catalyst to methanol bound
catalyst. The reaction was stirred at 50 °C for 2 hours, and the solvent was removed
under vacuum. The residue was moved into a dry box and was dissolved in anhydrous
pentane (250 mL). The solution was cooled to -40 °C overnight, and a dark yellow oil

formed on the bottom of the flask. The top clear organic layer was decanted off and was
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concentrated to approximately 100 mL. The solution was cooled to -40 °C overnight
during which the product precipitated as a white solid. The solid was filtered and washed
with a small portion of cold pentane to afford pure product (3.9 g, 46%). '"H NMR
(CDCl3, 500 MHz) 6 0.69 (d, 3H, J=7.1), 0.73-0.80 (m, 1H), 0.87 (d, 3H, J = 6.9), 1.46-
1.78 (m, 7H), 2.33-2.40 (m, 1H), 2.75 (ddd, 1H, J= 8.8, 6.9, 5.1), 2.92 (s, 3H), 2.97-3.06
(m, 1H), 3.34 (s, 3H), 3.48 (d, 1H, J=11.0), 3.59 (t, 1H, J=7.8), 3.75 (t, IH, J = 8.3),
6.27 (d, 1H, J=1.2), 6.72 (s, 1H), 7.16 (d, 1H, J = 1.2); *C NMR (CDCls, 125 MHz) &
16.8, 20.1, 25.6, 26.0, 29.5, 31.8, 32.2, 32.3, 45.1, 52.3, 58.8, 65.4, 66.0, 112.6, 120.2,
128.5, 149.1; IR: 2952, 2870, 1650, 1482, 1192, 1174, 1122, 1074, 1052, 962 cm .
Elemental Anaylsis: C;7H,9N30, requires: C = 66.42%, H=9.51%, N = 13.67%, found:
C =66.51%, H=9.28%, N = 13.82%. [a]p>’ = -37.3 (¢ = 1.0, CH,Cl,, / = 50 mm).

i PFY\O

N—/

MeN” >N

(S)-4-isopropyl-3-((R)-2-methyl-1-(1-methyl-1H-imidazol-2-yl)propyl)oxazolidine,
3.53.% To a stirring solution of (S)-2-(((R)-cyclopentyl(1-methyl-1H-imidazol
-2-yl)methyl)amino)-3-methylbutan-1-ol (0.50 g, 1.9 mmol) and paraformaldehyde (57
mg, 1.9 mmol) in anhydrous toluene (19 mL), p-toluenesulfonic acid monohydrate (3.6
mg, 1.9 x 10 mmol) was added. After refluxing overnight, reaction was cooled to room
temperature, and CH,Cl, (30 mL) was added. The resulting solution was concentrated.

Flash column chromatography (100% EtOAc) afforded the product as colorless oil (280



Chapter 3, Page 354

mg, 54%). "H NMR (CDCls, 500 MHz) § 0.88 (d, 3H, J = 6.8), 0.92 (d, 3H, J = 6.6),
1.51-1.73 (m, 8H), 2.02-2.07 (m, 1H), 2.57-2.60 (m, 1H), 2.70-2.73 (m, 1H), 3.47 (d, 2H,
J=6.3),3.61 (d, IH, J=10.5), 3.68 (s, 3H), 4.42 (d, 1H, J=4.6), 5.06 (d, 1H, J = 4.4),
6.78 (d, 1H, J=1.0), 7.02 (d, 1H, J= 1.2); *C NMR (CDCl;, 126 MHz) § 18.1, 19.8,
25.1,25.4,30.9,31.0,31.7, 33.1, 44.4, 61.5, 66.5, 67.6, 82.3, 120.3, 127.6, 148.4; IR:
2953, 2867, 1650, 1479, 1279, 1171, 1133, 1082, 943, 724 cm™'; [a]p®* = +24.4 (c =
0.98, CH,Cl,, / = 50 mm).

Substrate Synthesis

Me OH

OH
Me

4-methylpentane-1,2-diol, 3.54.*° Sodium metaperiodate (6.11 g, 28.5 mmol), 4-methyl-
1-pentene (6.00 mL, 4.80 x 10" mmol), and lithium bromide (1.65 g, 1.90 x 10" mmol)
were dissolved in acetic acid (79 mL) and heated to 95 °C for 14 hours during which time
the solution turned dark red. The reaction was diluted with EtOAc (100 mL) and washed
with saturated aqueous Na,S,03 (30 mL), H,O (30 mL), and saturated aqueous NaHCO3
(30 mL). The organic layer was dried over Na,SQy, filtered, and concentrated. The crude
oil was dissolved in MeOH (120 mL) and K,COs (13.1 g, 95 mmol) was added. The
mixture was stirred at 25 °C for 15 hours. The methanol was removed under reduced
pressure, and the mixture was dissolved in water and extracted with EtOAc (3x50 mL).
The combined organic layers were washed with HO (50 mL) and brine (50 mL). The

organic layer was dried over Na;SQOys, filtered, and concentrated. Column chromatography

Emmanuvel, L.; Shaikh, T. M.; Sudalai, A. Org. Lett. 2005, 7, 5071-5074.
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was performed (20-50% EtOAc/Hex) resulting in a yellow oil which was distilled (150
°C at 1 mmHg) to yield a colorless oil (2.39 g, 43%). "H NMR (CDCls, 500 MHz) & 0.86
(d, 3H,J=6.6),0.88 (d, 3H, J=6.6), 1.13 (ddd, 1H, J=18.3, 8.6, 4.4), 1.33 (ddd, 1H, J
=19.6, 8.8, 5.6), 1.67-1.75 (m, 1H), 2.30-2.37 (m, 2H), 3.34 (dd, 1H, J=11.0, 7.8), 3.57
(dd, 1H, J=11.0, 2.5), 3.70-3.75 (m, 1H); *C NMR (CDCls, 126 MHz) & 22.3, 23.5,
24.7,42.3, 68.4, 70.6; IR: 3341, 2954, 2870, 1468, 1067, 1027, 579 cm '; HRMS

(DART-TOF) calcd. for C¢H gNO2: [M+NH,4]": 136.1338, found: 136.1341.

OH

O)\/OH
1-cyclohexylethane-1,2-diol, 3.50.”° The same procedure used for 4-methylpentane-1,2-
diol was used to yield a colorless oil which solidified upon standing (1.30 g, 49%). 'H
NMR (CDCl3, 500 MHz) & 1.00-1.08 (m, 2H), 1.13-1.29 (m, 3H), 1.38-1.45 (m, 1H),
1.63-1.69 (m, 2H), 1.72-1.79 (m, 2H), 1.86-1.89 (m, 2H), 2.00-2.01 (m, 1H), 3.43-3.47
(m, 1H), 3.51-3.55 (m, 1H), 3.69-3.73 (m, 1H); *C NMR (CDCl;, 126 MHz) & 26.2,
26.3,26.6, 28.8, 29.1, 40.9, 65.0, 76.7; IR: 3339, 2922, 2852, 1449, 1050, 1015, 892, 605
cm '; HRMS (DART-TOF) caled. for CgHaoN;O5: [M+NH,]": 162.1494, found:

162.1490.

OH
OH

3-phenylpropane-1,2-diol, 3.56.*° The same procedure used for 4-methylpentane-1,2-

diol was used to yield a colorless oil (2.98 g, 37%)."H NMR (CDCl;, 500 MHz) & 2.27
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(bs, 2H), 2.74-2.83 (m, 2H), 3.51-3.55 (m, 1H), 3.70 (dd, 1H, J=11.2, 2.4), 3.94-3.98
(m, 1H), 7.23-7.26 (m, 3H), 7.32-7.34 (m, 2H); *C NMR (CDCls, 126 MHz) & 39.9,
66.7,73.2,126.7, 128.7, 129.5, 138.0; IR: 3362, 2925, 1496, 1454, 1089, 1068, 1030,
744,700, 555 cm'; HRMS (DART-TOF) calcd. for CoH 6N O,: [M+NH,]": 170.1181,
found: 170.1189.

Reaction of III with Individual Enantiomers (Scheme 3.25)

To an oven-dried reaction vial, a solution of hexane-1,2-diol, 3.47, (24 mg, 0.20 mmol),
p-toluenesulfonic acid (1.0 mg, 6.0 x 10~ mmol, 3 mol %), and III (12 mg, 4.0 x 107
mmol, 20 mol %) in anhydrous THF (3 mL) was added. The reaction was stirred for 10
minutes at 4 °C. 1,2,2,6,6-Pentamethylpiperidine 3p 02 mmol 2eq iv) was
added, followed by triethylchlorosilane 36 0 20 mmol 0 eqiv ). After stirring at 4
°C for 12 hours, the reaction was quenched by addition of N,N-diisopropylethylamine (30
pn and methanol p he mi tre was stirred for 0 min and filtered thro gh a
Pasteur pipette packed with silica gel, followed by a flush with EtOAc (10 mL). GC
analysis afforded the yield and selectivity of the reaction.

Scheme 3.25. Eq 1

(S)-hexane-1,2-diol, (5)-3.47, was used as the substrate in the reaction.

Scheme 3.25. Eq 2

(R)-hexane-1,2-diol, (R)-3.47, was used as the substrate in the reaction.

Solvent Screen (Table 3.12)

To an oven-dried reaction vial, a solution of hexane-1,2-diol, 3.47, (24 mg, 0.20 mmol),

p-toluenesulfonic acid (1.0 mg, 6.0 x 102 mmol, 3 mol %), and III (12 mg, 4.0 x 102
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mmol, 20 mol %) in anhydrous solvent (3 mL) was added. The reaction was stirred for 10
minutes at 4 °C. N,N-Diisopropylethylamine 2 p 02 mmol 2eqiv ) was added,
followed by triethylchlorosilane 36 1 020 mmol 0 eqiv ). After stirring at 4 °C for
12 hours, the reaction was quenched by addition of N,N-diisopropylethylamine 30 p

and methanol p he mi tre was stirred for 0 mi n and filtered thro gh a Paster
pipette packed with silica gel, followed by a flush with EtOAc (10 mL). GC analysis
afforded the yield and selectivity of the reaction. The following solvents were tested in
the reaction: THF, EtOAc, MeOrBu, CH3CN, CICH,Cl, tBuOH (run at room
temperature).

Individual Enantiomer Selectivities in fBuOH (Table 3.13)

To an oven-dried reaction vial, a solution of hexane-1,2-diol, 3.47, (24 mg, 0.20 mmol),
p-toluenesulfonic acid (1.0 mg, 6.0 x 10~ mmol, 3 mol %), and III (12 mg, 4.0 x 107
mmol, 20 mol %) in anhydrous fBuOH (3 mL) was added. The reaction was stirred for 10
minutes at 25 °C. N,N-Diisopropylethylamine 2 p 02 mmol 2eq iv)was added,
followed by triethylchlorosilane 36 p 0 20 mmol 0 eqiv ). After stirring at 25 °C for
12 hours, the reaction was quenched by addition of N,N-diisopropylethylamine 30 p

and methanol p he mi tre was stirred for 0 mi n and filtered thro gh a Paste r
pipette packed with silica gel, followed by a flush with EtOAc (10 mL). GC analysis
afforded the yield and selectivity of the reaction.

Table 3.13. Entry 1

(R)-hexane-1,2-diol, (R)-3.47, was used as the substrate in the reaction.
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Table 3.13, Entry 2

(S)-hexane-1,2-diol, (S)-3.47, was used as the substrate in the reaction.

Table 3.13, Entry 3

(S)-hexane-1,2-diol, (5)-3.47, was used as the substrate and N-methylimidazole 3 2 p
4.0 x 10 mmol, 20 mol %) was used in the catalyst in the reaction.

t-Amyl Alcohol Temperature Screen (Table 3.14)

To an oven-dried reaction vial, a solution of (S)-hexane-1,2-diol, 3.47, (24 mg, 0.20
mmol), p-toluenesulfonic acid (1.0 mg, 6.0 x 10 mmol, 3 mol %), and III (12 mg, 4.0 x
10~ mmol, 20 mol %) in anhydrous #-amyl alcohol (3 mL) was added. The reaction was
stirred for 10 minutes. N,N-Diisopropylethylamine 2p 02 mmol 2eqiv )was
added, followed by triethylchlorosilane (4.0 x 10'p 02 mmol 2eqiv ). After
stirring at a constant temperature for 12 hours, the reaction was quenched by addition of
N,N-diisopropylethylamine 30 @ and methanol p he mi tre was stirred for 0
min and filtered through a Pasteur pipette packed with silica gel, followed by a flush with
EtOAc (10 mL). GC analysis afforded the yield and selectivity of the reaction. The
reaction was run at the following temperatures: -6 °C, 4 °C, and 25 °C.

Screen of Catalysts with Cyclic R Groups (Table 3.15)

To an oven-dried reaction vial, a solution of (S)-hexane-1,2-diol, (5)-3.47, (24 mg, 0.20
mmol), p-toluenesulfonic acid (1.0 mg, 6.0 x 10 mmol, 3 mol %), and catalyst (20 mol
%) in anhydrous #-amyl alcohol (3 mL) was added. The reaction was stirred for 10

minutes at 4 °C. N,N-Diisopropylethylamine 2 p 02 mmol 2eqiv )was added,

followed by triethylchlorosilane (4.0 x 10' ¢ 02 mmol, 1.2 equiv). After stirring at 4
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°C for 12 hours, the reaction was quenched by addition of N,N-diisopropylethylamine (30
p  and methanol p he mi tre was stirred for 0 mi n and filtered thro gh a
Pasteur pipette packed with silica gel, followed by a flush with EtOAc (10 mL). GC
analysis afforded the yield and selectivity of the reaction.

R= iPr, I1I, (12 mg, 4.0 x 10 mmol, 20 mol %)

R= Cyclopropyl (12 mg, 4.0 x 10 mmol, 20 mol %)

R= Cyclopentyl, IV, (13 mg, 4.0 x 10 mmol, 20 mol %)

Catalyst Screen with (S)-1-Cyclohexyl-1.2-ethanediol (Table 3.16)

In a dry box, a solution of (§)-1-cyclohexylethane-1,2-diol, (5)-3.50, (29 mg, 0.20 mmol),
catalyst, and N, N-diisopropylethylamine hydrochloride (6.6 mg, 4.0 x 10 mmol, 20 mol
%) in anhydrous tert-amyl alcohol (3.0 mL) was prepared in an oven-dried glass reaction
vial. The reaction was stirred at 4 °C for 10 minutes. N, N-diisopropylethylamine (45 pL,
0.26 mmol, 1.3 equiv) was added, followed by addition of chlorotriethylsilane (44 pL,
0.26 mmol, 1.3 equiv). The reaction was stirred at 4 °C for 30 minutes. MeOH (100 pL)
was added to quench the reaction. The solvent was removed under reduced pressure.
1,3,5-trimethoxybenzene (100 pL, 2M solution in EtOAc, 0.020 mmol) was added as an
internal standard. Chiral GC Analysis ((Supelco Gamma Dex 120 (30 m x 0.25 mm X
0.25 pm film thickness), 115 °C for 180 min, 20 °C/min to 180 °C, 180 °C for 20 min, 15
psi) of crude product afforded quantitative results of the reaction.

Table 3.16, Entry 1

N-methylimidazole 2 p 30 0 2 mmol, 15 mol %) was used in the catalyst in the

reaction.
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Table 3.16, Entry 2

Catalyst ITI (8.9 mg, 3.0 x 10 mmol, 15 mol %) was used in the reaction.

Table 3.16, Entry 3

Catalyst IV (8.3 mg, 3.0 x 10? mmol, 15 mol %) was used in the reaction.

Table 3.16, Entry 4

(R)-Cyclohexane-1,2-diol, (R)-3.50, and catalyst IV (8.3 mg, 3.0 x 10” mmol, 15 mol %)
were used in the reaction.

Control Catalyst with (5)-Cyclohexane-1.2-diol (Scheme 3.26. Eq 1)

In a dry box, a solution of (§)-1-cyclohexylethane-1,2-diol, (5)-3.50, (29 mg, 0.20 mmol),
catalyst 3.53 (8.8 mg, 3.0 x 10 mmol, 15 mol %), and N, N-diisopropylethylamine
hydrochloride (6.6 mg, 4.0 x 10? mmol, 20 mol %) in anhydrous fert-amyl alcohol (3.0
mL) was prepared in an oven-dried glass reaction vial. The reaction was stirred at 4 °C
for 10 minutes. N, N-diisopropylethylamine (45 uL, 0.26 mmol, 1.3 equiv) was added,
followed by addition of chlorotriethylsilane (44 puL, 0.26 mmol, 1.3 equiv). The reaction
was stirred at 4 °C for 30 minutes. MeOH (100 pL) was added to quench the reaction.
The solvent was removed under reduced pressure. 1,3,5-Trimethoxybenzene (100 pL,
2M solution in EtOAc, 0.020 mmol) was added as an internal standard. Chiral GC
Analysis ((Supelco Gamma Dex 120 (30 m x 0.25 mm x 0.25 pm film thickness), 115 °C
for 180 min, 20 °C/min to 180 °C, 180 °C for 20 min, 15 psi) of crude product afforded

quantitative results of the reaction.
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Control Catalyst with (R)-Cyclohexane-1,2-diol (Scheme 3.26., Eq 2)

In a dry box, a solution of (R)-1-cyclohexylethane-1,2-diol, (R)-3.50, (29 mg, 0.20
mmol), catalyst 3.53 (8.8 mg, 3.0 x 102 mmol, 15 mol %), and N, N-
diisopropylethylamine hydrochloride (6.6 mg, 4.0 x 10 mmol, 20 mol %) in anhydrous
tert-amyl alcohol (3.0 mL) was prepared in an oven-dried glass reaction vial. The
reaction was stirred at 4 °C for 10 minutes. N, N-diisopropylethylamine (45 uL, 0.26
mmol, 1.3 equiv) was added, followed by addition of chlorotriethylsilane (44 uL, 0.26
mmol, 1.3 equiv). The reaction was stirred at 4 °C for 30 minutes. MeOH (100 pL) was
added to quench the reaction. The solvent was removed under reduced pressure. 1,3,5-
Trimethoxybenzene (100 pL, 2M solution in EtOAc, 0.020 mmol) was added as an
internal standard. Chiral GC Analysis ((Supelco Gamma Dex 120 (30 m x 0.25 mm x
0.25 pm film thickness), 115 °C for 180 min, 20 °C/min to 180 °C, 180 °C for 20 min, 15
psi) of crude product afforded quantitative results of the reaction.

Reaction of 1-Phenyl-1.2-ethanediol (Scheme 3.27)

To an oven-dried reaction vial, a solution of 1-phenyl-1,2-ethane diol, 3.13 (140 mg, 1.0
mmol), N, N-diisopropylethylamine hydrochloride (33 mg, 0.20 mmol, 20 mol %), and
catalyst IV (46 mg, 0.15 mmol, 15 mol %) in anhydrous #-amyl alcohol (14 mL) was
added. The reaction was stirred for 10 minutes at 4 °C. N,N-Diisopropylethylamine (160
p 2mmol 2eqiv )wasadded, followed by triethylchlorosilane 0 p 2 mmol,
1.2 equiv). After stirring at 4 °C for 25 mins, the reaction was quenched by addition of
N,N-diisopropylethylamine 200 p and methanol 0 p he mi tre was stirred for

10 min and concentrated. Column Chromatography (0 to 20% EtOAc/Hex, using an
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ISCO automated purification system) yielded 3.16 (140 mg, 56%) and 3.17 (69 mg, 27%)

as colorless oils. Chiral HPLC Analysis for 3.16 : (OD-H, 1.0 mL/min, 0.5% iPrOH:

95.5% Hexanes, 220 nm, #major = 8.53 min and #minor = 9.94 min) 45% ee.

OH

©/k/OTES

Detector A Ch2 220nm
Peak# Ret. Time Area Height Area % Height %
1 8.534 2784397 153185 72.359 79.163
2 9.938 1063652 40322 27.641 20.837
Total 3848050 193507 100,000 100.000
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OTES
@/\/OH
Chiral HPLC Analysis for 3.17: (OD-H, 1.0 mL/min, 0.5% iPrOH: 95.5% Hexanes, 220

M, frmajor = 5.97 min and fminer = 6.78 min) 83% ee.

250 —rineior B UL T3

Detector A Ch2 220nm
Peakd# Ret. Time Area Height Area % Height %
) 5.966 4635267 379960 91.256 92.315
2 6.775 444137 31631 8.744 7.685
Total 5079404 411591 100.000 100.000

A duplicate reaction gave 3.16 (150 mg, 59%, 45% ee) and 3.17 (57 mg, 23%, 79% ee).

The average of the two runs gave 3.16 (57%, 45% ee) and 3.17 (25%, 81% ee). For

characterization of both compounds, see above.
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General Procedure for Substrate Scope (Table 3.17)

In a dry box, a solution of 1-cyclohexylethane-1,2-diol, 3.50, (140 mg, 1.0 mmol),
catalyst IV (46 mg, 0.15 mmol, 15 mol %), and N, N-diisopropylethylamine
hydrochloride (33 mg, 0.20 mmol, 20 mol %) in anhydrous tert-amyl alcohol (14 mL)
was prepared in an oven-dried glass reaction vial. The reaction was stirred at 0 °C for 10
minutes. N, N-diisopropylethylamine (230 uL, 1.3 mmol, 1.3 equiv) was added, followed
by addition of chlorotriethylsilane (220 pL, 1.3 mmol, 1.3 equiv). The reaction was
stirred at 0 °C for 45 minutes. MeOH (500 pL) was added to quench the reaction. The
solvent was removed under reduced pressure. Column chromatography (0-20% EtOAc in
Hexanes, using an ISCO automated purification system) afforded 1 (150 mg, 56%) and 2

(110 mg, 41%) as colorless oils.
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Table 3.17 Substrate Scope.

0,
o fneiems o
0 + <
R)\/OH 1213eqTESCI . g N OTES © A _OH
1.2-1.3 eq DIPEA
t-amyl alcohol 1 2
45-90 min, 0 °C

Run 1 Run 2

substrate 1ab 2a.b 1ab 2a.b

OH
)\/OH 47%, 81% ee® 41%, 97% ee® 56%, 81% ee® 41%, 96% ee®
Cy

3.50

OH
OH 55%, 78% ee® 41%, 97% ee® 53%, 79% eed 38%, 98% ee
Bu
3.47

L _on 54%, 82% ee® 40%, 98% ee® 53%, 82% ee° 40%, 98% ee®
s-B
3.54
A _on 46%, 71% ee® 35%, 91% ee®  51%, 70% ee® 36%, 93% ee®
Me
Ph._L__oH 48%, 75% ee' 42%, 94% ee' 50%, 80% ee' 44%, 96% ee'
Bno\)\/OH 52%, 75% ee” 41%, 99% ee® 59%, 73% ee” 40%, 99% ee?
PhO\)\/OH 42%, 77% eef 31%, 96% ee? 47%, 77% eef 34%, 95% ee?
S _oH 57%, 57% ee® 35%, 93% ee®  49%, 56% ee® 38%, 90% ee®

CIQ\/OH 52%, 90% ee" 44%, 97% ee" 52%, 90%ee" 46%, 98% ee"

Br\)\/OH 49%, 91% ee® 41%, 97% ee® 50%, 91% ee® 41%, 98% ee®
3.61

3lsolated yields. PEe determined by GC or HPLC analysis. °Run with 15% IV, 1.3 equiv TESCI and DIPEA.
dRun with 10% I1II, 1.2 equiv TESCI and DIPEA. ®Run with 15% IV, 1.2 equiv TESCI and DIPEA. fRun with
10% IV, 1.2 equiv TESCI and DIPEA . 9Run with 15% III, 1.4 equiv TESCI and DIPEA."Run with 15% IV,
1.3 equiv TESCI and DIPEA .
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Calculated Selectivities for Each Enantiomer of Substrate (Table 3.18)

Substrate (R)-2a-j" (R)-3a-j" (S)-2a-j" (S)-3a-j"
3.13 95 5 41 59
3.50 99 1 12 88
3.47 99 1 13 87
3.54 99 1 11 89
3.55 96 4 17 83
3.56 98 2 10 90
3.57 >99 <1 14 86
3.58 98 2 14 86
3.59 97 3 27 73
3.60 99 1 6 94
3.61 99 1 5 95

*Approximate (R)-enantiomer and (S)-enantiomer selectivities calculated based on isolated yields and ees

from Table 3.25.

Product Characterization

Table 3.17, Entry 1

Et\ fEt
S
Et =

O/'\/OH
(8)-2-cyclohexyl-2-(triethylsilyloxy)ethanol. The general procedure was followed using
3.50 to yield a colorless oil (110 mg, 41%). Chiral GC Analysis (Supelco Beta Dex 120
(30 m x 0.25 mm x 0.25 um film thickness), 145 °C for 100 min, 10 °C/min to 200 °C,
200 °C for 10 min, 15 psi., trmajor = 44.4 min, frminor = 45.0 min) 97% ee. 'H NMR
(CDCl3, 500 MHz) 6 0.63 (q, 6H, J=8.1), 0.98 (t, 9H, J=8.1), 1.10-1.25 (m, 4H), 1.46-
1.53 (m, 1H), 1.65-1.84 (m, 7H), 3.49 (dt, 1H, J= 6.1, 3.7), 3.53-3.59 (m, 2H); *C NMR
(CDCls, 126 MHz) 6 5.3, 7.1, 26.5, 26.6, 26.8, 29.0, 29.3,41.4, 64.2, 77.4; IR: 3421,

2924, 2876, 1450, 1238, 1118, 1006, 739 cm™'; HRMS (DART-TOF) calcd. for
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C14H3,058i;: [M+H]": 259.2093, found: 259.2099. [a]p™’ = +8.7 (¢ = 1.1, CH,Cl,, I = 50

mm).

~ 7 FIDT A, Front Signal (ADW\XS-SILYLATION 2012-03-13 18-33-07\AW-5-144F 11-12.D) o

pA 5 Qé\« sN h‘sb" ;
J F\ A S ’
14+ T@?‘ éﬁe@
] / w ?
12 | |
4 |\ !
1 |
10 - ;
1 ! :
) \x//
- - < I - 1 - T r 1T - T T T T r T T 7 .
41 42 43 44 45 46 47 min
FID1 A, Front Signal (ADW\ADW 2012-02-22 08-50-11\AW-6-28F14-19.D) o
pA | 8 »
< ‘ '6{}'
i &
25 -|
i \
20 [

|

T T T T T T T T T T T T T r T T T T v v T T T T T

R Y T 44 45 P & min
Peak RetTime Type Width Area Height Area
# [min] [min] [pA*s] {pA] %

1 44.386 MF 0.3563 522.96381 24.46362 98.50719
2 44.975 FM 0.3433 7.92515 3.84790e-1 1.49281

o._..Et
'S,
Et” Et

(R)-1-cyclohexyl-2-((triethylsilyl)oxy)ethanol. The general procedure was followed

Table 3.17, Entry 1

using 3.50 to yield the product as a colorless oil (120 mg, 47%). Chiral GC Analysis
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(Supelco Gamma Dex 120 (30 m x 0.25 mm X 0.25 pm film thickness), 115 °C for 180
min, 20 °C/min to 180 °C, 180 °C for 20 min, 15 psi, trmajor = 172.2 min, tuminer = 169.2
min) 81% ee. "H NMR (CDCls, 500 MHz) & 0.59 (q, 6H, J = 7.8), 0.94 (t, 9H, J=7.8),
0.98-1.06 (m, 2H), 1.10-1.25 (m, 3H), 1.33-1.40 (m, 1H ), 1.57-1.65 (m, 2H), 1.69-1.75
(m, 2H), 1.87-1.91 (m, 1H), 2.48 (d, 1H, J=2.9), 3.34-3.38 (m, 1H), 3.44 (dd, 1H, J =
9.8, 8.3), 3.67 (dd, 1H, J=9.8, 3.2); *C NMR (CDCls, 125 MHz) § 4.6, 6.9, 26.3, 26 4,
26.7,29.0, 29.1, 40.7, 65.2, 76.0; IR: 2921, 2875, 2852, 1450, 1112, 1079, 1004, 817,
726 cm'l; HRMS (ESI+) caled. for C14H30O,NaSi: [M+Na]+: 281.1907, found: 281.1915.

[a]p?® =-6.4 (c = 1.3, CH,Cl,, [ = 50 mm).

" FIDT A, Front Signal (XS\XS-SILYLATION 2012-03-15 10-12-18\X5-4-185-1P.D)

pA ] o o
8.5 il Q‘PQ’
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166 o 168 _ 7o o1tz 174 min
FIDT A, Front Signal (ADW\ADW 2012-02-22 10-32-24\AW-6-29F11-14.D) T o
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Peak RetTime Type Width Area Height Area
# [min] [min] [pa*s] [pA] %

1 169.225 MF 1.3614 66.55033 8.14710e-1 9.28297
2 171.896 FM 1.4520 650.35730 7.46509 90.71703

Table 3.17, Entry 2

Et_ Et
Et/SI\O

Me \/\/\/ OH

(8)-2-(triethylsilyloxy)hexan-1-ol. The general procedure was followed using 3.47 and
1.2 equiv of chlorotriethylsilane and N, N-diisopropylethylamine, 10 mol % III, and a
reaction time of 1.5 hours to yield a colorless oil (88 mg, 38%). Chiral GC Analysis
(Supelco Beta Dex 120 (30 m x 0.25 mm X 0.25 um film thickness), 95 °C for 120 min,
20 °C/min to 200 °C, 200 °C for 20 min, 15 psi., trmajor = 106.1 min, trminer = 109.4 min)
98% ee. "H NMR (CDCls, 500 MHz) 8 0.63 (q, 6H, J = 7.8), 0.88-0.91 (m, 3H), 0.98 (t,
9H, J=17.8), 1.23-1.34 (m, 4H), 1.47-1.52 (m, 2H), 1.91 (t, 1H, J = 6.4), 3.42-3.46 (m,
1H), 3.54-3.59 (m, 1H), 3.71-3.76 (m, 1H); *C NMR (CDCl;3, 126 MHz) § 5.3, 7.0, 23.0,
23.3,24.7,43.5,66.8, 71.4; IR: 3408, 2955, 2876, 1459, 1239, 1097, 1007, 727 cm;

HRMS (DART-TOF) calcd. for C1,H00,Si;: [M+H]": 233.1937, found: 233.1934.

[alp?® =+11.4 (¢ = 1.1, CH,Cl,, [ = 50 mm).
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FID7 A, Front Signal (ADWXS-SILYLATION 2012-03-13 18-33-07\AW-5-140F11-12.D)
2 W
8 fbﬁ?

&

6

PA ]
12

114

10

104 ‘ R C e 10 12 mirl
FID1 A, Front Signal (ADW\ADW 2012-02-08 16-14-44\AW-6-3F19-22.D) -
PA 1 ;
!
] |
14— |
4 |
1 !
12+ |
10
B; N
] g &
6 8
T ' " 1o ‘ " 12 min
Peak RetTime Type Width Area Height Area
# [min] [min] [pA*s] [pAl %

1 106.134 MF 0.8505 555.10553 10.87751 98.8841¢6
2 109.380 FM 0.8242 6.26401 1.26669e-1 1.11584

Table 3.17, Entry 2

Me._~_J_O._. Et
© Si

/

Et” Et
(R)-1-((triethylsilyl)oxy)hexan-2-ol. The general procedure was followed using 3.47 and

1.2 equiv of chlorotriethylsilane and N, N-diisopropylethylamine, 10 mol % III, and a
reaction time of 1.5 hours to yield a colorless oil (130 mg, 55%). Chiral GC Analysis

(Supelco Beta Dex 120 (30 m x 0.25 mm x 0.25 um film thickness), 95 °C for 120 min,
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20 °C/min to 180 °C, 180 °C for 20 min, 15 psi, frmajor = 103.2 min, fminor = 102.1 min)
78% ee. "H NMR (CDCl3, 500 MHz) & 0.60 (q, 6H, J=7.8), 0.89 (t, 3H, J=7.1), 0.94
(t, 9H, J=7.8), 1.22-1.45 (m, 6H), 2.44 (d, 1H, J=3.2), 3.36 (dt, 1H, J = 2.0, 8.8), 3.59-
3.64 (m, 2H); *C NMR (CDCls, 125 MHz) § 4.6, 6.9, 14.2, 23.0, 28.0, 32.7, 67.2, 72.1;
IR: 2955, 2934, 2913, 2876, 1459, 1095, 1004, 803, 726 cm '; HRMS (ESI+) calcd. for
C1,H,30,NaSi: [M+Na]": 255.1751, found: 255.1745. [alp>" =-3.6 (c = 1.1, CH,Cl,, [ =

50 mm).

FIDT A, Front Signal (XSWXS-SILYLATION 2012-03-05 14-38-36\S4-163.0) T T
PA 1

14+

10

T T T T T T T T T T T T T T T T T T T T T T T T T v T {
100 . 101 102 103 104 ... 105 . m_||r!
FID1 A, Front Signal (ADW\XS-SILYLATION 2012-03-13 18-33-07\AW-6-1F15-18.D) o
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Peak RetTime Type Width Area Height Area

1 102.145 MF 0.6779 59.37944 1.45996 10.93386
2 103.241 FM 0.8584 483.69888 9.39185 89.06614

Table 3.17, Entry 3

Et_ FEt

(8)-4-methyl-2-(triethylsilyloxy)pentan-1-ol. The general procedure was followed using
3.54 to yield a colorless oil (94 mg, 40%). Chiral GC Analysis (Supelco Beta Dex 120
(30 m x 0.25 mm x 0.25 um film thickness), 95 °C for 120 min, 20 °C/min to 200 °C,
200 °C for 20 min, 15 psi., frmajor = 80.4 min, #minor = 86.1 min) 98% ee. 'H NMR
(CDCl3, 500 MHz) 6 0.63 (q, 6H, J=8.1), 0.90 (d, 3H, /= 6.6), 0.91 (d, 3H, J = 6.6)
0.98 (t,9H, J=28.1), 1.38 (t, 2H, J = 6.8), 1.59-1.67 (m, 1H), 1.92 (t, 1H, J = 6.4), 3.39-
3.44 (m, 1H), 3.57 (ddd, 1H, J=11.0, 6.1, 3.7), 3.82 (ddt, 1H, J=9.8, 5.4, 1.2); °C
NMR (CDCls, 126 MHz) 6 5.2, 7.0, 14.2, 23.0, 27.7, 40.0, 66.5, 73.1; IR: 3418, 2955,
2876, 1466, 1087, 1046, 742 cm_l; HRMS (DART-TOF) calcd. for C1,H»90,Si;:

[M+H]": 233.1937, found: 233.1943. [a]p>® = +10.3 (¢ = 1.1, CH,CL,, [ = 50 mm).
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FID1 A, Front Signal (ADW\XS-SILYLATION 2012-03-13 18-33-0MAW-5-142F11-12.D)
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FID1 A, Front Signal (ADWI\ADW 2012-02-22 18-47-63\AW-6-30F16-21.D) -
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6 18 @ 82 84 8 88 mn
Peak RetTime Type Width Area Height Area
# [min] [min] [pA*s] [pA] %

e L R R o | <mmmmemae | ==-mee- |

1 80.391 MM 0.6715 616.66846 15.30581 99.02026
2 86.058 MM 0.6070 6.10155 1.67528e-1 0.97974

Table 3.17, Entry 3

O. .. .Et
Me Si,
1 Et
Et

(R)-4-methyl-1-((triethylsilyl)oxy)pentan-2-ol. The general procedure was followed
using 3.54 to yield the product as a colorless oil (125 mg, 54%). Chiral GC Analysis
(Supelco Beta Dex 120 (30 m x 0.25 mm % 0.25 pum film thickness), 95 °C for 90 min, 20

°C/min to 180 °C, 180 °C for 20 min, 15 psi, fimajor = 75.9 min, fiminor = 75.1 min) 82% ee.
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"H NMR (CDCl;, 500 MHz) & 0.60 (q, 6H, J = 7.8), 0.90 (d, 3H, J = 6.6), 0.92 (d, 3H, J
=6.6), 0.95 (t,9H, J=17.8), 1.11 (ddd, 1H, J=13.5, 8.5, 4.2),1.36 (ddd, 1H, J=14.2,
8.8,5.9), 1.74-1.82 (m, 1H), 2.40 (d, 1H, J=3.2), 3.33 (dd, 1H, J=9.8, 7.8), 3.58 (dd,
1H, J=9.8,3.2),3.71 (ddd, 1H, J=16.4, 7.8, 3.2); *C NMR (CDCl;, 125 MHz) & 4.6,
6.9, 22.4,23.6,24.8,42.0, 67.6, 70.3; IR: 2954, 2912, 2876, 1096, 1049, 1004, 789, 726
cmﬁl; HRMS (ESI+) caled. for Cy,H,30,NaSi: [M+Na]+: 255.1751, found: 255.1763.

[a]p?® = +0.94 (c = 1.2, CH,Cl,, [ = 50 mm).

FIDT A, Front Signal (XS\XS-SILYLATION 2012-03-05 14-38-36\XS-4-184.D),
A |
12
114

10

72 73 74 75 76 o 77 .18 e min{

FID1 A, Front Signal (ADWVADW 2012-02-23 17-20-42\AW-6-31F14-19.D) |
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Peak RetTime Type Width Area Heilght Area
# [min] [min] [pA*s] [pA] %

1 75.177 MF 0.4641 72.05933 2.58757 9.23872
2 75.879 FM 0.7002 707.91193 16.85016 90.76128

Table 3.17, Entry 4

Et_ Et

(8)-2-(triethylsilyloxy)propan-1-ol. The general procedure was followed using 3.55 and
1.2 equiv chlorotriethylsilane and N, N-diisopropylethylamine with a reaction time of 25
minutes. Column chromatography (3-20% Et,0 in Hexanes) yielded a colorless oil (69
mg, 36%). Chiral GC Analysis (Supelco Beta Dex 120 (30 m % 0.25 mm x 0.25 pum film
thickness), 80 °C for 100 min, 20 °C/min to 200 °C, 200 °C for 20 min, 15 psi., frmajor =
45.2 min, fyminor = 46.8 min) 93% ee. "H NMR (CDCls, 500 MHz) & 0.63 (q, 6H, J = 7.8),
0.97 (t,9H, J=17.8), 1.14 (d, 3H, J=6.4), 1.96 (dd, 1H, J=7.6, 5.1), 3.37 (ddd, 1H, J =
11.7, 6.6, 1.5), 3.48-3.53 (m, 1H), 3.89-3.95 (m, 1H); *C NMR (CDCls, 126 MHz) &
5.1,7.0,20.1, 68.4, 69.1; IR: 3408, 2955, 2877, 1459, 1238, 1005, 741 cm'; HRMS
(DART-TOF) calcd. for C2H00,Si;: [M+H]™: 233.1937, found: 233.1934. [a]p>" =

+18.6 (¢ = 1.0, CH,Cl,, / = 50 mm).
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" FIDT A, Front Signal (ADWXS-SILYLATION 2012-03-13 18-33-07\AW-5-210F15-16-2.D)
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FID1 A, Front Signal (ADW\ADW 2012-02-28 18-12-37\AW-6-41F27-32.0)
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Peak RetTime Type Width Area Height Area

# [min] [min] [PA*s] [DA] %

e === | =mme - | =m o | =mmmmmnee ]

1 45.223 MF 0.4332 665.28326 25.59389 96.55036
2 46.806 FM 0.4828 23.76983 8.20552e-1 3.44964

Table 3.17, Entry 4

OH

Me/k/ O\Si:Et
L Et
Et
(R)-1-((triethylsilyl)oxy)propan-2-ol. The general procedure was followed using 3.50
and 1.2 equiv chlorotriethylsilane and N, N-diisopropylethylamine with a reaction time of

25 minutes. Column chromatography (3-20% Et,0 in Hexanes) yielded a colorless oil

(97 mg, 51%). Chiral GC Analysis (Supelco Beta Dex 120 (30 m x 0.25 mm X 0.25 pm
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film thickness), 80 °C for 45 min, 20 °C/min to 180 °C, 180 °C for 20 min, 15 psi, frmajor
=36.8 min, t;minor = 35.6 min) 70% ee. '"H NMR (CDCl3, 500 MHz) 6 0.60 (q, 6H, J =
7.8),0.94 (t, 9H, J=7.8), 1.10 (d, 3H, J = 6.4), 2.48 (d, 1H, J=3.0), 3.32 (dd, 1H, J =
9.8, 7.8),3.57 (dd, 1H, J=9.8, 3.4), 3.77-3.84 (m, 1H); *C NMR (CDCl;, 125 MHz) &
4.6,6.9,18.4,68.2, 68.4; IR: 2955, 2911, 2877, 1459, 1239, 1087, 1006, 801, 724 cm ';
HRMS (ESI+) calcd. for CoH,,0,NaSi: [M+Na]": 213.1281, found: 213,1271. [a]p> = -

8.2 (c=1.1, CH,Cl,, /=50 mm).

FID1 A, Front Signal (XS\XS-SILYLATION 2012-03-07 17-53-03\XS-4-195.D}
©
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FIDT A, Front Signal (ADWNADW 2012-02-28 18-12-37\AW-6-41F21-26.D)
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Peak RetTime Type Width Area Height Area
# [min] [min] [pA*g] [pA] %

1 35.627 MM 0.3035 89.41690 4,90958 15.15284
2 36.788 MM 0.3412 500.68295 24.45822 84.84716

Table 3.17, Entry 5

Et, Et

(S)-3-phenyl-2-(triethylsilyloxy)propan-1-ol. The general procedure was followed
using 3.56 with 1.2 equiv of chlorotriethylsilane and N, N-diisopropylethylamine and 10
mol % III to yield a colorless oil (120 mg, 44%). Chiral HPLC Analysis (OD-H, 1.0
mL/min, 10% iPrOH: 90% Hexanes, 220 nm, tmmajor = 4.1 and fiminor = 7.8 min) 96% ee.
"H NMR (CDCl;, 500 MHz) & 0.53 (dq, 6H, J = 16.1, 3.4), 0.90-0.93 (m, 9H), 1.91 (dd,
1H,J=17.0,5.6), 2.80 (ddd, 2H, J=19.6, 13.5, 6.1), 3.40-3.45 (m, 1H), 3.48-3.53 (m,
1H), 3.92 (dddd, 1H, J=13.7, 7.3, 4.6, 0.98), 7.16-7.20 (m, 3H), 7.24-7.28 (m, 2H); *C
NMR (CDCls, 126 MHz) & 5.1, 7.0, 40.8, 65.8, 79.2, 126.5, 128.6, 129.8, 138.4; IR:
2953, 2912, 2876, 1455, 1238, 1103, 1004, 724, 698, 505 cm'; HRMS (DART-TOF)
caled. for CsH,70,Si;: [M+H]™: 267.1780, found: 267.1777. [a]p>" = -12.6 (¢ = 1.0,

CH2C12, /=50 mm)
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s BEEEEEEEEERE S

R U S

Detector A Ch2 220nm
Peakd# Ret. Time Area Height Area % Height %
1 4.148 5003831 677512 98.072 98.873
2 7.816 98366 7723 1.928 1.127
Total 5102197 685235 100.000 100.000
Table 3.17, Entry 5

@\/(')i/
O._. Et
S

i
LE
(R)-1-phenyl-3-((triethylsilyl)oxy)propan-2-ol. The general procedure was followed

using 3.56, 1.2 equiv of chlorotriethylsilane and N, N-diisopropylethylamine, and 10 mol
% III to yield the product as a colorless oil (130 mg, 50%). Chiral HPLC Analysis (OD-
H, 1.0 mL/min, 2% iPrOH: 98% Hexanes, 220 nm, #major = 5.50 min and fminor = 6.12
min) 80% ee. "H NMR (CDCls, 500 MHz) & 0.59 (q, 6H, J=7.8), 0.94 (t, 9H, J = 7.8),
242 (d, 1H,J=3.9),2.74 (dd, 1H, J=13.7, 6.4), 2.78 (dd, 1H, J=13.7, 7.1), 3.46 (dd,

1H, J=9.8, 6.8), 3.60 (dd, 1H, J = 10.0, 3.7), 3.85-3.90 (m, 1H), 7.18-7.22 (m, 3H),
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7.27-7.30 (m, 2H); BC NMR (CDCl;, 125 MHz) 6 4.6, 6.9, 39.8, 66.2, 73.0, 126.5,
128.6, 129.5, 138.5; IR: 2953, 2911, 2876, 1239, 1111, 1031, 792, 727, 698 cmfl;
HRMS (ESI+) calcd. for C;sHy60,NaSi: [M+Na]+: 289.1594, found: 289.1600. [ot]])20 =

+2.6 (¢ = 1.0, CH,Cl,, /= 50 mm).

= f’j ' ,-.\“
50 ‘\\“ AN
:
55 56 57 58 5;’caK lsjaDle 61 62 63 64 e
Detector A Ch2 220nm
Peak# Ret. Time Area I Height Area % __Height% |
i 5.500 3936878 454367|  90.185 90.107
2 6.120 428456 49916 9.815 9.898
Total 4365334 504283 100,000 100.000
Table 3.17, Entry 6
Et_ Et
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(R)-3-(benzyloxy)-2-(triethylsilyloxy)propan-1-ol. The general procedure was followed
using 3.57, 1.2 equiv chlorotriethylsilane and N, N-diisopropylethylamine, 10 mol % III,
and a reaction time of 1.5 hours to yield a colorless oil (120 mg, 40%).Chiral HPLC
Analysis (OD-H, 1.0 mL/min, 0.5% iPrOH: 99.5% Hexanes, 240 nm, #major = 23.2 and
frminor = 30.5 min) 99% ee. "H NMR (CDCls, 500 MHz) & 0.57-0.63 (q, 6H, J = 8.0),
0.91-0.95 (m, 9H), 2.04-2.08 (m, 1H), 3.44-3.51 (m, 2H), 3.57-3.68 (m, 2H), 3.88-3.93
(m, 1H), 4.51 (s, 2H), 7.25-7.35 (m, 5H); *C NMR (CDCls, 126 MHz) & 4.8, 6.7, 64.9,
71.0,71.9,73.5,127.6, 127.7, 128.4, 138.0; IR: 3439, 2954, 2876, 1455, 1239, 1098,
1005, 739, 698 cm '; HRMS (DART-TOF) calcd. for C1sH200:Si;: [M+H]": 297.1886,

found: 297.1881. [a]p*" =+21.4 (¢ = 1.1, CH,Cl,, [ = 50 mm).

2 % 8 5 8 8 4 58 8 8
PR AOPR PPN P PP FOPA PR T

Y
1

20 20 20 %0 260 270 280 260 00 o 20 ma
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A wiei s vensaw

Detector A Ch2 220nm
Peak# Ret. Time Area Height Arca % Height %
1 23.237 4280721 116130 99.838 99.838
2 30.476 6947 188 0.162 0.162
Total 4287669 116318 100.000 100.000

Table 3.17, Entry 6

OH
o L _o. E

|
| "Et
Et

(R)-1-(benzyloxy)-3-((triethylsilyl)oxy)propan-2-ol. The general procedure was
followed using 3.57, 1.2 equiv chlorotriethylsilane and N, N-diisopropylethylamine, 10
mol % III, and a reaction time of 1.5 hours to yield product as a colorless oil (170 mg,
59%). Chiral HPLC Analysis (OD-H, 1.0 mL/min, 5% iPrOH: 95% Hexanes, 220 nm,
trmajor = 7.87 min and fminor = 6.95 min) 73% ee. "H NMR (CDCls, 500 MHz) § 0.59 (q,
6H,J=17.8),0.94 (t, 9H, J=17.8),2.48 (d, IH, J=4.9),3.49 (dd, 1H, J=9.5,5.9), 3.53
(dd, 1H, J=9.5,4.9), 3.62 (dd, 1H, J=10.0, 5.9), 3.66 (dd, 1H, J=10.0, 4.9), 3.82-3.87
(m, 1H), 4.54 (s, 2H), 7.26-7.35 (m, 5H); >C NMR (CDCl;, 125 MHz) & 4.6, 6.9, 64.0,
71.0,71.3,73.7,127.9, 128.0, 128.6, 138.4; IR: 2953, 2910, 2875. 1089, 1004, 804, 728,
696 cm'; HRMS (ESI+) caled. for Ci6HosO3NaSi: [M+Na]": 319.1700, found:

319.1697. [at]p™® = 0.53 (¢ = 1.1, CH,Cl,, / = 50 mm).
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N

700 725 750 775 300 835 850 o

Detector A Ch2 220nm

Peakd# Ret. Time Area Height Area% | Height %
] 6.947 389411 34575 13.384 15.076
2 7.865 2520112 164761 86.616 84.924
Total 2909523 229336 100.000 100.000

Table 3.17, Entry 7

Et_ Et
_Si.

O\/\

SR*
(R)-3-phenoxy-2-(triethylsilyloxy)propan-1-ol. The general procedure was followed
using 3.58, 1.4 equiv of chlorotriethylsilane and N, N-diisopropylethylamine, and 15 mol
% III to yield a colorless oil (87 mg, 31%). "H NMR (CDCls, 500 MHz) & 0.68 (q, 6H, J
=7.8),0.99 (t,9H, J=7.8), 2.00 (dd, 1H, J=7.6, 5.4), 3.69 (dd, 1H, J=11.3, 7.3), 3.75
(ddd, 1H,J=11.2,5.4,4.2),3.94 (dd, 1H,J=9.3,6.1),3.99 (dd, 1H, J=9.3,5.9), 4.11-
4.15 (m, 1H), 6.90 (dt, 2H, J = 8.8, 0.98), 6.96 (tt, 1H, J= 7.3, 0.98), 7.26-7.30 (m, 2H);
BC NMR (CDCl3, 120 MHz) & 5.1, 7.0, 64.6, 69.2, 71.3, 114.6, 121.1, 129.7, 158.5; IR:
3415, 2954, 2876, 1600, 1497, 1244, 1130, 1048, 749, 690 cm '; HRMS (DART-TOF)
caled. for CisH,70,Si;: [M+H]": 283.1730, found: 283.1730. [a]p>® = +15.4 (¢ = 0.99,

CH2C12, [=50 1’1’11’1’1)
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Derivitization for ee*': The product (15 mg, 9.0 x 10 mmol) was dissolved in 300 puL of

CH;CN and treated with 100 pL of hydrogen fluoride in pyridine. After 12 hours, column

chromatography (1-10% MeOH in CH,Cl,) gave the known diol, (R)-3-phenoxypropane-

1,2-diol. Characterization of the diol matched known literature values. Absolute

configuration was confirmed by comparison with a previous literature report.’* Chiral

HPLC Analysis (OD-H, 1.0 mL/min, 15% iPrOH: 85% Hexanes, 240 nm) fimajor = 10.5

and fminor = 20.0 min) 96% ee (as diol).

n'
Flncio: 2 CR. 2207

o \.
Detector A Ch2 220nm
Peald# Ret. Time Area Height Area % Height %
1 10.461 1116404 45418 08.116 98.791
2 19.971 21443 556 1.884 1.209
Total 1137846 45973 100.000 100.000

3 "Boschelli, D.; Takemasa, T.; Nishitani, Y.; Masamune, S. Tet. Lett. 1985, 26, 5239-5242. 32Turgut, Y.;
Aral, T.; Karakaplan, M.; Deniz, P.; Hosgoren, H. Syn Comm. 2010, 40, 3365-3377.


http://www.tandfonline.com.proxy.bc.edu/action/doSearch?action=runSearch&type=advanced&result=true&prevSearch=%2Bauthorsfield%3A%28Turgut%2C+Yilmaz%29
http://www.tandfonline.com.proxy.bc.edu/action/doSearch?action=runSearch&type=advanced&result=true&prevSearch=%2Bauthorsfield%3A%28Aral%2C+Tarik%29
http://www.tandfonline.com.proxy.bc.edu/action/doSearch?action=runSearch&type=advanced&result=true&prevSearch=%2Bauthorsfield%3A%28Karakaplan%2C+Mehmet%29
http://www.tandfonline.com.proxy.bc.edu/action/doSearch?action=runSearch&type=advanced&result=true&prevSearch=%2Bauthorsfield%3A%28Deniz%2C+Pinar%29
http://www.tandfonline.com.proxy.bc.edu/action/doSearch?action=runSearch&type=advanced&result=true&prevSearch=%2Bauthorsfield%3A%28Hosgoren%2C+Halil%29
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Table 3.17, Entry 7

oji/o\ <i-Et

Shae
(R)-1-phenoxy-3-((triethylsilyl)oxy)propan-2-ol. The general procedure was followed
using 3.58, 1.4 equiv of chlorotriethylsilane and N, N-diisopropylethylamine and 15 mol
% III to yield product as a colorless oil (131 mg, 47%). Chiral HPLC Analysis (OD-H,
1.0 mL/min, 10% iPrOH: 90% Hexanes, 220 nm, tmajor = 10.5 min and tminer = 5.09 min)
78% ee. "H NMR (CDCls, 500 MHz) 8 0.61 (q, 6H, J=7.8), 0.94 (t, 9H, J = 7.8), 2.55
(d, 1H,J=5.1),3.74 (dd, 1H, J=10.3, 5.1), 3.78 (dd, 1H, J=10.3, 4.6), 3.99-4.05 (m,
3H), 6.89-6.91 (m, 2H), 6.92-6.96 (m, 1H), 7.25-7.28 (m, 2H); *C NMR (CDCl;, 125
MHz) § 4.6, 6.9, 63.7, 68.7, 70.5, 114.8, 121.2 129.7, 158.9; IR: 2953, 2876, 1599, 1495,
1458, 1242, 1079, 1043, 1005, 802, 745, 727, 689 cm '; HRMS (ESI+) calcd. for
C15sH2603NaSi: [M+Na]™: 305.1543, found: 305.1552. [a]p>* =-0.19 (c = 1.1, CH,Cl,, [ =

50 mm).

|

3
1

1

{

|
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S—

Detector A Ch2 220nm

[1] 100,
2 w2 wecdie

Peak# Ret. Time Area Height Area % Height %
1 5.092 2207486 297754 10.822 23.692
2 10.515 18191300 959009 89.178 76.308
Total 20398787 1256763 100.000 100.000
Table 3.17, Entry 8
Et_ FEt
Et/SI\Q
O

(8)-2-(triethylsilyloxy)but-3-en-1-ol. The general procedure was followed using 3.59
with 1.2 equiv of chlorotriethylsilane and N, N-diisopropylethylamine and a reaction time
of 25 minutes to yield a colorless oil (71 mg, 35%). Chiral GC Analysis (Supelco Beta
Dex 120 (30 m x 0.25 mm % 0.25 um film thickness), 90 °C for 100 min, 20 °C/min to
180 °C, 180 °C for 20 min, 15 psi., tumajor = 41.4 min, frminor = 43.1 min) 93% ee. '"H NMR
(CDCl3, 500 MHz) 6 0.63 (q, 6H, J=7.8), 0.97 (t, 9H, J = 7.8), 1.96-1.99 (m, 1H), 3.43-
3.55 (m, 2H), 4.20-4.24 (m, 1H), 5.17 (ddd, 1H, J=10.5, 2.9, 1.2), 5.28 (ddd, 1H, J =
17.4,2.9,1.7), 5.81 (dddd, 1H, J=23.5, 10.5, 6.4, 1.7); *C NMR (CDCl;, 126 MHz) &
5.1,6.9,67.0, 74.6, 116.5, 138.2; IR: 3415, 2955, 2877, 1459, 1098, 1007, 925, 743 cm™
1; HRMS (DART-TOF) caled. for C1oH»30,Si;: [M+H]+: 203.1467, found: 203.1475.

[a]p?® =+7.4 (¢ = 0.82, CH,CL, [ = 50 mm).
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FIDT A, Front Signal (ADW\XS-SILYLATION 2012-03-13 18-33-07\AW-5-194F 14-15.D)

pA 1]
22
zo—f
1a—f
16

14

39 44 45 min

PA
35

30
25 /
20

15

|
|
mé II‘T/ ‘

111

%

5 4

. :
44 SR .- B min

39 40

&
s
. B
h-a
m.__r_u/_‘\k‘ —
42

1
_43

Peak RetTime Type Width Area Height Area
# [min] [min] [PA*s] [pAl] %

e R e | -=m-omoe e | <mmmmm e | <=-m e |

1 41.441 MM 0.3519 658.07965 31.16927 96.51162
2 43.111 MM 0.3485 23.78604 1.13745 3.48838

Table 3.17, Entry 8

\/‘\/O\ -Et
et
Et
(R)-1-((triethylsilyl)oxy)but-3-en-2-ol. The general procedure was followed using 3.59,
1.2 equiv of chlorotriethylsilane and N, N-diisopropylethylamine and a reaction time of 25

minutes to yield product as a colorless oil (120 mg, 57%). Chiral GC Analysis (Supelco

Beta Dex 120 (30 m x 0.25 mm X 0.25 pum film thickness), 90 °C for 50 min, 20 °C/min
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to 180 °C, 180 °C for 20 min, 15 psi, trmajor = 44.7 min, fminor = 43.0 min) 57% ee. "H
NMR (CDCl3, 500 MHz) & 0.60 (q, 6H, J=7.8), 0.95 (t, 9H, J=7.8), 2.57 (d, 1H, 3.4),
3.42 (dd, 1H, J=10.0, 7.8), 3.64 (dd, 1H, J=10.0, 3.7), 4.13-4.18 (m, 1H), 5.17 (dt, 1H,
J=10.5,1.5),5.33 (dt, 1H, J=17.4, 1.5), 5.80 (ddd, 1H, J=17.1, 10.5, 5.6); *C NMR
(CDCl;, 125 MHz) 6 4.6, 6.9, 66.9, 73.3, 116.7, 136.8; IR: 2955, 2912, 2877, 1238,
1102, 1004, 923, 795, 725 cm*1; HRMS (ESI+) calcd. for C1oH,0,NaSi: [M+Na]+:

225.1281, found: 225.1285. [a]p>" = +0.84 (¢ = 1.2, CH,Cl,, / = 50 mm).

FIDT A, Front Signal (ADWIXS-SILYLATION 2012-03-12 15-56-411XS-4-196.D)
PA 1 S '©

min

42 42.5 43 435 44 445 45 455 min
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Peak RetTime Type Width Area Height Area
# fmin] [min] [pA*s] [pA] %
e R o, | =mmmmmee | =mmmm e P |
1 42.996 MM 0.3452 134.24469 6.48144 21.39726

2 44.740 MM 0.3844 493.14737 21.37935 78.60274

Table 3.17, Entry 9

Et ..

Et”" 0

Cla_-~_OH
(R)-3-chloro-2-(triethylsilyloxy)propan-1-ol. The general procedure was followed
using 3.60 with a reaction time of 50 minutes to yield product as a colorless oil (99 mg,
44%). Chiral GC Analysis (Supelco Beta Dex 120 (30 m x 0.25 mm % 0.25 pm film
thickness), 110 °C for 105 min, 20 °C/min to 200 °C, 200 °C for 20 min, 15 psi, tmmajor =
56.4 min, fminor = 57.9 min) 97% ee. "H NMR (CDCls, 500 MHz) & 0.65 (q, 6H, J = 7.8),
0.95-1.00 (m, 9H), 1.85 (t, 1H, J=6.4), 3.46 (dd, 1H, J=10.8, 5.1), 3.58 (dd, 1H, J =
11.0, 7.1), 3.68-3.70 (m, 2H), 3.89-3.93 (m, 1H); *C NMR (CDCl;, 125 MHz) § 5.0, 6.9,
44.7, 64.0, 72.8; IR: 3397, 2956, 2878, 1459, 1240, 1120, 1046, 1006, 742 cm '; HRMS

(ESI+) caled. for CoH»,ClO,Si: [M+H]": 225.1078, found: 225.1071. [a]p?® = +8.3 (c=

1.1, CH2C12, /=50 mm)
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FIDTA, Front Signal (ADW\XS-SILYLATION 2012-04-11 07-33-23\AW-6-110F23-27.0) o ) !
PA ] 8

N P |
r\'."k % : Q?’Qh ‘

1 . 5 F
22,5 i
204
17.5

15

— J

! 53 ) 54 55 56 57 58 B 59 60 e -'m;(l

A ] 2
p: q;bb-

T I s e e e e A B T — T L A N A e |
53 54 .55 56 57 58 59 60 61 o njlin!

Peak RetTime Type Width Area Height Area
# [min] [min] [pA*s] [PA] %

1 56.396 MF 0.4610 475.83353 17.20364 98.66780

2 57.883 FM 0.6492 6.42465 1.64933e-1 1.33220
Table 3.17, Entry 9
OH
CI\/k/O\S(i:E:
Et

(S)-1-chloro-3-(triethylsilyloxy)propan-2-ol. The general procedure was followed using
3.60 with a reaction time of 50 minutes to yield product as a colorless oil (120 mg, 52%).
Chiral GC Analysis (Supelco Gamma Dex 120 (30 m % 0.25 mm x 0.25 pm film

thickness), 110 °C for 50 min, 20 °C/min to 200 °C, 200 °C for 20 min, 15 psi, fimajor =
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45.1 min, fuminor = 44.3 min) 90% ee. "H NMR (CDCls, 500 MHz) § 0.61 (q, 6H, J = 8.1),
0.93-0.96 (m, 9H), 2.54 (d, 1H, J = 6.4), 3.54-3.61 (m, 2H), 3.66-3.72 (m, 2H), 3.80-3.86
(m, 1H); 3C NMR (CDCls, 125 MHz) § 4.5, 6.9, 45.6, 63.3, 71.6; IR: 3425, 2955, 2877,
1459, 1240, 1111, 1006, 804, 740 cm™'; HRMS (ESI+) calcd. for CoH,,C10,Si: [M+H]":

225.1070, found: 225.1078. [a]p>" = -1.5 (¢ = 1.1, CH,Cl,, / = 50 mm).

FID1 A, Front Signal (XS\XS-SILYLATION 2012-04-02 ‘;5—1 3-31\XS-4-232-GDEX110C80MIN.D)

]
42 43 44 45 46 47 . min

FID1 A, Front Signal (ADW\ADW 2012-04-09 08-08-53\AW-6-113F21-31.D)

Peak RetTime Type Width Area Height Area
# [min] [min] [pA*s] [pA] %

1 44.279% MF 0.3280 13.87813 7.05245e-1 4.76774
2 45.079 FM 0.3738 277.20621 12.36126 95.23226
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Table 3.17, Entry 10

Et
Et< ..

Et/SI\(:)

Br_~._OH
(R)-3-bromo-2-(triethylsilyloxy)propan-1-ol. The general procedure was followed
using 3.61 to yield product as a colorless oil (110 mg, 41%). Chiral GC Analysis
(Supelco Beta Dex 120 (30 m x 0.25 mm X 0.25 um film thickness), 110 °C for 105 min,
20 °C/min to 200 °C, 200 °C for 20 min, 15 psi, tumajor = 94.7 Min, trminer = 97.2 min) 98%
ee. "H NMR (CDCl;, 500 MHz) 8 0.65 (q, 6H, J = 8.1), 0.96-0.99 (m, 9H), 1.85 (t, 1H, J
=6.4), 3.30-3.33 (m, 1H), 3.43-3.64 (m, 1H), 3.71 (dd, 2H, J=6.1, 4.2), 3.92-3.96 (m,
1H); ®C NMR (CDCl, 125 MHz) § 4.8, 6.7, 33.0, 64.3, 72.2; IR: 3382, 2955, 2971,
2877, 1459, 1240, 1118, 1006, 969, 742, 728 cm'; HRMS (ESI+) calcd. for

CoH,,BrO,Si: [M+H]": 269.0572, found: 269.0573. [a]p>* = +6.1 (c = 1.1, CH,Cl,, [ = 50

mm).

~FID1 A, Front Signal (ADW\XS-SILYLATION 2012-04-11 07-33-23\AW-6-104F 15-18.D)
A 1 ]
PA | ‘Pq)'l'

J
?"\

92 94 96 98 100 o min
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FID1 A, Front Signal (ADWXS-SILYLATION 2012-04-11 07-33-23\AW-6-100F25-29.D) -
A J )
P ] 'b?’
1372
12—:
113
104
8]

] N |
Tﬁ e 5@%6 |
5
5

L N L L L S S L
92 93 94 95 96 97 98 99 100 min
Peak RetTime Type Width Area Height Area
# [min] [min] [pA*s] [pA] %

1 94.732 MF 0.7725 403.95001 8.71494 99.09390
2 97.210 FM 0.7345 3.69365 8.38134e-2 0.90610

Table 3.17, Entry 10

OH

Bro_J_O.g Et

|
1 "Et
Et

(8)-1-bromo-3-(triethylsilyloxy)propan-2-ol. The general procedure was followed
using 3.61 to yield product as a colorless oil (140 mg, 50%). Chiral GC Analysis
(Supelco Gamma Dex 120 (30 m x 0.25 mm x 0.25 pum film thickness), 110 °C for 80
min, 20 °C/min to 200 °C, 200 °C for 20 min, 15 psi, trmajor = 74.8 min, frminor = 73.6 min)
90% ee. "H NMR (CDCls, 500 MHz) & 0.61 (q, 6H, J = 7.8), 0.93-0.96 (m, 9H), 2.56 (d,
1H, J=6.4), 3.41-3.49 (m, 2H), 3.68 (dd, 1H, J=10.0, 4.9), 3.72 (dd, 1H, J=10.0, 4.9),
3.80-3.85 (m, 1H); *C NMR (CDCl;3, 126 MHz) § 4.5, 6.9, 34.7, 64.0, 71.3; IR: 2955,
2876, 1459, 1240, 1108, 1006, 799, 727, 671 cm™'; HRMS (ESI+) calcd. for
CoHBrO,Si: [M+H]™: 269.0572, found: 269.0576. [a]p®" =-0.99 (¢ = 1.2, CH,Cl,, [ =

50 mm).
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[ FID1 A, Front Signal (XS\XS-SILYLATION 2012-03-29 19-31-37\XS-4-226-GDEX110C160MIN.D) o ’ ‘

PA ] 2 R @
] 2 o
1 o

%
‘97

5.6

¥
68 70 i T4 76 78 80 min

FIDT A, Front Signal (ADWXS-SILYLATION 2072-04-12 09-56-16\AW-6-109F 16-24.D)

pA ] j
16 |
14 ‘
12_,
10—:
8
o
” 68 ‘ I r ?IO r ‘ ‘ 712 ‘ l I ?[4 ' ' ' 716 I I ‘ ';8 ‘ ' ‘ SIO ) I,rr]i,n?
Peak RetTime Type Width Area Height Area
# [min] [min] [pA*s] [pA] %

1 73.568 MF 0.5851 23.09759 6.57894e~1 4.89560
2 74.840 FM 0.6665 448.70508 11.21993 95.10440

Reaction of 3.3-dimethvylbutane-1,2-diol (Scheme 3.28)

OH
>0
Et
(R)-3,3-dimethyl-1-(triethylsilyloxy)butan-2-ol. The general procedure was followed
using 1.2 equiv of chlorotriethylsilane and N, N-diisopropylethylamine and a reaction time
of 45 minutes to yield only this product as a colorless oil (140 mg, 60%). Chiral GC

Analysis (Supelco Gamma Dex 120 (30 m % 0.25 mm x 0.25 um film thickness), 95 °C
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for 50 min, 20 °C/min to 200 °C, 200 °C for 20 min, 15 psi, trmajor = 44.7 min, frminor =
43.6 min) 52% ee. "H NMR (CDCls, 500 MHz) & 0.60 (q, 6H, J = 8.1), 0.90 (s, 9H),
0.93-0.96 (m, 9H), 2.65 (d, 1H, J=2,2), 3.29-3.32 (m, 1H), 3.41-3.45 (m, 1H), 3.69 (dd,
1H, J=9.8, 3.2); C NMR (CDCl;, 126 MHz) & 4.6, 6.9, 26.2, 33.4, 63.5, 78.9; IR:
2954, 2877, 1460, 1239, 1108, 1067, 1003, 817, 726 cm™'; HRMS (ESI+) calcd. for
C12H2905Si: [M+H]": 233.1937, found: 233.1940. [a]p>’ =-10.0 (c = 1.1, CH,Cl,, [ = 50

mm).

FID1 A, Front Signal (XSWXS-SILYLATION 2012-03-22 15-19-14\XS-4-212-RAC-GDEX@5C 120MIN.D)
PA £ &

25 9 &
225

20
17.5
15
125
104
75

5 . '
L@ 42 43 I,,I 4_|6. a7 a8 mm
FID1 A, Front Signa! (XS\XS-SILYLATION 2012-03-31 09-45-565\AW-6-91F3-10.D) o
pA ]
18
16
14
] o
L 12 a0
] <@
10 %
8 /
/
o \_
a 42 a3 44 a5 a6 a7 8 mid
Peak RetTime Type Width Area Height Area
# [min] [min] [pA*s] [pA] %

<-osemmeoes | === [ = | ~mmmemme | =m e o |

1 43.612 MF 0.3856 113.19453 4.89254 23.78811
2 44.738 FM 0.3993 362.65048 15.13735 76.21189
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Kinetic Resolution of 1-Cyclohexylethane-1,2-diol (Scheme 3.29)

10% iPr

O
\O(Me

X
OH MeN B N

\__J OH
Cy)\/OH 0.6 eq TESCI, {BUOH, rt Cy)\/OTES

0.7 eq DIPEA, 1h
6% DIPEA-HCI

47%, 92% ee
In a dry box, a solution of 1-cyclohexylethane-1,2-diol, 3.50, (140 mg, 1.0 mmol),
catalyst IV (31 mg, 0.10 mmol, 10 mol %), and N, N-diisopropylethylamine
hydrochloride (11 mg, 6.0 x 10 mmol, 6 mol %) in anhydrous tert-butanol (15 mL) was
prepared in an oven-dried glass reaction vial. The reaction was stirred at room
temperature for 45 minutes. N, N-diisopropylethylamine (120 uL, 0.70 mmol, 0.70 equiv)
was added, followed by addition of chlorotriethylsilane (100 uL, 0.60 mmol, 0.60 equiv)
in 4 portions every 15 minutes (dropwise addition was performed for each portion
added). The reaction was stirred at room temperature for 1 hour (starting from the first
addition of chlorotriethylsilane). Methanol (150 puL) was added to quench the reaction.
The solvent was removed under reduced pressure, Flash column chromatography
(hexanes:EtOAc = 60:1) afforded pure product as a colorless oil (120 mg, 48%). Chiral
GC Analysis (Supelco Gamma Dex 120 (30 m x 0.25 mm X 0.25 um film thickness),
115 °C for 180 min, 20 °C/min to 180 °C, 180 °C for 20 min, 15 psi, timajor = 172.2 min,

tominor = 169.5 min) 90% ee. [at]p>" = -7.4 (¢ = 1.0, CH,Cl,, / = 50 mm).



Chapter 3, Page 397

| FID1 A, Front Signal (XS\XS-SILYLATION 2012-03-15 10-12-18\XS-4-185-1P.D)

pA g
i

8.5

8
7.5
1

7

6.5

6 .
5.5

5] —

166 168 170 T2 174 min
FID1 A, Front Signal (ADW\ADW 2012-01-23 17-56-07\XS-4-141.D) - o T

8_ o™
2 &
6 %
T e Tk o e T
Peak RetTime Type Width Area Height Area
# [min] [min] [PA*s] [pA] %

1 169.452 MF 1.3195 48.57809 6.13608e-1 5.11046
2 172.195 FM 1.4545 901.98389 10.33563 94.88954

Note: Making the racemic secondary products by literature methods requires multi-step
reactions which are very low yielding in many cases. Therefore, the racemic secondary
products were prepared by reacting the two enantiomers of catalyst III in the

regiodivergent resolution and then mixing the reactions together to isolate the products.
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Exchange of III with iPrOH (Scheme 3.30)

iPr iPr
N/\O CgDg, 1t Y\O

iP N P N
; Y +  HOPr =—m—7— T \( +  MeOH
OMe 10% DIPEA-HCI OiPr
MeN” N MeN” SN
Keq= 0.12
111 3.41

In a glovebox, a solution of catalyst IIT (35 mg, 0.13 mmol) and N, N-
diisopropylethylamine hydrochloride (2.1 mg, 1.3 x 10 mmol) in anhydrous C¢Dg (500
n  was made 200 p of the sol t ion was added to a NMR t ¢ /PrOH (0.25 mmol, 130
it 2Msoltionin ¢Dg) and MeOH (5.0 x 10° mmol 2 p 2Msoltionin ¢Dg)
was added to the NMR tube. CsDg 0 p was added to the NMR t e to reach a total
volume of 0.5 mL. The reaction was monitored by 'H NMR. After 24 hours, equilibrium
was reached. A ratio of 68:32, III to 3.41, gave a K,; of 0  Anothe r200 p of the
catalyst and acid solution was added to another NMR tube. iPrOH (5.0 x 10" mmol, 250
p 2Msoltionin ¢Dg) and MeOH (5.0 x 102 mmol 2 p 2Msoltionin ¢Dg)
was added to the NMR tube. C¢Dg 2 p was added to the NMR t e to reach a total
volume of 0.5 mL. The reaction was monitored by I|H NMR. After 24 hours, equilibrium
was reached. A ratio of 57:43, III to 3.36, gave a K4 0of 0.12. The average Keq for the

two runs 1s 0.12 £ 0.01.
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Exchange of III with nBuOH (Scheme 3.31)

iPr. iPr.
N/\O CgDeg, 1t Y\

. . O
Pr. N Pr. N
! \( + HONBu =————~ ! \( + MeOH
OMe 10% DIPEA-HCI OnBu
MeN” N MeN” N
Keq= 0.92
111 3.62

In a glovebox, a solution of catalyst IIT (35 mg, 0.13 mmol) and N, N-
diisopropylethylamine hydrochloride (2.1 mg, 1.3 x 10 mmol) in anhydrous C¢Dg (500
n  was made 200 u of the sol t ion was added toa NMR t ¢ »#BuOH (0.15 mmol, 75
i 2 Mol ti on in C4Dg) and MeOH (5.0 x 102 mmol 2 p 2Msoltionin ¢Dg)
was added to the NMR tube. CsDg 200 p  was added to the NMR t e to reach a total
volume of 0.5 mL. The reaction was monitored by 'H NMR. After 24 hours, equilibrium
was reached. A ratio of 67:33, III to 3.62, gave a K,; of 0  Anothe r200 p of the
catalyst and acid solution was added to another NMR tube. nBuOH (5.0 x 10 mmol, 25
i 2Msoltionin ¢Dg) and MeOH (5.0 x 10° mmol 2 p 2Msoltionin ¢Dg)
was added to the NMR tube. C¢Dg 20 p  was added to the NMR t e to reach a total
volume of 0.5 mL. The reaction was monitored by "H NMR. After 24 hours, equilibrium
was reached. A ratio of 43:57, III to 3.62, gave a K. of 0.86. The average K4 for the two

runs is 0.92 + 0.06.
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III Exchange with (R)-3.48 (Scheme 3.32, Entry 1)

iPr\/\ iPrY\
O HO  OTES CeDg, rt 0

iPr. N\< 4 > / S L N\( OTES . MeOH
N OMe Bu 10% DIPEA-HCI Oﬁ)

MeN” N MeN” SN
\—/ \—/ Bu
Keq= 0.012
I (R)-3.48 3.63

In a glovebox, a solution of catalyst ITI (7.0 mg, 2.5 x 10 mmol) and N,N-
diisopropylethylamine hydrochloride (4.0 x 10™ mg, 2.5 x 10™ mmol, 10 mol %) in
anhydrous C¢Ds 00 p  was made and dispensed into an NMR t e R)-3.48 (44 mg,
0.19 mmol, 7.6 equiv in2 0 p ¢D¢ was added tothe NMRt e MeO 2 pu 2
107 mmol, 1 M in C¢Dg, 1 equiv was addedtothe NMRt e 2 p of ¢Dgwas
added. The reaction was monitored by "H NMR. After 23 hours, equilibrium was
reached. A ratio of 8:92, 3.63 to III gave a K¢q 0of 0.012.

III Exchange with (5)-3.48 (Scheme 3.32. Entry 2)

iPrw/\ iPrw/\
O HO  OTES CeDe, rt 0

iPr. N\( . ~ iPr. N\( OTES , MeOH
.. OMe BY 10% DIPEA-HCI 0,

MeN” SN MeN” N
\—/ \—/ Bu
Keq= 0.023
I (S)-3.48 3.63

In a glovebox, a solution of catalyst ITI (7.0 mg, 2.5 x 10 mmol) and N,N-
diisopropylethylamine hydrochloride (4.0 x 10™' mg, 2.5 x 10™ mmol, 10 mol %) in
anhydrous C¢Dgs 00 p  was made and dispensed into an NMR t ¢ 5)-3.48 (43 mg,

0.19 mmol, 7.4 equiv in2 0 pn ¢D¢ was added tothe NMRt e MeO 2 p 2
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102 mmol, 1 M in C¢Dg, 1 equiv was added tothe NMRt e 2 pu of ¢Dgwas
added. The reaction was monitored by 'H NMR. After 23 hours, equilibrium was
reached. A ratio of 13:87, 3.63 to III gave a K4 of 0.023.

III Exchange with (R)-3.49 (Scheme 3.32, Entry 3)

iPr iPrw/\
. Y\o CeDg, rt ; o
Pre N \g ) TESO>_/OH 6De. T IPrIN\g © veon

Me BuU 10% DIPEA-HCI N
MeN” SN MeN N 3\
\—/ \—/ TESO Bu
Keg= 0.26
111 (R)-3.49 3.63

In a glovebox, a solution of catalyst ITI (14 mg, 5.0 x 10 mmol) and N,N-
diisopropylethylamine hydrochloride (8.0 x 10™" mg, 5.0 x 10 mmol, 10 mol %) in
anhydrous C¢D¢ 00 p  was made and dispensed into an NMR t e R)-3.49 (58 mg,
0.25 mmol, 5 equiv in2 0 p ¢D¢ was added to the NMRt e MeO Op 0
102 mmol, 1 M in C¢Dg, 1 equiv was added tothe NMRt e 00p of ¢Dgwas
added. The reaction was monitored by "H NMR. After 23 hours, equilibrium was
reached. A ratio of 45:55, 3.63 to III gave a K4 of 0.26.

IITI Exchange with (5)-3.49 (Scheme 3.32. Entry 4)

iPr\/\ iPr\/\
0] TESO  OH CeDe, 1t 1 0

i ) iPra N

iPr. N\( . ./ . t[ \( + MeOH
OMe Bu 10% DIPEA-HCI L. ©

MeN” >N MeN N \\\Bu

\—/ —/ TESO"
Keg= 0.22
1 (S)-3.49 3.63
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In a glovebox, a solution of catalyst ITI (14 mg, 5.0 x 10 mmol) and N,N-
diisopropylethylamine hydrochloride (8.0 x 10™ mg, 5.0 x 10~ mmol, 10 mol %) in
anhydrous C¢Dg 00 p  was made and dispensed into an NMR t ¢ 5)-3.49 (58 mg,
0.25 mmol, 5 equiv in2 0 p ¢D¢ was added to the NMRt e MeO Op 0
107 mmol, 1 M in C¢Dg, 1 equiv was added tothe NMRt e 00p of ¢Dgwas
added. The reaction was monitored by 'H NMR. After 23 hours, equilibrium was
reached. A ratio of 42:58, 3.63 to III gave a K4 of 0.22.

III Exchange with (R)- and (S)-3.47 (Scheme 3.33)

iPr.

iPr iPr
\/\ Y\ | Y\o
iPr. N\(O HO ~ oH CoDs, 1t PraN<® o L PN
v —— . + MeOH
I OMe By 10% DIPEA-HCI \/E o) I o

MeN” SN MeN” SN 'V'eN_\N j\
\:/ \:/ Bu HO Bu
I 3.47 3.64 3.65
Entry Diol Equiv. 3.64:3.65
HO  OH
1 >—/ 5 18:82
Bu
(R)-3.47
HO OH
9 /—/ 5 20:80
Bu
(S)-3.47

In a glovebox, a solution of catalyst ITI (8.4 mg, 3.0 x 10> mmol) and N,N-
diisopropylethylamine hydrochloride (5.0 x 107! mg, 3.0 x 10 mmol, 10 mol %) in
anhydrous C¢Dg 00 p  was made and dispensed into an NMR t ¢ (R)-3.47 (18 mg,

0.15 mmol, 3 equiv in2 0 p ¢D¢ was added to the NMRt e MeO 2 p 0
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102 mmol, 2 M in C¢Dg, 1 equiv) was added to the NMRt ¢ 2 p of ¢Dg was
added. The reaction was monitored by '"H NMR. After 24 hours, equilibrium was reached
and 57% of III had converted to products. A ratio of 18:82 of 3.64 to 3.65 resulted. The
reaction was repeated using (5)-3.42. At equilibrium, a ratio of 20:80 of 3.64 and 3.65
was reached with 56% conversion of II1.

Exchange of (£)-3.47 with III (Scheme 3.34)

iPr\/\ /Pry\
Pre NP HO  OH CeDe, 1t Pre N_P° iPra_N
\( + v —_— \( OH 5 + MeOH
N OMe Bu 10% DIPEA-HCI (©) AN
\—/ Bu

MeN” SN MeN” SN MeN™ "N j\

3.68:3.66= 56:44
111 (£)-3.47 3.66 3.67

In a glovebox, a solution of catalyst IIT (14 mg, 5.0 x 10 mmol) and N,N-
diisopropylethylamine hydrochloride (8.0 x 10™" mg, 5.0 x 10~ mmol, 10 mol %) in
anhydrous C¢Dg 00 p  was made and dispensed into an NMR t ¢ 3.47 (18 mg, 0.15
mmol, 3 equiv)in20p  ¢De was added to the NMRt e MeO 2 p 0 07
mmol, 2 M in C¢Dg, 1 equiv) was added to the NMRt e 2 p of D¢ was added.
The reaction was monitored by 'H NMR. After 24 hours, equilibrium was reached. A
ratio of 56:44, products to III gave a Kq of 0.70. The ratio of secondary to primary

alcohols bound was 21:79. The ratio of 3.68 to 3.66 was 56:44. The reaction was repeated
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using 5 equiv of 3.47 (3.0 x 10" mg, 0.25 mmol). At equilibrium, a ratio of 67:33 of
products to III corresponds to a Kqq of 0.78. The ratio of secondary to primary bound

alcohols was 18:82. The average K.q was calculated to be 0.74 + 0.06.

The Difference in Selectivity of 3.11 and 111

GC Method for Selective Functionalization of 3.13

GC Method. An Agilent Technologies 7890A GC System equipped with a 7683B Series
Injector was used to introduce samples into a J&W Scientific column (HP-5, 30 m, 0.320
mmID 02 um film heG wa srn at 00° for O mintes and then the
temperature was ramped 8 °C/min. to a final temperature of 180 °C. Compounds were
detected by FID and data was analyzed with Agilent Technologies GC Chemstation
software. Retention times are reported in minutes.

Reaction of III with Individual Enantiomers (Scheme 3.35. Eq 1)

To an oven-dried reaction vial, a solution of (S)-1-phenyl-1,2-ethanediol, (5)-3.13, (28
mg, 0.20 mmol), N,N-diisopropylethylamine hydrochloride (3.3 mg, 2.0 x 10 mmol, 10
mol %), and III (11 mg, 4.0 x 10 mmol, 20 mol %) in anhydrous THF (3 mL) was
added. The reaction was stirred at room temperature for 10 minutes. N,N-
Diisopropylethylamine 2 02 mmol, 1.2 equiv) was added, followed by
triethylchlorosilane 36 1 020 mmol 0 eqiv ). After stirring at room temperature for
12 hours, the reaction was quenched by addition of N,N-diisopropylethylamine 30 p

and methanol p he mi tre was stirred at room temperature for 10 min and filtered
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through a Pasteur pipette packed with silica gel, followed by a flush with EtOAc (10
mL). GC analysis afforded the yield and selectivity of the reaction.

Reaction of III with Individual Enantiomers (Scheme 3.35, Eq 2)

The procedure for Scheme 3.33, Eq 1 was followed using (R)-3.13 (28 mg, 0.20 mmol).

Catalyst Loading Screen (Table 3.19)

To an oven-dried reaction vial, a solution of (R)-1-phenyl-1,2-ethanediol, (R)-3.13, (28
mg, 0.20 mmol), N,N-diisopropylethylamine hydrochloride (6.6 mg, 4.0 x 10 mmol, 20
mol %), and 3.11 in anhydrous THF (3 mL) was added. The reaction was stirred at room
temperature for 10 minutes. N,N-Diisopropylethylamine 2 02 mmol 2eqiv )
was added, followed by triethylchlorosilane 36 p 0 20 mmol 0 eq iv ). After stirring
at room temperature for 12 hours, the reaction was quenched by addition of N,/N-
diisopropylethylamine 30 p and methanol p he mi tre was stirred at room
temperature for 10 min and filtered through a Pasteur pipette packed with silica gel,
followed by a flush with EtOAc (10 mL). GC analysis afforded the yield and selectivity
of the reaction.

Table 3.19, Entry 1

10 mol % 3.11 (5.1 mg, 2.0 x 10 mmol) was used in the reaction.

Table 3.19., Entry 2

20 mol % 3.11 (10.2 mg, 4.0 x 10 mmol) was used in the reaction.

Table 3.19. Entry 3

50 mol % 3.11 (25.4 mg, 0.10 mmol) was used in the reaction.
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(S.5) and (S,R)-Catalysts Table (3.20)

To an oven-dried reaction vial, a solution of (R)-1-phenyl-1,2-ethanediol, (R)-3.13, (28
mg, 0.20 mmol), N,N-diisopropylethylamine hydrochloride (3.3 mg, 2.0 x 10% mmol, 10
mol %), and catalyst (20 mol %) in anhydrous THF (3 mL) was added. The reaction was
stirred at room temperature for 10 minutes. N,N-Diisopropylethylamine 2 p 02
mmol, 1.2 equiv) was added, followed by triethylchlorosilane 36 u 0 20 mmol 0
equiv). After stirring at room temperature for 12 hours, the reaction was quenched by
addition of N,N-diisopropylethylamine 30 p  and methanol p he mitre was
stirred at room temperature for 10 min and filtered through a Pasteur pipette packed with
silica gel, followed by a flush with EtOAc (10 mL). GC analysis afforded the yield and
selectivity of the reaction. Each reaction was repeated with (5)-3.13.

Table 3.20

R=(S)-Me (1.0 x 10" mg, 4.0 x 10> mmol, 20 mol %)

R= (5)-iPr (11 mg, 4.0 x 10 mmol, 20 mol %)

R=(R)-Me (1.0 x 10" mg, 4.0 x 10> mmol, 20 mol %)

R= (R)-iPr, III, (11 mg, 4.0 x 10 mmol, 20 mol %)

R= (R)-Ph (13 mg, 4.0 x 10 mmol, 20 mol %)

Decreasing the Reaction Temperature (Scheme 3.36)

To an oven-dried reaction vial, a solution of (S)-1-phenyl-1,2-ethanediol, (5)-3.13, (28
mg, 0.20 mmol), N,N-diisopropylethylamine hydrochloride (3.3 mg, 2.0 x 10 mmol, 10
mol %), and III (12 mg, 4.0 x 10 mmol, 20 mol %) in anhydrous THF (3 mL) was

added. The reaction was stirred at 4 °C for 10 minutes. N,N-Diisopropylethylamine (42
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p 02 mmol 2eqiv )wasadded, followed by triethylchlorosilane 36 © 0 20
mmol, 1.0 equiv). After stirring at 4 °C for 12 hours, the reaction was quenched by
addition of N,N-diisopropylethylamine 30 p  and methanol p he mitre was
stirred at 4 °C for 10 min and filtered through a Pasteur pipette packed with silica gel,
followed by a flush with EtOAc (10 mL). GC analysis afforded the yield and selectivity
of the reaction.

1,2.2.6.6-Pentamethylpiperidine as the Base (Table 3.21)

To an oven-dried reaction vial, a solution of (S)-1-phenyl-1,2-ethanediol, (5)-3.13, (28
mg, 0.20 mmol), p-toluenesulfonic acid (1.0 mg, 6.0 x 10~ mmol, 3 mol %), and III (12
mg, 4.0 x 10” mmol, 20 mol %) in anhydrous THF (3 mL) was added. The reaction was
stirred for 10 minutes. 1,2,2,6,6-Pentamethylpiperidine 3 p 02 mmol 2eqiv )
was added, followed by triethylchlorosilane 36 p 020 mmol 0 eqiv ). After stirring
at a constant temperature for 12 hours, the reaction was quenched by addition of N,N-
diisopropylethylamine 30 p and methanol p he mi tre was stirred for 0 min
and filtered through a Pasteur pipette packed with silica gel, followed by a flush with
EtOAc (10 mL). GC analysis afforded the yield and selectivity of the reaction.

Table 3.21, Entry 1

The reaction was run at 4 °C.

Table 3.21, Entry 2

The reaction was run at 25 °C.

Table 3.21. Entry 3

The reaction was run at 25 °C using crystallized II1.
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Electrophile Screen (Table 3.22)

To an oven-dried reaction vial, a solution of (S)-1-phenyl-1,2-ethanediol, (5)-3.13, (28
mg, 0.20 mmol), p-toluenesulfonic acid (1.0 mg, 6.0 x 102 mmol, 3 mol %), and III (12
mg, 4.0 x 10? mmol, 20 mol %) in anhydrous THF (3 mL) was added. The reaction was
stirred for at room temperature for 10 minutes. 1,2,2,6,6-Pentamethylpiperidine 3 p
0.24 mmol, 1.2 equiv) was added, followed by the electrophile. After stirring at room
temperature for 12 hours, the reaction was quenched by addition of N, N-
diisopropylethylamine 30 p and methanol p  The mixture was stirred for 10 min
and filtered through a Pasteur pipette packed with silica gel, followed by a flush with
EtOAc (10 mL). GC analysis afforded the yield and selectivity of the reaction.

Table 3.22. Entry 1

SB r 3 p 020 mmol, 1.0 equiv) was used as the electrophile.

Table 3.22. Entry 2

TESNO,; was used as the electrophile and the reaction was run in dimethylformamide (3
mL). TESNO, was made in situ from TES 1 3 p 020 mmol 0eqiv )and NH4sNO;
(48 mg, 0.60 mmol, 3.0 equiv)

Table 3.22. Entry 3

TESOf p  020mmol 0eqiv)wasused as the electrophile.

Table 3.22. Entry 4

TESOf p  020mmol 0eqiv)wasused as the electrophile at 4 °C.

Table 3.22. Entry 5
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TESOf p  020mmol O0eqiv)wasused as the electrophile at -60 to 10 °C.

Table 3.22. Entry 6

TESOf pu  020mmol 0eqiv)wasused as the electrophile at 60 °C.
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f-a-122

Sanpi
File:

a--122

exp

Pulse Sequence: szpul
Solvent: cdel3

Teap. 25.3 € 298.1 &

o
T L N on

NH
Rerss. gelay 1000 sac

E TP P

AR A 1o

uidin'asizia MeN" N

A renet i ons [
OBSERUE | N1 4938807584 Wiz
B tRocebiing

REsol. ennancement —0.0 Hz
FT 8128 53536
Total tiae 0 win, 30 sec

av-4-122

Sanple: aw-4-122
File: exp

Pulse Sequence: szpul
solvent: cdcla
Temp. 25.0 C / 298.1 K

Operator: 'k
INGVA-500  “naril"

Y\OH
Relax. delay 1.000 sec
Pulse a5 ¢ degrees

NH
Acq. time 1.300 sec

ans
BSERVE 13, 125.6677613 Wz MeN"N
DECOUPLE Hi, 433.7745112 Mz

a8

Total tine 19 min, 2 sec
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x8-3-2

Sample Hame:
X8-3-3
Archive directory:

o ke

Fiarile: Xs-3-2

Pulse Sequence: Protem (sdpul)
Solvents c8dt MeN"Yy OMe
Data collacted ons May 12 2011 )

xs-3-2

Sanple: Xs=3-2
e exp
Pulse Sequence: 52pul
Solvent: cods
25.0 C / 298.1 K
Kt
“Anr11*

tions
oestabe ", s cereren wer |
OECOUFLE 1, 488.7745562 Mtz | N
Bousr 45 Y

(o)

DATA PROCESSTNG
Line broadening 3.5 Hz

size 13107 \=/
e 13 nin, 42 sec
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Sample: DAD-2-z47-pure-HL
File: exp

Pulse Sequence: szpul
solvent: cdels

Teap. 25.0 C / 2981 K
operator:

VIMRS-530  “rmrist

Relax. delay 1.080 sec
Pulse 45.6 degrees
- time 2.04% sec
L& He

1
55
Total tiae 0 min, 30 sec
OH

Te: DAD-2-2a7-pure-C13
File: sxp

Pulss Sequence: s2pul
selvent: coc13

Temg. 25.0 €/ 298.1 K
gperator: K1t

INOVAS500  "nArLL

Relax. delay 1
Pulse a5.0 ge.

5

t vine 1500 see

iin 30163 2 ne

51z repetitions
ORSERVE. €13, 125 g8r7res mix
SECOUPLE M1 Se. Frasiic mar OH
Fower 15 06

Cantnuous Ty on

ALT2-15 nodulated NH
DATA BROCERETNG.

tine aroadaning 1.5 ¥
R
Toal Tine 16 min, 42 sec
S
MeN™ “N

[

10 &0 &0
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Sample: xs-2-298-distil)
File: /hone/k1t/vaarsys data/OAD/xs-2-290-disti11. id
Pulse Sequence: sZpul
Solvent: chdE
Tea) [T E
ot

Total time 0 win, 40 fec

N

/LO

OMe

MeN \;:j

Sample: DAD-XS-2-298-pure-Cl3
File: exp

Pulse Sequence: szpul

Temp. 25.0 C / 298.1 K
operator: K1t
VIMRS-500 "nar1s”

Relax. delay 1.000 sec
Pulse 45.0 degrees

g tin 1 380 sec
Uidin' 30567 2 0
$12 Tepetitions
ERUE C13, 1255351300 MHe
becou 13518835060 wne °
Bowr 40 d8

Line broadening 0.5 Kz
FT size 131072
Total tise 19 min, 38 sec

|
|

!
a i 1

180 160 140 120 100 80 60 40 20 ppm
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Sample: xe-3-38-pure
File: exp

Pules Sequence: 120l

soTvent: <
smnient temperature
ogerator:

®
VAMES 500 nmris

Aelan. delay 1,000 sec
Fulse 45,0 degross
e

3.10

3.10 )\FOH

NH
Pulse Sequences s2pul ,l:
5 c S
Fomp 330 MeN" N
Thies =t
51 rapetitions i T i
SBSERVE C13. 1756851023 Mz S
QECoUPLE HL. 149 5833018 e E |
awer 40 68 4
cant inuous Ty on g |
2716 notutated =2 | |
UATA PROCEEETNG B
ine nrasening 0.5 ¥z ¥
FF Siee 131072 ! 3
A i, a8 see | ]

197,415

o ppm

b bl
160 140 1z0
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x8-3-40

sasple Nans: :
x8-3-40
Archive directory: -

samplo airootorys *_\
PidFile: X8-3-40

N_O
Pulee Saquencer Proten (sipul) I Y
Solvent: c6ds MeN",, OMe
Data collected on: May 12 2011 N

x5-3-00

Sampie: X5-3-20
File: sep

Pulse Sequence: szpul

646
C /2981 K i

Relax. delay 1.000 sec
4s.

acq. tine 1.308 sec
idth H

i
1255676346 Wz |
7745552 Wz

z
[o}

PT size 131072
Total time 18 min, 42 sec

cos

AL

DATA_PROCESSING

Line braadening 0.5 Wz MeN"




Ta: ws-2-21i-pure
exp

Pulee Sequence: s2pul

K1t
VIMRE-E00  narls

Relax. delay 1.000 pac
Pulse 15.0 genress

Tatal tine b min, 30 sec

.
MeN" N
=/
] L
S b . S -]
7 6 5 a
Sanple Name:
28-2-212-pura-c
Archive directory:
sample directory:
FidFile: Carbon

Pulse Sequence: Carbon (sZpul)
Salvent: edeld
Data collected on: Apr 25 2011

Temp. 25.0 € / 298.1 K
operator: Klt
INOVA-500 “nmrlg" =

7,488
77.230

Relax. delsy 1.000 mec
Pulss 45.0 degrees

Acg. time 1.300 see

Width 30487.8 e

72 repetitions

OBSERVE C33, 135.6550384 Mz
DECOUPLE E3, 45%.8833015 s
Power 40 48

continuously oa

125,588
121.3854

Toral tims § min 49 sec

120

220 140

8692

62,141

45,983

—35.101

27188
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A-4-159dist

Archive diractory:
Sample directery:
o
FidFile: AM-8-159dist
Pulse Sequence: Proton (s2pul)

Solvent: c6a6 MeN
Data coalsctsd on: Apr 21 2011 A=/

aw-a-159

sample: Av-
File: exp

158

Pulse Sequence: szpul

Sotvent: cacl3

Tamp. 25.0 C / 208.1 K
et

INOVA-533  “neri1"

Relax. delay 1.000 sec

¥
petitions
13,7125.5677725 Wiz
DECOUPLE_ W1, 433.774511Z Wz o)
Power 45 d8 N
cont inuously on
VALTZ-16 wodulated
DATA PROCESSING OMe
Uine broagening 0.5 He N
o+ 'Tie 131072 MeN" SN
Total tine 15 min, 42 sec

150 180 130 120 110 100 90 80 70 50 50 a0 30 20 10 ppm



Chapter 3, Page 418

sanple: 0AD-2-250-pure-H1
File: exp

Pulse Sequence: szpul
solvent: edela

Temp. 5.8 G/ 298.1 K
operatar: 1

VIMRS=E00 nmrisT

Total time 0 min, 30 suc

Sample: DAD=2-250-pure-C13
File: exp

Fulte Sequence: szpul
Solvent: cacl3

Tewp. 25.% C / 298.1 K
operaior: k1T
INOVA-S00  nmraL

Relax. delay 1393 sec

Buie a0 degrees

seeraey e

Giden amied s He

512 Tepetitions OH

oesERrE” £, Lis.cerres e " .
Balrasiis e .

Fowsr 15 a5 €,

uaLTz

MeN" N

[

T T
180 160 140 1zo 100 a0 80 40




Sample: DAD-XG-3-20-pure-Hi
File: exp
Pulss sequence: s2pul
Selvent: oo

Teny e/ 2181 K
oporator: K1t
UNMES-500  “nar1st

Rotan. dulay 110 sec

Pulie a5.0 degrees ]

A et
Me:..

OMe

ions
OBSERVE Wi, 835508470 WHz
DaTa PROCESSE
Resal. enhancement -0.3 Hz
T 5120 §5538

Total tine 4 min, 30 sec

=N

MeN \

o: DAD-xS-3-20-pure-Cld
exp

Pulse Sequence: s2pul
o

ne: oeds
Teap. 25.0 € / 2381 K
Operator
VAMRE-500

nmras

Tan. delay 1.000 sec
Pulse 45,0 degrees
4cq. time 1.300 sec

20487
S12 repetiti
OBSERVE C13, 125.6951380 WMz
COUPLE HI, 1338833180 WMz

Cess:
broadaning 0
FT size 133

Total time 18 min, 35 sac
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T

180 160 140



au-a-5313-155
Sanple: Ad-4-53
File: sap

Fules Sequence: sZpul

Salvent; cac13
Temp. 15.0 T\ / 2381 K

s
Srariit

Retan. delay 1 sec
Pulse 45.0 dbgrees

0 sac
He

967720261 HHz

5

AT PROCESSTMG
Rero). snhantesent 0.0 Hz
FT 8128 55536

Total tine © min, 40 sec

Sanple: temi-53
File: exp

Pulse Sequance: s2pul
Solvent: cdeld

Temp. 25,0 G / 7981 K
operaior: v
VHMRS=580  "nmr 15"

Relav. delay 1.008 sec
45-0 degrees

pulze 45
acq. T see
Width 3nae7 8

3
itions
CRSERVE C13, 1255951031 W

e
DECOUFLE 938833015 MHZ
Pawer 40 dE

continuaus Iy o

WALTZ-16 nodulated

0ATA 5 ING

Line braadening 0.5 Hz

Ao @

W

A

eN” “N
=/

!

3.20
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A-4-T6pracip
sasple wame:
AH-4-76
Archive directory:
sample directory:
FidFile: AW-4-Téprecip
Pulse Sequemce: Protea (s2pul)

Solveat: o6ds S
Data collected on: Apr 30 2011 MeN N

VL AL

) ;‘ Il UJ‘J.‘% A

7 € 5 4 3 2 1 ppm.

AM-4-Tprecipt
Sample Hame:

A-4-76
Archive directory:
Sample dizectory:
Fidrile: Al-4-Téprecipt
Pulse Sequence: Carbon (s2pul)

Solvent: c6ds
Data collacted an: Apr 30 2001

e s e T L R e e T T L o N i

150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
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Sanpie: OAD-2-24B-pure-Hl
File: exp

Pulse Sequence: szoul

.2
oparator

VKNRS-500

Relax. delay 1000 sec
Pulse 45.0 degrees
A time 2.049 sec
Vigth 8oz

st
DasERvI

o s msasacn wie
ih proceEsing
Hesol - pbantenent 0.0 e
el Sine o min, 38 sec OH
PhINH
MeN™ N

sanp)
Filg

0AD-2-248-pure-C13
"o

Pulse Sequence: sepul
sotuent: cacla

Temp. 25.1 € / 288.1 K
operator: Elt
TNOVA-S00  trmriit

00 sec
5

5

wi a5
512 repstit
OHSERVE 13, 125.6877725 WHz
crcausie Hil 48ITTASILD waz

cas, i
Lo Sty o CH

WALTZ=16 modulated
TA P

time 10 min, 42 sec

T - ' - T - -
180 160 140 1zo 100 a0 60 40 20




Sample: OAD-XS-3-46-pure-H1
File: sxp

Pulte Sequence: szoul

felax. delay 1.000 sec
Pulse k.0 degrees

time 2,049 sec -

o
Midth B012.8 h

il
BE! kp
Data b
e

i
Tocat

s
VE Wi, 4598808470 MHz

1. enhancement -0.0 He
e 65536
time 0 mi

etition:
RoCESS fug

A,

20 sec

918: DAD-2-243-pure-13

o,
Fie: 0

Pulie Sequence: szpul
soluent: cacla

Tenp. 5.0 € / 294.1 K
operator: k1t

vA-£00 “rmr 110

fela. delay 1000 sec
e 450 deprass
e, tine 1301 sec
il 3 3
§12"rapat 11 font
QBSERE C13, 175.6877725 Wh
GECOUPLE M, 449 FIASHLE Mg
foer 45 db OH
oisiaurly an
GALTZ-1¢ madulate
oATA 5 Ph

m
Line broadening 1.5 Hz
fze 1311

Total t

e 10 min, 41 14C

. . - T
180 160 140 120 100
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Sanple: DAIZ-251-sure-Hl
File: eng

Pulse Sequence: 31gul

selvent: cdels
Teng. 350 € f 98,1 €
uprator: kIt

s

Relax. delay 1360 5

Fulte 450 degrees

200 tine 2083 sec
5

5 repETitIans
K1, 435.8308000 Wz

AT FROCESSING OH
Res0l. dsnancensnt <0.0 HI

T g1zs B35

Total Tine 0 ain, 30 sk Meo NH

MeN" N

Sanple: 0a0-2=251-pura-Ci3
File: exp

sulse Sequence: s2pul

el
LREIIENY
oparator: k11

THOVE-503 "naril

OH

e iz 131077
Tota) Tk 13 ain, 47 se Me, _NH

S S s amay = - - e o7 —1

180 160 140 120 100 80 B0 40 20 ppm



Sangle: DAU-XS-3-34-purs=Ci3
File: fhosefeit

Fulce Sequence: sZpal

o
ook
1t

o: OAT
500

XE=3-30=pur £-HL
hwRE- nar 35"

Relax. dulay 1.800 sec

70wz

Resol. enhancement —0.0 Hz
FT gize 65536
Total time D min, 55 sec

38/ 4414 /0A0/0RD-¥S-3-34-pure-1 fid

Sawple: 0AD-XS-3-34-pure-C13
File: exp

Pulse Sequeace: szpul
solvent: csds
Tenp. 25.0 C / 298.1
1t

“ner1s

width 30487.5

512 repetitions

OBSERVE €13, 125.6951380 MHz

DECOUPLE H1, 433,8333864 WHz
40

Total time 13 min, 38 sec

Ut
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L

1 ppm

180 160

140

-
120

-

100
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Sample; xa-3-132-pure
File: fhome K 1t/vnnrsys /duta ss xs-3-132-pure.fid
Pulte Sequence: s2pul

Solvent 2

imaient tenperature

operatar: kIt

Filo: ng-3-Laz-gu
VNNRS-500 “naris

Relax. delay 1800 soc
Pulse 45.8 legrass

me 2,088 sec
Width Bu1z.8 bz

HL, 955808310 Mz
w
01, ENNARCERENT ~0.0 KT
¥

e
FT size 5553
Total ting 8 min, 30§

9 8 7 6 5 3 2 1
Sempla tama:
3152 gure-c
Archive disectory:
I ‘oH
2 HE NH I EEEE RS
Fidrile: we-3-isipurec B i ST EEE FIREIAE
q L Ege d§¢8 sddgdas
Fulse Sequense: Carbom (sZpal) Bl = T MeN S P |J ] | ‘(J L _JJ
Solvent: cda13 1N ]
Data collested on: Apr 12 2011 | || ‘ | 1
cperator: klt ‘ | |
GE-500 "mmel?.be sd” ‘
Ralas. daley 1.000 sec |
Fules 43.0 dagress |
Cina 1.300 see
Widn 304878 52 |
274 rapatt
13, 125.6950970 e |

Total time 19 min
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Sample: xg-3-1la-crystal
File: enp

Pulse Sequence: s2pul
Solvent: cEdE

imbignt temperature
operatar

VNRE-530

nar1s

Relax, delay 1430 cec
Pulse 43,0 degrees
aeg. tine 200 <
Width 83123 He

B repetitions

OBSERVE I, 4088808470 MHz
Dara srocessing

501, enhancement =i.b Hz
5 35

o

128
Total tise 0 nin, 31 sec N\\/O

1

Sanple: #5-3-11e-crystal-C
File: axp
Pulse Sequence: szpul
Salvent: cods
fabient 1Esperature
operator: kIt

5-508 "naris

Relax. delay 1.000 sec

Pulse 45,0 degree: g3z3
. time 1.300 16C P
Vidin 30487.8 Kz Hadoe
148 ropeiitions -+ B
OBSERVE 13, 1355350447 NHE 2717
DECOUPLE W1, 498 RB33464 MHZ ) 101
Fower 1
cont fnuous ~.

Total tiae 13 ain, 33 sec

il
r
[

21585

112,383

[

120083
sz.747

—sn.527

128,838




-a-1m1
Ganple Hame:
Ad-4-171
Archive directery:
Sample directory:
PidPile: AW-4-1718
Pulss Sequance: Proton (alpul)

Solvent: c6df
Data collected on: May § 2011
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Wi-4-1710
Sasple: Av-1-171
File: enp

Pulse Sequence: s2pul
Selvent: cEdE

Teap. 25.0 €/ 1181 €
operator: k1t
THOVA-S8C  “nmrii®

Relax. delay L.EDE sec

2 titians
OBSERVE. 13, 1256676041 bz
DECOUPLE L, 455.7745562 btz
3

Ling braadening 8.5 Hz
FT size 131472
otal ting 13 win, 42 %ec

T

g
ad

I

T L A e e {
3 2 1 ppm

o4

3.41

70 60 50 40 30 z0 10



Chapter 3, Page 429

i x3-3-135-pure
exp

P

Pulse Sequence: sipul
Soluent. 3
sabient temperature
Oporatar: k1t
VIMES-500  “nar1s"

Relax. delay 1.900 sec

tine 0 nin, 30 sec

Sanple: x3-3-135-pure=C
File: mxe

Pulse Ssqusnce: szpul
Salvent: cocl3

SR My 3.23

Relax. delay 1.900 sec
ise 45,0 degre:

DECOUPLE K1, 488.8B33015 MHz

:
:
|

H S z3Ec

1.300 sec Ec e

idth 304878 Ba S dfee
35 renetitions H [
oBSERVE €13, 1256351807 MHz 1 4.

cant fnuously on
WALTZ-15 podulates

Total tise § win, 29 sec

o azn.ans

s2.820

147,505

T ey L AL 1 fuia s - i
220 200 180 160 140 120 100 a0’ 60 a0



Sample Hana:
x6-3-112-colum2
Azrchive dizectary:

Sampla dizectory:
FidFile: Protom
Pulse Sequence: Proton (s2pull

Solvent: cdell
Data sallected on: Mar 26 3011

Teamp. 35.0 C / 238.1 K
operator: kit
INOVA-500 "nmrase

Relax. delay 1
Fulse 45.0 degr
heq. time 3.000 sec
Width 7956.0 Hz
§ zepetitions

CHSERVE K1, 499.7720594 Wiz

DATA PROCESSING
hesol. anhancement -0.0 Kr

T size 65535

Total tize 0 sin 40 sec

000 pec
5
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Decomp-II1

25-3-134-C
P

Pulse Sequence: sZpul
Salvent: cdeld

Temp. 26.8 G/ 288.1 K
operator:

WHMRS-500  “narist

Relax. delay 1.600 sec
s

Total time 13 win, 38 sec

164,282

148,878

127,391

-1z0.673

Decomp-IIT

20 z19

0. 927
20,206

— sz.ese

zz0 200 1a0

e

S

160

B e o

o ppm
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0u0=2-284-pure-H1

Pulse Sequence: stpul
Solvent: cdeld

Tenp, 25.0 C / 298.1 &
operator: k1t
VMES-500  "nar1s
Relax. delay 1.900 sec
Fulte a5.0 degraes
208
vidin B01z.d bz
15 repetitions
OBSERVE Wi, 1338808820 Wiz
DaTa PROCESSTNG

Resol. enhancement ~0.3 Mz
T size 48
Total tine 0 min, 55 sec

acq. t

OH
OTBS

3.14

- SR P
— ——
1 ppm
S ——
e
B ——
ety coeta |
P 4T e
Operator |
A e
Belar. celay 1o 10
B g
OH
3 0oT8s
T, s
i
T T T T T T T - P e e
180 160 140 izo 100 80 40 20

0 ppn



SaNp18: DAT-Z-241-D15-purs-Hi
File: oxp

Fulse Sequence
Salvent: cdcld

Teap. 25.0 C/ 280.1 K
operator: K11
VIMRS-500  "naris®

szpul

oTBs

OTBS

Chapter 3, Page 432

Sample: 0aD-z-244-bis-pure=13
File: exp

Pulse Sequence: szpul
Solvent: cdeld
Temp. 26.4 C / 238.1 K

operator:

Tva-S00  “narii

felax. delay L.000 sec

Pulse 45.0 megrees

£ time 1.500 sec
A

etitions
OBSERVE 13, 1258677775 MHT
QECOUPLE 11, 439.7705112 MHE

VALT?-16 modulated
ATA PROCESSING
Line broadening 0.5 He
FT size 131
tine 13 win, 42 sec

0TBS
0TBS

ppm

T T
1a0 160 140

IRERENE

120 100 &0

1

20

T .
o ppn



Sanple: DAD-1-2B8-pure
File: exp

Pulse Sequence: s2pu
Salvent: cdcl3

Temp. 25.0 G/ 285.1 K
operator: &1

WHMRE-500  narist

Relax. delay 1.000 see
Pulse 450 degrees
i3 ser

1§ repetitions

CBSERVE  HL, 998808620 NHE
DATA PROCESSING

Resol. enhanceseat 0.0 Hz

FT size 65538
Total tiwe b min, 35 sec

OoTBS

3.15

Chapter 3, Page 433

8

Sample: OAG-1-768-pure

File: oxp

Bulse Sequences s2pul

Solvent: edeld

258 €/ 208.1 K

operator: k1t

THOVA-$00 “rarit

Relax. delay 1.800 see

Pulse 45,0 negrees

Ao, time 1300 see

Wigth 30165.9 Kz

51z repetitions

OBSERVE  C13, 115.6677725 Wiz

BECOUPLE 11, 439.7745112 Wiz

Fower 45

cotimaus Iy o

WALTZ-15 modulated

0AT4 PROCEESTHG oTBS

Line brosiening 0.5 ke
FT size 131
Total time 19 min, 4z sec OH

" o J
T T T s ERa R -
180 160 140 1zo 100 80

T

0 ppm



saxp1
Fil

040-2-248-pr inary=purs-H1
exp

fulse Sequence: s2pul
solvent: cdeld

Temp. 5.0 €/ 238.1 K
operator

VHMRS=S63  “ane 5%

Selax. delay 1064 sec
Paise son degrees
i see

.
width a

5 repetitions

CBSERVE  HI, 499.8500020 Mr
EssinG

Aesal. enhancenent ~0.0 He

FT size &

Total time § win, 30 sec
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OH

OTES

3.16

6 5 4 3 z 1 ppm
aA0-2-zea-primary-pure
<
puise sequence: s2pul
solvent; cacis
Teny. 15,0 C 1 238.1 K
operator: K1t
ovA-S00  =nar11-
Belax. delay 1,000 5oc
Bulse 15,0 dsorees . )
OH
OTES
size
Total time 19 pin, 42 sec
|
| |
| bl ]
P e v R B [T
180 160 140 120 100 a0 40 20 ppm




operator: k1t
VHHRS-S00  mer15e

Relax. delay L.008 sec
Pulzs 45.0 Begress
o

3
Tatal time 0 ain, 30 sec

OTES
OTES

Sample: OAD-2-240-bis-pure-L13
Bt

Putse Sequence: szpul

sotvent: cdc13

Temp .06 1 zan.
Thova-gor “Mne1ts

Relax. delay 1.008 sec
Pulze as.

512 repatitions
OBSERVE C13, 1256677725 Wiz
DECOUPLE H1, £81.7745117 WAz
Fower 1
cont inuou

TZ-

16 min, 42 sec

OTES
OTES

Chapter 3, Page 435

1z0

100 L 60 a0

ppn



Sample Nama:
OAD-2-240-s8condary-pure
Arenive dizectory:

sample directory:

Fidrile: OAD-2-240-sacondary-pure
Pulse Sequence: Proton (szpul)
Solvent: cacid

Data collected on: Sep 5 2011

Temp. 25.0 € / 298.1 X
cparator: Xlt
Smmri? be.edu®

Relsx. delay 1.000 sec
Pulse 45.0 degress

Acq. time 2,049 see

Width §012.0 He

16 repstitions

CBSERVE M1, 499.3303020 MAx
DATA PROCESSING

Beeol. enhancement -0.0 Hr
T mize 65836

otal time 0 min 55 sec

OTES
OH

3.17
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Fulsa Sequence: Carbon (sZpull
Solvant: edell
Data collected on: Sep 5 2011

Temp. 25.0C f 2981 K
sanpls 421, Operator: depmotis
VNRS-500 “oari7 pe.edn

Relax, dalay 1.000 sec

Pulss 45.0 dagreas

Aeq. time 1,300 sac

Widtn 24509.8 Bz

512 repatitions

oBSERVE ©13, 100.5213103 MEr
DECOUFLE Hl, 399.7642756 MEZ
Towar 40 d2

Total tine 19 min

-sacondary-pure 2 240_01

OTES
OH

e

180 160

T
140

120

T T
80

60 40 20 ppm
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AM-4-142£5-€
Sample Hame:
u
Archive directory:
Sample directory:
FidFila: AM_4_142£5-6_01

OTBS

Pulsa Sequenca; Fretoa (szpul}
Selvent: sdell HO.
Data eollected oni hps 13 2011

3.19

Aw-4-14263
Sample Mana:
A
Arehive dizectory:
Sample directory:
Fidfile: AN 4_142¢3 01
Pulse Sequence: Carbon (sZpul)
OTBS

Solvent: edell
Data collected on: Aps 14 2011 HO.

3.19

140 130 120 110 100 50 80
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Samp! 3-173
File: /home/klt/vnmrsys/data/xe/xs-3-175 fid
Pulse Sequence: s2pul

Salvent: cdcld

Temp. 25.4 © / 238.1 K

operator: K1t

9
15"

EE-E00

& rapetitians Ho, OTBS
QSSERVE | H1, 4998808088 Wiz

DATA PROCESSING

Resol. Enhancenent .0 Hz

FT size 5553 o
Tatal time O afn, 20 $6C

3.24

sanple: xs-3-179-C
File: oxp

Pulse Sequence: s2pul

25,952

49 repetitions
OBSERVE C13, 125,6350975 WHz
DECOUPLE 1, 439.8833015 WHz
Power 4

cont inuous ly on
WALTZ-1§_modulated I
DATA PROCESSING

Line broadening 0.5 Hz

ET size 131372

Total time 3 win, 43 sec 1

otes _—
1
0 4
3.24 |

—1s.z08

220 200 180 160 140 120 100 80 60 a0 20 o PR



Chapter 3, Page 439

W-4-125p0r8
Sanpls Wame
aw

Archive directory

sample directory:

Fidfila: AM_4_135puze 01

Fulse Saquence: Proton {sZpull oTBS

HO,

solvent: cdell
Data collectsd on: Apr 2% 2013

3.25

—— T T T T T T ' — —r
7 5 5 4 3 2 1 ppm
aw-a-125¢
[ —
e
Arehiva directory:
Somplo dizactory:
FidFile: AN_4_125C 01 oTBS
HO,
Pulse Sequence: Carbom (§2pal)
Solvent: edeld
Data collected on: Aps 29 2011
R e T e e e A e = e I
130 120 110 100 %0 80 70 60 50 40 30 20 10 o pem



Sanple: xs-3-187.2
File: axp

Pulse Sequence: 52pul
sotvent: cacla
Tg

operator: k.
VIMES-500 “herast

Relax. delay 1000 sec
Fulte 5.0 gegroes
acq. timé 2.919 £ec
Vidih 80128 1
& repotitions
HI, 1858808020 Wiz

1 ostze §5536
Toral time 0 min, 38 sec

HO  oTBS

Chapter 3, Page 440

sanple Nama:
x8-3.200-C
Archive directory:

sample directory:

PidPiler xn-1-200-C_ Q1
Pulse Sequence: Carbon (s2pull
solvant: cdeld

para collected on: Jun 2 2011 HO OTBS

ERARRZEEREsuss

160 140

200

220 180

120

100

80

60

40

20

0 ppm
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AM-1-126
Sample Name
AW-4-126
Archive dizectory:
sample dizectory:
FidPile: NH-4-126pure
Pulse Sequence: Proten (sZpul)

Solvent: cdeld
Data collected on: Apr 11 2011
HQ, QTBS

3.27 ‘

A-a-1260
Sample Kans.
I
Archive directozy:
sanple directory:
FidFile: aW_&_126c 01
Fulse Saquence: Cazbon (s2pal)

Solveat: cdol3
Data collected on: Apr 11 2011 HO  OTBS

3.27

130 120 110 100 90



Sample: du-d-113
File: eup

Pulse Sequence
Elvent: edeld

exp. 26,0 C / 2881 &
operator: ¥1t
INOVA-580  “naris

szpul
s
T

Relax. dalay 1.680 sec
Pulse 45,0 degrees
aen, 00 350

vidin 7996.0 He

& repetitions

OESEAVE I, 4957788256 MHz
DATA PROCESS NG

Rosol. enhancenent -b.0 Kz

20
Total tine b min, 40 sec

HO

3.28
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OTBS

i |
Al N A

av-e-i1se

sulse Sequance: szpul
solvent: cdcl3
snbient tenperature
operator: K1t
anr1s"

Relax. delay 1.000 sec
Pulse 45.0 degrees
Acq. tine 1.308 sec
Width 30487.8 Wz
35 repetitions
OBSERVE 13, 125.6851013 Mz
OECOUPLE M1, 433.8833015 Wz

HO ~ OTBS

Line broadening 0.5 Hz
T size 2
Total tine 3 nin, 49 sec

3.28

T
0 ppm

100 90 80 70 60 50




A-4-120£7-8
Sample Naze:
AH-1-120
Archive directory:
sample dizectory:
PidFile: AW-4-120£7-8
Pulse saquence: Froten (sipull

selvant: eacld
Data collected cai Apr 11 2011

HQ

oTBS

3.29
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AN-4-120£7-8
Sample Name:
an
Archive direckory:
sample directery:
FidFile: AW_0_120£7-8 91
Pulse Soquence: Casben (s3pal)

Salvent: edel3
Bata collected on: Apr 13 2011

HQ OTBS

3.29

A S
T e e L
1 ppm

30 20 10 0 ppm
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AN-4-167£12-14
saaple Name:
n
Archive directery:
Ssanple directory:
Fidpile: WK_8_16TE12-14 DL

Pulse Sequence: Proten (sZpull
Selvant: cdal3

bats collected on: Apr 39 2011
HOHorss
Me  Me

3.30

a-g-167C
sample Hane
e
Archive directary:
semple directory:
Fideile: MM_4_167C_0L HQ  OTBS
Pulse sauence: Carbon [s2pil) ME  Me

solvent: cdeld
Dats collected en: Apr 29 2011

3.30

40 30 20 10 o ppm
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Sample: x3-3-187.1

File: nons/x1t/vnnr sys/eata/xs/us-3-187.1. 118
Pulss Sequsnce: sEpul

soTvent: tac13

Temp. £5.0C / 295.1 K

Kt

187.1

"nrLs”

o
File: xe-3
VANRE-500

Relax, delay 1.000 sec |
Pulse 45.0 degrees
- ting 2043 sec

6

Resol. enancement -1.0 He

FT size 536 HO 0TBS
Total tise 8 win, 30 sec

3.34

L A A

Sample: xg-3-187.1-C

Fila: exp

Pulee Sequence: sZpul

Solveni: cdclz
R YRR

€

gperaior:
hKRE=500

narLs

Relax. delay 1.000 sec
Pulse 45,0 degrees
e time 1,300 sec ‘

N
255950579 MHe
35 833015 Mz

S
cant inuously on

WALTE-1E mudulated Hoﬁomas
0ATh PROCESSTHE

Ling brozdening 0.5 ke

o1 Size 131

Tetal time 10 min, 38 sec

182 repetition
Ve 1
H

3.34

34,420
27

—a.564

45 501

18,153

60 50 40 30 20 10 o =10 ppm
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sanpl
File:

s
axp
Pulse Ssquence: sZgul

solvent: edel3

Temp, 25.0 G / 285.1 €
operater: k1

VHNRE=500  nmri3"

Relas. elay 1000 sec
Pulse 458 degrees

ons
CESERVE W1, 499.5808082 WHE
ing

Resal. enn it -0.0 HZ
FT clae 65535 OTES
Total Lime b min, 3 sec H

3.35

e
P

Pulse Sequence: s2pul
:ede1s
06 2081 K

“nar 1§t

Pelax, gelay 1.900 sec
Bulse 450 degrees

g3k 2
Ay 1
FT size 131 |
OTES |
HO,
j S

3.35

220 200 180 IIEU 140 120 100 a0
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Sample: wg-3-L76.7
File: exp

Fulse Sequence: szpul
salvent: cdels
Teap. 730G/ eas.1 K |
operator: #1t
RS 500 nmrih
Relax. delay 1.000 5o
Puise 4.0 degrens
Acg. tine 2049 sec
i 126 0

cng
CBSERVE W1, 455.0818281 MHz
cessiua
ennancemsnt 1.8 Mz

Re
FT siza 55536
Total time 0 win, 30 sec

OTBDPS
HO, f

3.36 |

‘l‘ oy ! b a

Sanple Name:
x8-3-106-C
Archive directory:

sanple dizectory:

riarile: xa-3-106-c__ 01
OTBDPS

Pulse Sequence: Carbon (aZpull
Solvent: cdeld HO,
Data collected on: May 19 2011

30.954

3.36

M
E
283
2e Len ER
EEERE SFF
R 13
IR ~
R RS ~
3L e
i | 2
- Eli |
~. ]
- "
v H E
w3 & a
" e 30 8
‘ e | g
| e |1

150 140 130 120 110 100 50 B0 70 60 50 40 30 20 10 ppm



anple

: ws=3-180
File: eup

fuise Sequen

: sapul
Spluent: cde1d

Tesp. 25.0 € f 681 K
operatar:

HDVA-333 11t

Rosol. ennancement 1.0 HZ
FT si2e £5536
Total ting 4 win, 40 sec

Sanple Masms:
x8-3-184-C
Archive directory:

Sampla directery:
PidPile: xs-3-184-C_ 01

Pulse Sequenee: Carben (s2pul)
Sclvent: edell
Data collected cni May 18 2011

Temp. 25.0 € / 298.1 K
Semple 421, Operator: sumxg
INOVA-500 mmrlge

Relax. delay 1.000 see
Pulse 5.0 degrees

Acq. time 1.300 mec

Width 24508.8 Hx

1000 repetitions

OBSERVE €13, 100.5213856 Mz
DECCUPLE M1, 199.7683756 ¥z

Tatal time 38 min

TR
220 200 180

Chapter 3, Page 448

ODMPS

HO.

3.37

7 8 5 q 3 2 1 pom
- sck o s = -
$gif gzfgs 5% 3 ig
5858 frlids 48 8 54
T S L 1J

ODMPS

3.37

. : ) — e
160 140 120 100 80 §0 40 20 0 ppm
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sawple: x3-3-213.2
File: axm

Pulte Sequence: s2pul

Solvent; edc13

Temg. 250 C / 208.1

perator : K11

VIMRS-500 "harts

Relax. delay 1.000 sec

Fulie 5.0 degraes

Acy. tims 2.088 s

idin 012,58 bz HQ, ~ OTES
3 ropat

Sara processinG

T4

Resol. enhancement =08 He Me  Me

£ aize BEade

{me 0 min, 30 sec

3.38

xa
Arehi
Sample directory:

PidFile: xs-3-113.3-C_ 01

Pulse Sequeace: Carbon (s2pul)
Solveat: cdald
Data collected om: Jun § 2011

HO ~ OTES

Me  Me

3.38

T T O T TR T B R R e s

a0 60 40 20 0 ppm

220 200 180 160 140
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Samgle: x§-3-195
File: &xp
Fulte Sequence: szpul

Solvent: €13
Temp. 25.4 € / 298.1 K

nars”

gulay 1000 e
5.0 degrast

acn. .
idih 8012.3 Kz

28
Total time 0 nin, 38 sec
HO, OTES

N/

3.39

Sample Name:
- \

Sample directory:

5,105

FidPile: xs-1-195_3_395_01

136,922
136,508
117,30
16.as
17808
=
\:7:.911
—
o573

Pulae Sequence: Carbon (s2pul)
Solvent: cdel
bata collected on: May 31 2011

Temp. 5.0 € £ 2881 %
Sample #10, Operator: sumeg
INOVA-500  *amrler

HQ, ~ OTES

Felax. delay 1.000 ssc A
Pulas 45.0 degraes
Aog. time 1,300 sec
Width 24509.% Hz 3 39
5000 repetitions .
OESERVE €13, 100.5212063 NEZ

DECOUPLE HL, 399.7692756 KHz
Fower 40 dn

Sty o |
WALTZ-15 sodulated

Tetal time 3 hr, 11 min

T T T T e LA L e S L s e e R R R R R L L) RS R

220 200 180 160 140 120 100 80 60 40 20 0 ppm



Sample Name:
xa-3-214
Archlve directory:

Sample directorys
FidFile: xs-3-314
Pulse Sequence: Proton (a3pul)

Solvent: cdeld
Data collected om: Jun 9 2013

HO  OTES

3.40
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_— L l
] e i T ey —— —
9 8 7 13 5 1 ppm
Sazple Nane:
xe-3-214-C
archive aizsctory:
sample dirsctory:
PidPile: xs-3-214-C_3_214_01
Pulse Ssquence: Carbon (apull
Solvent: edeld
Dats collsctsd on: Jun 3 2011
HQ  OTES
. A
R A e A ey I e e R R SERT S e
160 140 120 100 8O 60 40 20 o PPm
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xs-3-168 i) THF

sanple Hame:
5-3-168
xrchive directorys

sample dizectory:
ridrile: X5-3-165inTHF
Pulse Sequemce: Proton (s2pul)
solvent: thf o
Data collected om: May 13 3011 N\(
OMe
N

MB‘NL’J

1

o S JL:—JL*U“L%

e
AW-4-105¢2 Scheme 3.20 m‘\/\c a1
e w, ™M THE 3 (02M) s O
Sample Name: D} L —_— + v MeoH
AW-4-18562 O 3% Iy
Acchive alrectorys Mey Ny M8 hie m‘\/\
) oWite e %
sample directorys <l e
0.,
yiarile: AW-4-185e2 *‘Nu» O
Pulse Sequence: Proton (sZpul) "o
= 02040006
i




%9
Sample: OMD-z-a4E-pure-Hl
File: eup
Putse sequence: szpul

solvent: cdcl3

Temp. 25.0 € ; 7381 K
operatar: )
VHHRS-500  "TRF1S"

Gelay 1.008 58

5.0 degress

2,043 sec

Widih 8012, Hz

8 rogetitions

OBSERVE  HI, $59.B303020 WHz
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o
NH

MeN "

Sasple: DAO-2-238-pure-C13
File: axp

Pulse Sequence: s2pu1
sorvent: cacly

Temp. 25.0 €/ 238.1 K
gerator K1t

INOVA=S00 =nAriL®

Relax. delay 1000 Eec
Pulse 15.0 degrees

ppR

NH
R
MeN N
=
|
' |
| 8 O PO
T T T LA T T
180 140 120 100 80 60 an 20 ppm
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Sample: 04D-2-252-2-pur e-HL
File: exp

pulse Sequence: s2pul
Solvent: codt

Temp. 26,0 € / 2481 K
operata;

VHNRS-530  “nar 15"

xlay 1.008 sec

degrees
tine 7,045 sec
n aviz.5 H

B rpetitions

CRSERVE 111, 459.8888470 Wiz [o)

ATA FRocESSING

Resol. enhancement -0.0 Hz N

F7 sizo §ES36

Total tise & min, 30 sec

0AD-2-252-pure~C13
0

Pulse Sequence: s2pul
Solvent: ceds

Tomp. 25.6 € /
operator: K1t
VHNRS-530  “rmr18®

i @°
OMe

23

Rea

1388 Wiz

125,685 S
WL, 4398833064 Wz MeN

L

FT size 13
Total time 19 min, 38 sec

B e A o O B IS S

180 160 140 120 100
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Sanple: DAD-2-203-pure-Hi
File: exp

Pulse Sequence: szpul
solvent: cdcl3

Tewp. 25.0 C / 298.1 K
operator: k1

VHNRS-500  “nar1s"

Reiax. delay 1.000 sec
Pulse 45.0 degrees

OBSERVE Wi, 493.8808620 Mz

0aTA PROCESSING H
Resol. enhancenent ~0.8 He o]
7 2ize Gaa3

3
Total time § nin, 30 sec NH

b

Sample: OAD-2-243-pure-Gid
File: exn

Pulse soquence: szpul
solvent: cdcld
Tenp. C7eImLk
oparator

ThovA-500 " nar|

Relax. delay 1.900 sec
Fulse 45.0 degrees

aea, -300 s8c
Vidin S0165.3 He
tions
OBSERVE €13, 125.8677172§ Wiz
DECOUPLE K1, 485.7745112 MHz OH
Bower 45 d8

Line brosdening 0.5 e
FT 5126 131072
T i

Tam, a2 uec MeN™y

140 120 100 &0 60 40 20



any
i

Pulse Sequence: s2pul

Solvent: cods

Tenp, 25.0 C / 298.1 K
ator: k1T

VHNRS-500  "nar1s"

Relax. delay 1.000 sec
Pulse 45.8 degrees

: DAD-XS-2-284-pure-HL
3

Total time B min, 3 sec

b bl
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—— T

Sample: 0A0-xE-2-2B4-puru-Hl
File: exp

Pulse sequence: szpul

nr1s

Belax. delay 1.008 sac
Pulse 45.0 degrees

icg. th 180 sec
widih 30487, H

512 roputiti
OBSERVE €13, 125.E351380 WHz
BECOUPLE i, £33 R33346% WAz

Total time 18 min, 3B sec

B

8

7

-
5

X
a

Ph,

L OMe
=N

MeN \

—rr T

180

160

60 40 20 ppm
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Zamgle: xk-1-123-pure
File: exp

Pulie Sequeance: kZpe)
Solvant: edeld

Tenp, 5.0 © J F8.1 K
aparater: k1
VHMRE-580 “nuriEh

Relnn, delay L.000 sec

Pules 459 dagras Me
AT, timE 2.838 s&

Wisth S012.8 Hz

B repetitions Me
OESERDE W1, 4934808318 Mt

0aTh PROCEZSING

Resol. ansmncemant =3.0 Mz

Torsi Traa pomin, 30 se NH OH

MeN N

Sample Kawe:

Me
archive @lrectory:
Sample direcioryi
FigFile: Carbom

Pulis Sequence: Carban | sipel
Snlveat: edely freet] NH OH
Dota collected on: Feh & 2617

Temp. E5.0 C / 288.1 K

Sample #L3, Dperator: suom |
R 4 MeN"™ N |
Relax. del —

oy L
Fulse 5.0 degre
tzg, tive 1300 sec
Wisth A500.8 Hz

Line broademing 0.5 Wz
FT size 65515
Total tiee & ke, 11 min

e

T T T T T

T T T § T T T
240 220 200 180 160 140 120 1aa -1 &0 an Zn [0
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T0: ka-1-133-retrystal
I IhORES KL /YARISYS SR e RS KE A1 d5-raerytal £14

Pulse Sequence: s2pul
Solvent:
25

eap,
aperata
Filel we-4-133-recrystal
VHHES-S00  “nmr15e

Relox. delay 1.080 sec

Pulee £5.0 degrees Me

89 sec
Hz

Acg. Time ¥
width BOLE
B ripatitin
DESERVE AL, 493 BBOAZER Wiz

DATA FmOCEESING N (0]
Regel. enhascesent ~8.0 Hz

FT sizp 48534
Total timo 0 ain, 30 sec

Sample: x=a-133=pure-C
Fila: owp

Pulue Seguance: eZpsl
Bolvent: cASE

Tesp. 25.0 2/ 8A.1 K
Cper ato; L

[ CE T LT

Belax. delay 1004 sec

720 raputitinng Me

OBSERVE LS, 125 6950451 Mg
DECOUPLE ML, 459.8B334Ed MHE
Fooir-an 43 Me
contineausly on
WALTZ-16 moduloted
0aTa PROCESSTRG

Line broadening 1.5 He

FT size 131072
Tatal tise B min, &3 sec N 0

T T T — T -
220 200 180 160 1a0 120 100 an B0 40 20 o Apm



aw-g-is

Samgln hinae:
b5

Archive directory

sangle diractory:

LICLERT R

Pulse Seguence: Procan [s7eul)
Salent: tdcl3
Sata

collected on: War 18 2812

SamplE: ON-E-S4T
File: eup

Pulse Sequences sipul

salvent: cdcia

Temp. 5.0 C F 2381 K
operator: k1

VHMES-S00  Ynarlst

Amlax, galay 1,000 sac
Pulie 45.0 depracs
Acq. time L300 sec
Width J0A07_B He

33 repetitions
OBSERVE Cl3, 125.FA51040 Mz
OO WL, 399.R035015 Mz
Powe I

coatinsous 1y oo
WALTZ=16_podulated

DATA PROCESS MG

Line broadenfng 0.5 Mz
FT eize 131072

Total tiee 19 min, 28 ser

Me
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W-5-153
Sample Mame:
AM-5-152
Archive direstory:
Sesple dirwctory:
FiAFile: AM-5-1528
Fulsm Sequeccm: Proton [sipull H
Me O

Solvent: edeld
Bata collected on: Des 14 3011 oH
Me

3.54
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Eu-5=131
Somgle: EW-B-lSE
File: enp

Pulie Sequence: sipul

SN0 tner1s

Relax. dalay 1,008 sec
Pulse 45.1 ass

Total tims 18 min, 38 cec

Me OH

OH

3.54




He-5-130

Samale: AW-5-134
Film: sap

Pulto Sequence: s2psl
solvent: sdcid
Tamp. 25.0 € ;7 2981 K
Operator: k1t
VHMRE-AED  Cmer 18t

th Bl
0 rapetitians

QBSERVE M1, 4898808816 Mz
DATA PROCESSTHG

Rekul. enhancement —0.0 He
FT cize 5536

otal time 0 min, 30 sec
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OH
OH

3.50

AW-G-130

sample; Ev-5-130
File:

Pulen Sequence: s2pul
£de 13

Teap. $5.8 B 2451 &
¥t

wheEE-4 15

DECOURLE

0

H1 raputitio

QBSERVE €23,
Wi 489

i
Line Broadening 4.5 Hz

T bize 133072

Total time 19 min, 38 sec

5 4 3 z 1 ppm

OH
OH:

3.50




A== TH

Bample directory

FigFile: au-5-237

Pulen Sequence: Protos [elpul)
selvent: cocld
Dats collected an:

Mar 13 zond

HO OH

3.56

AV-5-2830

ple: Aw-S-283C
Filn: mxp

Fulse Sequencer sEpul

Operato
WUMME-EOE  emrlse

EBelax. delay 1000 5

Pulse 450 degrees

Acg. time 1.300 sec
7.8 Wz

£

48 repatitions
OBRERVE ©13, 125.B951114 MHz|
DEEDUPLE W1, 833.B833015 MHz| L

Power an de
Eont inuous Ty on HO OH
E!
Line brosdening .5 Hz
,

FT diza 13187
Total time 18 min, =5 sec

3.56
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T T
110 120 o &0 ED
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1 Koo

Sample Hame:
BH-5-148.2£20-23
Archive dirwctory:

Sanple directory:

FidFile: AW-5-149.1£20-218

Et  Et
Pulss Sequence Froton (sipul} S'
ERpp— Et” |'~o

Data ssllested se: Dec 8 2011

Me._~_~OH

AN-5-23FET-10
Sarple Nama:
AN-5-1FIET-10

Archive dlrestory:

Sample directory:

FidFile) AW-5-323£7-10C

Pulse Segpasnca: Carbas (adpul)

Solvent: edell '

Et. Et

Tata oollected o Dec 14 3011

&0 50 40

130 1z0 110 100 a0 80 70



Sampler WE-s-185. 1-pure
File: wsp

Puite Sequence: sZpul
Solvent: cdc13
Temp. 750 L/ 788.1 E

operater:
WOVA-EED Mmril®

Relax. dalay 1,080 soc
Fulse 45.8 degrees
fee. tise 3,080 sec
WidTh 7996.0 Hz

repstitians
1, 459.7720344 bHE
o

tlaz 0 min, 40 ses

Chapter 3, Page 464

Et
Et

“Sll:
Et

Sanple: Ks—d-116-C
rilg

Pulse Gequence: sZpul

sec
3 Mz

delay 1,000 rec
5.8 desrees
1.3

JE
DESERVE

r
zontinucusly on

WELTT=15 moduInted

BATA FROCESS

Line brosdening $.5 He
FT sizn 131

Tatal tiee 13 mtn, a7 £es

ptitinne
€13, 1786677461 MHZ
DECOUPLE M1, 433.774311% MHz
=B

T T
160 140



AN-5-1TOELE-15
Sangle Maw:
AW-5-1T0014-15
Archive directorys
Bamgple Alrectery:
Fiariles AwW-3-170£i4-15%
Pulis Baguense: Peobon (83pul)

Balvent: odold
Data oolleated ons Dec 8 2011

AN-E-2ALT 1518

Sample: GW-5-7a4f15-1F
File: exp

Pulse Sequence: s2pul
Solvent! tacld
Temp. £5.0 0 2901 K
Gperator: &1t
VEMRS-500  Tnescis”

Belan. d&lay 1.000 zés
Fulse &5, 8 degrees
1300 dee

128 ropetitions

ORSERVE £33, B75.4851813 Wiz
DECOUPLE  H1, 459 8833815 MHZ
Frwer

comt inueusly an

WALTZ-1G modulated

DATA PROCISSING

Lime broadening 4.5 He

FT size 131072
Tatal timo L ar, IF min, 41 sec

Chapter 3, Page 465

Et

B %




Sampler ws-d-lal-pure
File: sxp

Pulse Sequences s2pul

Relax, delay 1,000 sec
Fulds 43.0 degrees

ACQ. TiNE 2,043 sec

Vidth B812.8 Wz

& Fepatition:

HL, 4358888117 MMz

536
Bomin, 28 sec
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Bample: wi-d=180. T-pere-C
File: exp

Fulés Sequanca: §fpul
Iolvent: cdell

Tamp. 25.0 € ¢ 188.1 K
aperator k1t
WHMRE=3ED Tneflst

Relax. delay L.000 sec
e

5. E95087E MHz
0437035 Mz

Teral time 8 min, &3 e

OH

O...-
¥
Et

220 200 180
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AM-5-171£15-1T :
W

Eample Name:
W-8-171818-17
aschive disestory:

Zample directory:

Fidrile: AW-5-LT1E18-171 Et
Et. |

Pulse Soquence: Proton (sZpal) si

Solvent: odoll P I‘O

Tata coliscted cn: Des 8 2011 Et / oH

L e e e e e T B e e e e e R — T T T T T T
7 & 5 4 3 2 1 ppm
Ae5e223€7 210
Bample Nawa
Mip-5-323£7-10
Archive dirserory:
Et_ Et
Eample direatomys \SI
T
Pidrile: AW-5-323£7-108 Et e
- OH

Fulse Bagquence: Carbon {nZpal)
Solvents odold
Data collected on: Dec 14 2011

R R e S
20 10 0 pom

130 1z0 110 100 50 80 70 &0 50 40 30



Saapln: weede117.2

File: exm

Pulae Sequence: szpul

Solvent: edeld

Tows. 25.0 £/ £4&.1 K
it

BEALOr 2
RE-500  “nmrlE

Ralax.
ulse

defay 1600 sec
dmgrens

z
loss

o E9%.BEEELIE Mz
01, enhascement =0.9 Wz

FT ize 65538
Tetal ttee 0 min, 31 sec

Me
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Soeple Haae
wi-8= 137,20

Archive @irectory:

Sarple dirsctory:

FidF11e: Carbos

Pulse Beguence: Carbon [s2pul)

Salvent: cdcld
Onta tollected on: Jan 2 7012

Me OCH

O..-Et
Et
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Aai-8-210£15-18

Bample MNume:
AW-5-2L0F15-16
Archive dizectony:

Sample directory:
ridrile: AW-5-ZL0£15-16R
Fulse Sequence: Frotom [s2pull
Solwents cdoll

Et
Dats collected an: Tes § 2011 Et--.,sfi_0 OH
Et

Me

A-E-5ETEA-30

Sample: AM-E-S572a-30
File: mxp

Fulse Smquence: sipul |
13

Relaw. deflay 1000 &@c
S Et |
acg. time 1300 sec T
width J0487.8 He Eth‘s 0 OH |
DBSERYE CAJ, 1855950384 MH: I
DECOUFLE H1, 499 5833115 MHZ !

a1 Et

Line brandening 0.5 HE
FT adze 13000
Total time 3 min, 43 Eec




Sample: wa-d-147
FAle: FhOBE KT RREEyE fdnta B fas-d=1 47 #1d

Pulse Scouence: s2pul
Solvent: edels
Tewp, 5.0 CF 19801 K
Operator: k1t

File: ws—i-ia?
VKMBS=E00 “nmri5e

Relas. deln

Vidin aniz-h He
t

n
GESERVE ML, 458.8508136 WMz
DATA PROCESSTHG
Resol. enhanzewent =08 Wz
FT efze 63538
Total tise § Bin, 30 sec
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dumple: wp-a-147-C
¥ exp

Pulie Sequance: s2pul
Solvent: edeld

Temp. 25.0 C / 298.1 €
tors kit
VHMRS-S10  “rmrlse

Relan. dolay 1,080 aec
Pulge 4 B =es
Aeg. time 1300 e
WIEh SLEB7 .6 He

54 regetitions
ODSERVE L2, 125.6950872 Mhz

UECOUPLE I, £33 8823015 MKz

Bewer 40 d

cont fesous ly o

WALTZ-16 modulated

DATA PROCESSING

Line broadenieg 0.9 Hz

FTsize d3tere OH
Tetal time ¥ win, 43 s

Me O‘Si:Et

Et

. T T
180 160 140 120
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Saepin: wed-102-1p
File: oxm
Pulse Sesuence: a7pel
Solvent: cdzld
Temp. 73.0 € ¢ 2081 K
=it

“nar1s

Relam, delay 1008 sec
Pulte &5.0 degrees
Sey. tiee 2,009 tec
Width BOLE. A He

tians
OBSENVE  H1, 199.RN0A116 Wz
ina

-8.0 Kz
FT aize 63536
Total time 0 min, 56 sec

Et_ Et
Et” C

Sample: xa-d-L8z-ip—t

Filmi exp Et Et

Pulse Sequence: sipul H
saluent: ety ,Sl,o
C oy 2981 K Et

Tomp. 2
operator: €1
VRBIRS=500  “ner15t

OH

Belax. delay 1.00E sec
Pulae 45.0 de

3
28 repatiticen
CBSERVE ©13, 125.6950%83 MHz
BEEOURLE W1, L9 BRIIE1S Milz
Power 93 dB
continugusly on
WALTZ=16 modulated
DATA PROCESSING
Line brosdening 1.5 Hz
P aize L1077
Total Time 3 min, 8 sec




sanple: wg-d—148
Filai exp

Pulse Seqwence: sipul
Ent: cdcld
[T
itor: k1t
Brige

Relan. delay 1.000 see
Pulse 45.3 degrees

. 2,048 aee

Wisth 8013.8 Hz

B repetitions

GNSERUE ML, 4988800115 bz

Resol. enkancenent 0.9 Wz
FT siza E5335
Total time ¢ wia, 38 cec

OH
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saaple: we=
Filer map

LB-c
Fulse Seswince: sZpul
olvent: cdela
Temg. 25.0 € f 7381 K
Oparatar: kit
VEMRE=500  “nmrigt
Belax. dela 09 sec
Fulte 45,0 Hearemt
dea. s 130 sec
Widts 304878 He
LZE repetitioes

DAZERVE C13, LI5,G950478 iz OH
DECOUPLE Hi, 438,8233015 keix
T 40 g8

2antisuously o
WALTZ=16 podulated
DATA PROCESSING
Line Broadenies 0.3 W
T &lzé 13187

Total tise 3 win, 43 sec




AN=G-ERATEE-2E
Sample Hame:
aw
Arefive directaryi
Sample directory:
Fldrile: AM_3_70afra-zs_pl
Fulse Sequence: Proten [s2pul)

salvent: edeld
Data collected on: Jan 28 201z

-

mi-g-zf2a-aze

Samsla: M-G-74R0-IT
File: eup

Pulse Seguence: sEpul

Bolvent: cdcld

Temp. 25.0 € J 234.1 %
3

dperator: k1t
VMMES-SED  Crarlat

Relas. delay LABD soc
B L5, 1 GRgreERs

acy. time 1.308 cec

Width 30427 .8 Hz

tlona

DESERVE €13, LI5.G951058 WHz
DECOUFLE W1, 496,083301% Mz
Powar 40 4B

cont inuausly on

VELTT=15 mau Inted

EATA FRUCESS WG

Line broaening 0.5 Hz

FT size L3072

Tatal tink 19 min, 38 sec

Et __ET.
JSi. Et

(o]
oH
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Saaple: we-d=171

File: mip
Pulte Saguinen: 2pol
E0l v edcia
Teap. [ L)
Operatar: ¥l
VhHR 8- “rarise
Relax, delay 1,900 4ec
Pulss 45,0 degree,

3. tiae 7.945 sec

wigt

tiang
OBSERVE W1, 459 BBO81LE MMz
£azine

hancement -4.0 He

Total tine 1 sin, 30 sec

“Et
Et
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Eampler ws—d=17%=2p=g
File: exp

Pulie Sequence: sipu)
Selvent: cdels

Temp, 25,8 €/ i8a.1 K
Oparator: k1t
WHHRS=330  “nuer15"

Relar. delay 1.000 tmc
Pulse 45,0 Segress

Aeq_ timm 1,300 sec

Vidth 30487 0 Hr

0 repetitions

CESERVE D13, LI5.6481804 Muz
BECUUPLE Wi, a31.8835013 Mz

Liné broadening 0.5 He
FT size 13187%
Total time 4 afn, 49 vec
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AN-5-207£26-38

-, i o

Archive directory:

Bample directory:

FLAFile: AW-5-207£28-208

Pules Sequesce: Pretem [alpul] Et\ Et
Solvent: odold Si
Dats collected oni Des 3 3011 O’ ‘Et

TEEETEI

t AM<E=4T421=FEC
exp

Pulie Sesusnee: s2pul

Solvent: cdz13

Temp. 28.0 €/ 2901 & Et\ Et
aperaior: KIT K
VHIRE-5AE  rar 15T _Si.

Relax. d2lay 1.000 sec =
Palze 45,0 degrees H
[

atg. ti=a 1.30

wigth spass.8 He o]
§4 repetitian

DASERVE  G13, 1756950938 keix

5
DECOUPLE H1, 449, 833301 Mz

Fawer 40 b OH

cantinudusly on

Total Tiee 19 min, 0 kec
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Sarpier xp-4-189
File: map

Fulen Sequence: spul
Solvent: cdcla

Teap. 25,0 © 7 1881 K
Operator: k1
VRHES-S80  “nacLE"

Relan. dalay L0900 sec
Fulse 45.1 dagrees
Acq. time .04 s,

Fepetitiang

DESERVE ML, A48 8%BBLLE Mz

0ATA FROCESSING

Resol. enhancement =0.0 Hz
iz 6555

time b min, 3 sec

OH

Q...
e,
Et

Samslo: xu-d-149-¢
File: eap

Pulse Sequases: tZpul
(£]

wap, 250 &/ 881 K
Apkrnies

VHHRE-580  *harist

Relns. dalsy L.000 s&e
ulne 45,3 fa

256 repetitions

DBSERVE CL3, 125.G450975 Wiz

DECOUFLE Hi, 438.B233015 MHz
a0 db

conTinuously on

WALTZ=16 modulnted
DATA FROCESST

e

Line broadening 9.5 Hz ~ ,Et
T Eize 130072 0 0

Tetal tiee 3 min, 49 ser




AN-E=35115-1H

Saaple Kane
E-6=158 15100
Archive directory:

Sampie dirmctary:
FAsFile: Ma-§-35F15-18H

Pulse Sequence: Praton [sZpul]
z :

onts
Dats collected an: Mar & 1012

AN-EESF15=150

sanple
F

T AN--35F15-180
ile: enp

Pulse Sequesce: s2pul

egeln
[N BN
o kIE
VHRRE-GIE tnaridd

el salay 1,
Pulse 45.0 degr
Geg. time |, 300 sec
Width sBdn7. 8 Wz
48 repetiticns

OBSERVE Gl3. 125.68503489 Wiz

DECCUPLE Wi, UR3.8B3FHLE Mz

0 5o

ower 48 di
continucusly on
MOLTE-LS moduiated

DATA PROCESEING
Line brosdening 0§ He

FT airn 121072

Total time 13 min, 30 tec
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Sample: ms-d-138-1
Thln: exp F

Pulse Sequence: sipul
Solvent) ccls
4]

Tean, 0 S 2381 K
Operater: ¥1t
VRHES=SED  “nerl5t
Relax. delay 1.000 gmc
Pulce 45.1 desrast

azq, time 7,045 sec
Wisth £612.8 Hz
B repetitisns

Total time B min, 30 ssc

e 1k I L

Sample: ws-4=-190=1p=C
File: eup

Ise Bequemce: ezpwl
Selvant: cdcls

Temp. 35,0 C 7 E93.1 K
Oparator: k1t
VHMRS=EAD  “nmeigt

Balax, delay 1 B08 sac
Pulse 45.0 dagrees

ong
OESERVE G139, 123.53
DECOLPLE H1, £33
Powe 40 4D

cont inucws]

Line mroazaning 1.5 Hz
FT sfze 121072
Tetal time 8 min, &9 tee

itk i ‘ Laddil i Abliid iy li a " ¥ r !
220 200 180 160 1an 120 100 &0 60 an 20 o oom



aw-=1181T8-31

Sanple: AV-E-114120-31

Filuz mup

Fulse Sequencei sZpul

Solvent: cdels

Ters. 25.0 € 7 2951 K
k

Balax. delay 1,000 see

Pulse 45.0 de@rees

It mn 2, 0L0 soC
EXH

r. ions

ORSERVE W1, 433 .BEASE1E HHZ
A PROCESS [nG
o1, enhascement —4.0 Hz

o5
FT adzn 6535
Total time 8 min, 90 sec

hJ

ne-g-11af T0-21

Sargla: AU-E-118120-31
File: mup

Pulse Bequence: sipul
Scivent: cdcld

Temp, 5.0 €/ 738.1 &

operator: kit
VRKRS-51E  Taarls®

g
2
DECOUPLE  HI, 333.8B33015 MKz
- 4

Fanem:
cont inunusl
WALTE-,

Line broadenisg 0.5 He
FT size L3107
Total Time 19 min, 3 eC
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i Agilent Technologies

Smrple Wams:
#o-4-233.1
Archive direstery:
Sasple disectory:
FidFile: xn—4-233.1

Pulse Sequence: Proten (alpul)

Bolvent: edeld
Data collected on: Ape 4 2012

————
T [ 5 4 3 2 1 PEm
R i Agilent Technologies
xe-4-233.1-Ch :
Azchive directory!
Sumple directory:
FidFile: we—4-3233.1-C
Fulss Sequesce: Cazban (s2pul)
Salvent: cdeld
Data callucted oa: Apr 4 2013 OH
CI\/!\/oxsi.Et
1 'Et
Et
S T S e B
1z0 110 100 a0 80 T0 &0 50 40 30 20 10 o0  ppm

130
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A= T2 L6
Sample: AM-E-1ATTEL-ZE

File: exp
Pulse Seguenze: e2pel
Solwent: cdcls Et Et
Terp. 25.0 C f F30.1 K L
Gperator: Kl Si
WHMRE-5DE  merlst . R I.E
Ralax. delay 1 Q t
onhancasent =4.0 Mz
¥ uin, 30 sec
|
|
| l I
i PUREVER ) PR b S
T T T T T T
7 B 5 4 3 2 1 ppm

AM-E-LEFI23-260
Smapie: WW-E-LFT2L-2EC
File: exp

Fulse Seauencel sEpul
Solvents cdcld
Temp. 75.0 €/ 28B.1 €
operator: kit
VHkRS-31E

QLT
Relas. delay 1000 &ic
B Et gt
Acg. t1 1,308 gec o
Width Indar.n Hr .

itions
DSSEAVE ©13, 1E6,SRS103E MHe
BECOUPLE M1, 45923833015 MHz

5 Hr

Lime broadesing
T size [3A72
Toral time 14 min, 32 cec

— -
50 40 an 20 10 ppm

T T T T T LA | T
150 lam L3n 120 110 o0 an a0 7o B



Suapiel we=L=22p
File: meg

FPulse Seguence: 2pul
selvent: cocla
Temp, 150 Cf 190.1 &
Operator: K1t

UKMEESEEO T mer st

Relas. delay 1,003 sos
Fulse &3 ragi
acq. tiee r.4ds 5
uidth 11,0 Wz

tions

209 BBA8118 WHE

DaTa PROCESS ing
. enhancasent <.0 Hz
FT size 5533
Toral time 8 afe, 39 ses

e

Br

i

up=d=1E9=C
[er

8
Tile

Fubye Sequemce: sEpul
solvent: cocld

Temp. 3%.3 0 7 941 K
operatori k1t
VHMEESIE0  Pner 15"

Aelmy. deloy 103y see
Fulie 450 degrest
Acq. vies 1360 wec
Widin 33487 8 w2

OBBEANE  G13, L25.E4508T1 MHI

OECOUPLE WL, 433.B83301% Wiz

Pover 41 d

coat nwous ly on

wALTE=16 wotuTated

DATA PROCESSTHG

Line Eroadening 4.5 Kz

FT siap 131072

Total time 3 min, 49 sec Br

OH

OH

0...-Et

Et

O._...Et

Si.
Et
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{
i

120



Garpis Name:
-z17
e directory:

arc
Sample directory:
Figrile: su-4-207

Pulse Sequence: Srotan |azgel |
Solvant: edeld
Data collected oni War 6 2012

OH

Si-
Et

Et

Eample Basa!
xo-4-317
Archive directery:

Sanple AiTectoryi
Fidrile: xs-d-217-¢
Fulse Sequeses: Carber (s2pal)

Salvest: edell
bata collected on: Mar 26 2012

OH

T

130 120

LN I e e

a0

70

O._..Et

Et

Et

60

LI I B

50
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Agilent Technologies

o A
20 10 0 ppm
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