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ABSTRACT

AcyHranstfer reactionshave become commaalace in organic synthesis and organocatalysis of
these reactionss becoming increasingly popula@Dimethylaminopyridine has proven to be
very useful in acylationsyver the recent yearshiral and more reactive analogs
havereceivedmuch attention. Interestingly, catalysis of atidnsfers by diamines has also been
shown to be effective. We present the synthesis of several DMAP analogs containing
heteroatoms near the nucleophilic nitrogen. These analogs of DMAHen basic amidies
oxazdines andamines,to alcohols, and fluoralerivatives all of which may provide hydrage
bonding to the alcohalindergoing acytransfer. Since Steglich proposed the need for a base in
the DMARcatalyzedacyHransfer transitionstate no studies &ave been performed on theffect
that nearby hydrogen bonding or nearby bases might have on catalytic effi@adcy
enantioselectivity of acylations. The variety of compounds synthesized should allow for studies

into rate and selectivitgnhancementsn nucleophilic pyridine catalysis.
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INTRODUCTION

Acyl transfer reactions have become commonplace in organihiegigt and enantioselective
catalysis of these reactions has received significant attertisgacent years. Of the manyacyl!
transfer reationsone that receivesnuch attention iskinetic resoltion of secondaryaloohols,
probably because of the chiral center at the alcohol unlike primary alcohols and also their
synthetic utility in the formation ohatural productspolymers,chiralligands biologically active
compaunds auxiliariespro-drugs andcatalysts> Because this reaction can be utilized in the
formation of such a variety of products the development of nevalyats and improvement of

established methods essential.

Stemming from the desire for low cost and environmentally friendly methods afymtion, the

use of organocatalysts for acyl transfers and the development of those catalysts has become a

rich field of studyh NBF y2OF Gt &ada INBZ a{YlFIff 2NAIFIYyAO Y21

y2i LI NI 27F (KStaytiCasyin@&ric tedbHoys@re bitsedl i three fields of
research: biocatalysis (enzymes), metal catalysis, and organocatatsisugh organocatalysis
isarguablythe oldest of these fields it received little attention until just a few decadesag
Enzymes havbeen used in acyl transfeeactions for many years, but mag plagued by
prohibitive cost stemming from difficulties in formation and purificatiiransition metal
catalystshave also been used for long periods of time, and may be costly to,raatkéhe use

and disposal of these compounds may not be environmentally friendly

The field of organatalysis has been dominated bgwiis base catalysis, namely amines,

phosphines ad carbenes. The varied nucleolitity of these catalysts allows for a iety of
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transformations. Furthermore, the ease of producing single enantiomers of catalysts has

enrichedthe availability of enantioselective transfoations.*®?*3

Nucleophilic Pyridines as Organocatalysts

Among organocatalysts-M,N-dimethylaminopyridind DMAPY)1) has high catalytic efficiency

and is useful in a wide vatieof acyl transfer reactions. Its utility was originally describetthén

late 1963 when it was shown to have a 10,000 fold rate increase over pyridine in acyl transfer
reactions? It is much more nucleophilic than similar cataysnd therefore in this case has

higher reactivity. fiis enhanced reactivity was used to acylate even sterically hindered alcohols
like 1-methylcyclohexanof2) (Scheme 1° Since its initl discovery DMAP has been used to

catalyze a variety of reactions and has been widely used in acylations.

\N/
@ OLOH Ac,0, NEt;, DMAP OLOAC
~
N
1 2 3

Scheme 1DMAP and acylation ofrhethylcyclohexanol

Chiral Versions

. SOl dza S 2 T highkdadtivitpad Wdrshtifityt wald be ideato make achiral version
that would allow for enantioselectiveatalysis of acyl transfer reactions among othéisgically,
one would design a versiaxf DMAP with a chiral controlling groipthe 2position because it
isclose to the reactive nitrogerdowever in one of the original studies of acyl transfer catalyzed

by DMAP even a small group (methyl) in thedition significantly lowers the activifyThis
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leads to the question: Whatesign of a DMAP catalyst can allow for selectivity without paying

anobjectionable cost with regartb activity?

The first progress that was madn this area was by the Vedgjroup vien they produced a
DMAP variant4) that could effect aracyl transfe with very high selectivitfFigure 3.%°
Although it needed to be used in a stoichiometriaqtity, the DMAP componentould be

recovered from the reaction and used agaiithout loss in selectivity.

\N/
Cr | N
2
N
Cl O
Cl O/gO ~
Cl 4

Figureld + SRSz é&immtvea! t R

With the growing desire for a catalytic version and@on RS NA y 3 (G KS sthdg dhdzft G & 2 F
2-position has been avoided as a location for the chirahfih the exception ofC dzQa LI | y I NJ
chiral derivative®). Development of other chiral variants has generally moved to tpeSition

Fa Ay LN FRE @& RdyLa thd-positiont & Ay C dep(Rigu2). Thédef 23 0
variants employ sterally bulky groups that are further from the pyridyl nitrogen to provide

selectivity anchave foundsome success in enantioselective catal{sfs

() e
O NEt, Iv'e\N' H
v CPh
~ | Z l OAc 3
Ph N ~
N
8

Fu 1996 Fui 1997 Spivey 2000 Vedejs 2006

Figure2. Chiral aalogs of DMAP
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Mechanism of Acyl Transfer

The mechanism oénantioselectiveacyl transfer by nucleophilic cataig can be thought to
proceed throughthree basic stepérigure 3. First the ayl transfer to the chiral catalyst from an
acyl donor forming an intermediate that must be more reactiventtize original donor. This
intermediate is attacked by the alcohol which should proceed through a diastereomeric
transition state in which there is a large difference in endrgiwveen leading to
enantioselectivity Lastly, the chiral catalyst is regenardtusually bya stoichiometric amount of

base and the catalytic cycle can be repeated.

B-H

0]
X Ay
Catalyst*
B: Step 3 Step 1
O
O]

Catalyst*HX R)KCatalyst*
S}

Step 2 X
O
S
R R, R R,

Figure 3 Catalytic cycle of enantioselective acylatiSns

The idea of this research is thaniay be possible to overcome the decrease in reactivity chuse
by 2substitution through placement of a participating functional grotipis group may
participate in anumber of ways including hydrogen bonding, or placement of a nearby base to

deprotonate the alcohol being acylated.



13

HYDROGEN BONDING BAYSTS

In a recentcomputationalstudy Zipse et al. propose that the rate limiting step for acetylation in
DMAP catalyad reactions involvethe deprotonation of the corresponding alcohdl.Recently,

Ishihara et al. demonstrated acylations in the absedcan auxiliary basejnder solvent free
conditions? In both studiesiey proposed the deprotaation of the attacking alcohol by the
acetateiony 2 G Ay 3 GKI G &y ShA i KdbiNe catadyBic basdZBMAP appddidobe | & S

Ay o2t SR Ay (KS RSLENGe@HY I GA2y 2F (GKS | fO02K2f ¢

Figured. Deprotonation of alcohol by acataformed from acetic anhydride

If the proposed transition state ismte limiting then placement of a group with an adjent lone

pair may yield the ability to hydrogen bond and aid in the transfer and removal of the alcoholic
hydrogen Furthermore, if the hydrogen bonding group was chiral it has the potential to
selectively direct the acylation askigure 5

\N/

ok
PN

R "Ry
Figure 5 Hydrogen bonding directed acylations
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If the functional group were an alcohol or amine there is the potential that it effgct a

hydrogen transfer byleprotonatingand beng deprotonatedsimultaneouslyKigure 6) thereby
providing more accessible hydrogen for deprotonatéond possibly aiding the reactivity in the

rate limiting step. This may also provide an appropriate functional group for hydrogeridrans

in a more rigid environmentll of which may increase enantiosetivity inenantioselective
acylations.Thereis a concern about thalcohol or amine of theatalystbeing acylated and
subsequently the catalyftecoming less reactive or unreactive, therefimecatalyst design

there must be a balance betweeaterically encumbered alcoheland amineghat might not

undergo acylation reactions under normal catalytic conditions and that of catalysts in which the
reactive nitrogen is completely blocked from patrticipating in the reaction yielding an unreactive
catalyst. Fothesereasors ketones, amides, esters, and ethers are of interest as they are not

generally acylated under normal catalytic conditions.

X X H
L = - N B
N H

o@ﬁ\ Of ° o@;\ ©:
(4 L
R)O\R R1)\R

Figure 6 Hydrogen transfer in atations

Hydrogen bonding to the alcohol may arisermh a variety of functional groups including the
carbonyls of ketones, aldehydes, esters, and amides, also alcohols, ethers, amines and fluorides.

Preparation of many of these derivatives has been accomplished.



Synthesis

Ketones

15

Methyl (9), ethyl(10), t-butyl (12), and pheny(11) ketones were all prepared in one step from

deprotonation of DMAP and additiasf the resulting organolitiumto the corresponding acid

chloridgScheme?). This was accomplishe@u\ y 3

of 2-(tert-butylcarbayl)-4-(dimethylamino)pyridiné®

Scheme2. Synthesis of ketone DMAP derivatives

BF;-OEt,, n-BulLi,
| "N THF, CH,COCI

N/ 22%

BF;-OEt,, n-Buli,
THF, PhCOCI

N 86%

Esters and Amides

X
Ph
N/

Y2RAFASR

BF;-OEt,, n-BuLi,
THF, CH,CH,COCI

52%

BF;-OFEt,, n-Buli,

THF, (CHy);CCOCI _
62%

LINE O S RdzNB

\N/

X
=

X
W

N
12 O

Esters in the osition were made similarly to the ketones. Following deprotonation of DMAP

by n-butyllithium, methyl chloroformate was added anthethyl esterl3was isolated. That

methyl ester can then be reacted witlmanonia to formamide14(Schemes).*

T
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Schemes. Formation of the methygster and amide

BF;-OEt,, n-Buli,

Y THR.CCoOMe [ (T NHg, Hp0, MeOH 7™
N 37% NT O 98% NZ Ny NH2
1 13 O 14 O

Other amides were formed by conversion of picolinic &% into methyl 4choloropicolinaté®
(16) via the acid chloride and then addition of ammadfii@mllowed by heating with pyrrolidine

to yield amidel 7(Schemed).*?

Schemed. Anagher method for amide formation

cl N
SOCl,, 75 °C, 3h, 1) NH,OH, MeOH
| N then MeOH _ | X 2) Pyrrolidine, A | X
NG OH 21% NG O._ 85% over 2 steps NG NH,
15 O 16 © 17 ©
Alcohols

The previously mentioned keton¢t1,12) can be converted into secondaricahols(18,32) by
reduction with lithium aluminum hydride or sodium borohydride in near quatititayields
(Schemeg, 5, 8). Reduction ophenyl ketong(11) yieldedsecondary alcohdl8 which could be
resolved by acylation witB-dibenzoyltartaric anhydde® producingdiastereomeric estes19.
Thatmixturewas recrystallizetb yieldone diastereomer, although it is unknown which
diastereomer wassolated, an Xay crystallographic structure studyay provide that
determinaton. In lieu of such studies the chirality is arbitrarily assigned as sho®and 21.

Subsequent cleavage e$ter20lead to enantiopurgby chiral HPL@Jcohol21 (Schemeb).
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Schemeb. Synthesis and resolution of DMAPCH(OHZ2Bh

O
BzO,,

O
SN
(0]
—

| ~N LAH, THF | X DMAP, DCM | N
> Ph 0 Ph
N 28% N/ Ph quant. N OBz O
11 O 18 OH 19 O
~NT ~NT NOH

separation by O OBz
recrystallization | N MeOH, K,CO3 | X
~ ~

N

Ph 0 Ph
N OBz O 99%
@) OH
20 N oH 21
O OBz
It was also possible to form secondary alcohols by the direct addition of the DMAP anion to
ketones in loweyields. This was performed o#)-menthone yielding one diereomer of the

corresponding alcohdR2)(Schemes). This alcohol wamert to further reactions including

oxidation tothe N-oxide and alkylation of the alcohol via a Williamsher type syrtesis

Schemeb. Addition of DMAP to--Menthone

BF4-OEt,, n-Buli,
@ THF, Menthone __ @ oH
— 0, NS
N % P aeal
1 22

The leasstericallyencumbered alcohol was mady the reduction ofnethyl esterl3 with
lithium aluminum hydrideThis provided the primary alcoh23 and a foundatiorfrom which b

perform testing of alcoholéSchemey).
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Schemer. Reducibn of ester to primary alcohol

\N/ \N/

| = LAH, THF. A_ =

TN O 45% NFOH
13 O 23

Other alcohols were synthesized by the addition of methyl Grignard to the ketone yielding a
variety of substituted DMAP analogs. The me(®y| phenyl(11) andt-butyl (12) ketones were

all methylated in this manner to yield anala@® 25, and26 with the possibility of hydrogen
bonding,and of different steric size¥hese were also converted flnoro analog7, 28, and29
by employing deoxdluorn.* The fluoreandogs mayalsoaffectthe electronics of the pyridine
ring, in addition totheir ability to participate in hydrogen bondin@cheme). They are alsan

interestingaddition tothe array of catalysts because of their small steric size.

SchemeB. Methylationof ketones and subsequent fluorination

\N/ \N/ \N/
| ~ MeMgCl, THF _ | N Deoxo-fluor™ | N
NG Ph 42% N Ph 14% NG Ph
1 O 24 OH 27 F
\N/ \N/ \N/
| N MeMgCl, THF _ | A Deoxo-fluor™ | N
NG 38% NE 70% NG
O 25 OH 28 F
\N/ \N/ \N/
| ~ MeMgCl, THF _ | N Deoxo-fluor™ | N
o, o,
NZ 98% N7 20% N
12 O 26 OH 29 F
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To provide a variety of different steric environments the efiyl) andt-butyl (12) ketones
underwent the addition of lithiated TMS acetylene to provide tertiary alcoB6land 31
(Scheme). The acetylengroupis much smaller than the methgltoupand provides a different
steric environment from the reduced ketones and the methylated ones. Intieglgt the TMS
group was cleaved in the course of the reaction with the ethyl kettnit remained intact in

the addition to12forming 31 (Scheme ¥

Scheme9. Alkynylation of ketones

TMS-=-H, n-BuLi,

B THEthen10 (7N I
7 50% —

N N

10 O 30 OH
N7 SN TMS
N TMS-=-H, n-Buli, ~
| THF then12  _ ||

~ ~

N 95% N

12 0O 31 OH

Ethers

Because of the concemaboutacylation of thealcohol on thecatalyst and subsequent
deactivationof the catalysimany alcohols were converted to their methyl ethers under
Williamson etherification conditions. These included the alcohols formed from the reduction of
both the phenyl and-butyl ketones, the methylation of methyl and phenyl ketone and the
alkynylationof the t-butyl ketone including the loss of the TMS group on the alkyne as seen in

SchemelO.



Schemel . Etheriftation of a variety of alcohols

\N/ \N/ \N/

A NaH, CHsl, THF N N NaH, CHsl, THF
| _ Ph 42% | ~ Ph | ~ 84%

N N N

18 OH 33 O 32 OH
\N/ \N/ \N/

i X NaH, CHsl, THF | N | X NaH, CHsl, THF
N7 72% N N Ph 63%

25 OH 34 O 24 OH
\N/ T™S \N/ \N/

N H NaH, CHsl, THF A H A NaH, CHsl, THF
| p7 95% | p7 | p7 99%

N N N

31 OH 35 O 26 OH
Summary

20

To probe the ability of hydrogen bonding to overcome the atteraratf reactivity caused by

substitution at the 2position several substituted DMAP analogs were synthesized. These

included a variety of functional groups including ketones, esters, amides, alcohols, and ethers
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NEARBY BARHDED NUCLEOPHICKTALYSIS

The proposal that deprotonation may be the rate limiting step in acylation of alcohols leads to
the idea that placing a base nearby may overcome the decrease in reactivity caused by 2
position substitution and allow for increased selecti{fygure J. Ths base not only has the
potential to participate in hydrogen bonding, but also to direciprotonatethe alcohol. It may
then, later, bedeprotonated by the stoichiometric base in order to regenerate the catalyst.
Something as simple as a methyl pyrri@DMAP (MFDMAP)analog may beffective @0)
(Figure 7.

N X
L R -
N N

A

* R2

Z
A

Ry
Figure 7 Nearby base aided catalysisd one possible devative
Others have employed diamine type catalysts in acylation reactions with some sticErese
diamines may provide an example from which to build DMAP analogs that contain a nearby
base. Oriyama and coworkers demonstrated high enantioselectivity in acylasigs their
15a

diamine catalyst41 (Schemell).

Scleme 11. Success witdiamine catalysis in acylation reactions

OH 0.5 mol% 41, BzCl, Et3N, OH

4A MS, DCM, -78 °C, 3 h . Yield 73-89%
ee 60-97%
OH \ OBz
{ A MN-en
N

| 41
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These amine analog®ay stabilize a cationic intermediate similar to the one Oriyama proposed
(42) with his diamine Figure8)." Furthermore aigid pyrrolidine ring mighhold the nitrogens

in proximity enhaning the interactions of the amines with the acylating reag@a).

Sote
" Ph
N o N

@

/8 o
Me

F,h/%o cl

42
FigureB.h NA & I YI Qa LINBteddetiStéandA aimilst ingérdediate from BMAP
analog
More recently, Birman showed that amidinkiee 44 also atalyze acylation reaction’§ His
studies showed reactivity of amidines in addition to isothioureas and found the most reactive
amidines to be those that may fornrmaromatic intermediate during the course of the reaction
like the proposed45) (Figure9). Sinceamidines are basic it might therefore also be interesting
to place an amidiné46) or oxazolg47) in the 2position to test for increased reactivity as in

FHgure9.

F3C\ F3C\ X X
T Tl Ol D
N N N
R

N" N N 1 YwPh \
Y N N

a4 Ph 45 Ph 46 Ph 47 Ph

Figured® . ANXI Yy Q& F YARAYS | Obnedatepodybse®DMAP andldgd =

LINE L
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Synthesis

N-Methylpyrrolidino DMAP Analog

To form theN-methyl pyrrolidine DMAP analoty-methylpyrrolidinone(48) washydrolyzed
with Barium Hydroxide td\-methyk4-aminobutyric acid49)."’ The amine was BOC protectéd
(50) and then the acidvas reduced to the alcohtdi(51) andanother oxidation state

manipulation yieléd aldehyde52 (Scheme 2)."

Sheme 2. Synthesis o-methykN-tert-butoxycarbonyd-aminobutanal

OH
Ba(OH), OH Boc,O \N/\/Y
_— N _—
/Q 61% HW 95%  __ o)
48 O 49 © 0™ "0 5

~ OH ~ /\/\/OH ~ H
I?IW BH5-THF ITI Swern '}1/\/\”/

Boc o 95% Boc 48% Boc (0]
50 51 52

DMAP was deprotonatedytbutyllithium thenthe corresponding alkyllithium waslded to
previously formedaldehyde52 to provide alcohob3. This alcohol as converted to the
mesylate and then deprotection of the BOC group afforded the dyalirethylpyrrolidinone

DMAP analo®4 (Scheme 3).

Scheme 3. FormationN-methylpyrrolidinone analog of DMAP

\N/ \N/ \N/
(@] Boc BF3-OEt2, X 1. MsCl
| .
| N oL MN\ n-BuLi | 2. TFA | =
~ H 51% = - 6% =~
N N N N
OH Boc N

1 52 53 54 7~
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Oxazdine DMAP Analog

Chiral DMAP oxazoline catalyst was synthesized from cyanide catalyzed condensatien of (+)
phenylglycinol with DMAP methyl est&8.”° Amide55 was then cyclized wittethanesulfonyl

chlorideto provide oxazolin®6 (Scheme 4).2%#

Scheme 4. Formation of oxazme DMAP analog

SN ~NT ~
(+)-phenylglycinol,
| X KCN, PhMe, A _ | X H MsClI, 60 °C | s
O 0, N I >
N/ N 98 A) N/ \g/\OH 39% N/ /N o
13 O 55 O Ph 56 of

Amidine DMAP Analog

A chiral DMAP amidine catalyst was synthesized via dehydration of dffdéaen

condensation with 1,2liphenylethanediamine to yield amidir® (Scheme £).®

Scheme 5. Synthesis of diphenylamidine DMAP analog

N7 N7 1,2-diphenylethane- >N~
(S,S)-diamine,
| o TFAA, DCM, NEt; | N Toluene, A - A y
N/ NH,> 39% N/ 10% N/ N

Sy \\>—Ph
14 O 57 N

-
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1,2-Diazolane DMAP Analog

Another interesting DMAP analog with a nearby base was made from the addition of hydrazin
to cinnamaldehydg58) and methylation forming known compours®>* Folbwed byaddition
of the DMAP anion tdihydrophenylpyrazol€59). This provided,2-diazolane60 (Scheme

16).6b' 24a

Scheme 6. Synthesis of a pyrazolane DMAP derivative

N
-N
o N\

S 1) H,NNH,, EtOH DMAP, BF;-OEt,,
H 2) NaH, Mel, THF_ n-BuLi, then 59
64%

58 59
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DMAPN-OXIDES

It has beershown that the4-dimethylaminopyridineN-oxide (DMAPOJ61) can also catalyze

acylations and therefore may be of interest in design of enantioselective catéfygtsel0).

| |
N AN N AN
P | N
0

1 61

Figure10. DMAP and DMAPO

The Shiina macrolaabization protocol providean example of the use of DMAP analogs in
synthesigFigure 1).* Shiina noted in his original papers that the lactonization occurred more

rapidly and in higher yields if DMAR@s used in place of DMAP

; /O Me Me
TBSO Me O
e Me O E;\jl\;):P?O.O'ICS)moII\‘I’/oO;
CO,H -
CH(OMe), CH(OMe),

Figurell. A recent @ample of the Shiina acrolactonizatiof®

This produced interesh the use oDMAPN-oxide in acylationdn designing substituted
versions of DMAPO some variables should be considered. For ex&implejuch substitution
maybe tolerated in the 2position? Whether there isatalyst decompositioduring the course

of a reaction? Lastlyyhat is the inherent reactivityfd MAPO and similar derivatives?

If the N-oxide has the appropriate nucleophilicity (it must be a good nucleeimtl a good

leaving group) then this may allow for substitution at thedsition of the pyridine ring. The
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oxygen oDMAPN-oxide isless sterically encumbered than the pyridyl nitrogen of DMAP,
therefore if it acts as the nucleophilic atom in acylatitimst may allow for catalyst design with
substitution at the 2position.Also, the placement of a chireénter near the reactivél-oxide
may allow for enantioselective acylations. Although the reactivity of DMAP is attenuated by
substitution in the 2postion, the appropriately substituted DMAPO may show increased

reactivityrelative to the same substitution on DMAP.
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Synthesis

TheN-oxides of various DMAP derivatives were all formed by oxidation with dimethyldioxirane
(DMDOQ). Although other protocols f&MAP oxidation have been reported reactions seldom

went to completion and purification was difficifit DMDO hadilso been previouslseported to
oxidizeDMAP toDMAPOQ in high yields. This conversion may also produce singlet oxygen and
cause the loss of the oxidizing reagent making it difficult to get complete conversion and making

the purification more difficult®

By the additiorof DMDO in acetongalcoholsl8, and 32 and ether33were converted to their

respectiveN-oxides(62, 63, 64) (Schemel?).

Scheme 1. Conversion of some DMAP analogshteir N-oxides

= | DMDO, Acetone = |
X Ph X Ph
N NG
OR O@ OR
R=H (18), R=H (62), 17%
Me (33) Me (63) 27%
= | DMDO, Acetone = |
X 17% N
N NG
OH O@ OH

32 64
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MORE ELECTRON RIGRIBINES

Cftf2pgAy3a {(GS3ftA0OKQa NBpyrdireahdode inmkichihe hitrogyeg NS St S
f2yS LI AN 2NBAGIf & lobitalkIHalarfdcdvbrkels gyntllie&iZ8d mdiEe NA RA Yy S
reactive pyridinederivativess5 and 66.” More recently Olivier synthesized an even more

reactive nucleophilic pyridine cataly$7) (Figure 2).*°

So oSS
M oY SO

Figure 2. More reactive nucleophilic pyridines

These analogs might suggest that addigR 2 y' I (G A y 3 3 §yBajzkedhandezhe § KS NA Y
reactivity sufficiently to @ercome 2position substitution, especially if that group is constrained

Ay &dzOK | gl @& GKIFIG GKS yAGNRISY foBiIS LI AN 2 ND A
Furthermore, here should be a larger effect from donation in th@@&sition than the 3position

Fa AY | FyQa | yRridnéswitharbdhReg) oCamiind 69) & dhé Zpasition

should be more able to stabilize the acylpyridmiintermediate 70) (Figure B). Also, there

may be greater potential for catalytic ability if the electron donating group does not contribute

significantly to the steric bulk in thefsitionas in compound8.

N SN
| N @ EDG.__ | EDG
N/ o 7 x~._N

Figure B. Potentiallymore reactive pyridines and stabilizatiohan acylpyridinium ion



30

Synthesis

4-Pyrrolidine-7-aza2,3-dihydrobenzofuran

4-Pyrrolidine7-aza2,3-dihydrobenzofurang8) was synthesized following a modified procedure
for making dihydrobenzofuraft Thiosemicarbazidé&1) was methylated with iodomethane and
the Smethylthiosemicarbazid€72) was condensed with glyoxal to givergthylthio-1,2,4
triazine(73). The thioether was oxidized with-CPBAo form knownsulfone74 which was
substituted with 4bromo-3-butyn-1-ol. Ether75 was then heated until the Dielélder/ retro-
DielsAlder reaction had occurregielding dihydrobenzofuraf6. This was then heatl with

pyrrolidine to yield 4pyrrolidino-7-aza2,3-dihydrobenzofurang8) (Scheme 18

Scheme 18Formation of gyrrolidino-7-aza2,3-dihydrobenzofuran

~

S S glyoxal, NaHCOs, N\N
Mel, EtOH, A Absolute EtOH >
NH - NH -
HZNJ\N” 2 HZN)\\N’ 2 L
H oHI
71 72 73
N. 4-bromo-3-butyn-1-ol, N.
m-CBPA, DCM_ °N NaH, THF then74 _ N Br
N 10% g PN /\/
N //S\\ N O
74 © O 75

Br N

Chlorobenzene
132°C.4h . ] N Pyrrolidine, A _ A
68
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4-N,N-dimethylamino-2-pyrrolidinopyridine
4-dimethylamina2-pyrrolidinopyridine(78) was synthesized from the Buchwalthrtwig

coupling of 2bromo-DMAP(77) and pyrrolidingScheme 19*

Scheme 19Formation of 4imethylamine2-pyrrolidinopyridine

Pyrrolidine, KOt-Bu,
| N Pd(dba),, DPPP, PhMe | N
~ o —

N~ Br N I\D
77 78
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CONCLUSION

Based on studies performed by Zépand Steglich several novel DMAP analogs with potential to
hydrogen bond to the alcohol being acylated have been designed and synthesized. In addition
severaldiamine catalysts that arBMAP analogs with nearby basic moieties have been designed
and prepaed. Furthermore, som&®MAPO derivatives and some potentially more reactive

DMAP analogs were prepared. Overall 29 novel DMAP analogs were synthesized including two
ketones, eight alcohols, four ethers, one ester, two amides, two amines, one pyrazole, one
amidine, one oxazole, three fluorinated, thr&koxides, and two heteroatom disubsited

DMAP analogs

Future Directions

By designing several DMAP analogs that vary in steric bulk, ability to hydrogen bond, nearby
basic substitution, and nucleophilicitygnowledge may be gained of the most functional
substitutions. Furthermore, testing of these catalysts may affbedability to design catalysts
with greater enantioselectivity. A continuation of this project would involve testing these and
other catalyss undervarious acylation conditions @id infinding the most effective

substitutions thatafford the greatest selectivity.
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EXPERIMENTAL

General

Reagents were purchased from SigAldrich, TCI, Acros Organics, or Oakwood Chemical. Ethyl
ether, THF, D@ and toluene were dried by passage through an activated alumina column
immediately before use. TH&l (600 MHz, 500 MHZYC (125 MHz, 100 MHz), NMR spectra
were measured on Bruker Avance D&Y, and DRX00. CDGlused for NMR (Cambridge
isotope) wasadditionally driecby additionof molecular sieves (4 A) and stored under ardgbh.
NMR spectra were referenced to the solvent residual peak @HTR6 ppm) Overlapping

signals are designated os.

Chiral HPLC was performed on a Chi@@&»H Column (250 x 4.6 mm), eluted with a mixture

of hexanes and isopropanol.

General procedure for formation of -{4-(N,N-dimethylamino)pyridine-2-yl)ketones 10

and 11 and ester 13

To a stirring solution of-dimethylaminopyridine (2.0 g, 160 mmol) in THF (100 mL) atO

was added borontrifluoride diethyletherate (28nL, 180 mmol) andthe resulting slurry was
allowed to stir for 30 min. This solution wasthcooled to-78 °C andn-butyllithium (14.2 mL,
21.0mmol, 1.9 M) was added dropwise over the course of 15 minutes then the reaction
mixture wasallowed to stir 30 minutes. To this solution was added acid chlanide
chloroformate(21.0 mmol) and the saltion was allowedo warm to room temperature
overnight. The reaction mixture was quenched with saturated sodium bicarbonate, the THF

removed under reduced pressure and the resulting agueous solution was extracted with DCM
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three times. Theombined organisolution wasvashed with water and brine then dried over

sodium sulfate. The crude sample was purified using flash chromatography.

1-(4-(N,N-dimethylamino)pyridine-2-yl)propan-1-one (10)

\N/ \N/
BF;-OEt,, n-Buli,
| ) THF, CH;CH,COCI | A
NG 52% NG
1 10 O

Chromatography solvent: 20% etladetate in hexanes.

Light yellow oil. 1.5 g (52 % yiplth NMR (600 MHz, CREI + yJ& EMHzO1R)Y7.22 (@
2.8 Hz, 1H), 6.54 (dd= 5.9, 2.8 Hz, 1H), 3.14 (5 7.3 Hz, 2H), 2.98 (s, 6H), 1.1347.3 Hz,

3H).

(4-(N,N-dimethylamino)pyridine-2-yl)(phenyl) methanone (1§}

BF3-OEt,, n-BuLi,
| ) THE.Phcocl
N/ 86% N/ Ph
1 11 O

Chromatography solvent: 1:1 ethyl acetate:hexanes.
Bright orangepil. 1.05g (38 % vyield (frorh.50 g DMAP))'H NMR (600 MHz, CRCI { yJ®oH ORZX
5.9 Hz, 1H), 8.05 (dz= 8.4 Hz, 2H), 7.56 (&= 7.4 Hz, 1H), 7.46 (= 7.7 Hz, 2H), 7.25 (@ 2.7

Hz, 1H), 6.63 (dd= 5.9, 2.8 Hz, 1H), 3.08 (s, 6H).
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methyl 4-(N,N-dimethylamino)picolinatg13)**

\N/ \N/
BF3-OEt,, n-Buli,

| ~ THF, CICOOMe | ~

N 37% N O

1 13 O

Chromatography solvent: 20% ethyl acetate in hexanes.

Orange semsolid. 1.D g (37% yielj'H NMR (600 MHEDCLO {  yJ®b6.9Hz61R)X7.41 (d,

J=2.7Hz, 1H), 6.60 (dd= 5.9, 2.7 Hz, 1H), 3.98 (s, 3H), 3.06 (s, 6H).

4-(N,N-dimethylamino)picolinamide(14)

\N/ \N/

| X NH3, H,0, MeOH | N

NZ O 98% NZ Ny V2
13 O 14 O

Methyl 4-(dimethylamino)picolinate (368 mg,®mmol) was dissolved in methanol (1 mL). To
that stirring solutiorwas added concentrated NBH (10 mL). The reaction mixture was allowed
to stir overnight. Thenethanol was removed under reded pressure and the aqueous layer
extracted three times with D}@. The combined organic solution waashed with water and

brine, died over sodium sulfate and the solvent removed under reduced pressure. No further

purification was necessary.

Pale yellow oil. 330 mg (98% yieldl NMR (600 MHz, CREI {  yJ® &S Hz61R)Z7.91 (s,

1H), 7.47 (dJ= 2.7 Hz, 1H), 6.57 (dik 58, 2.8 Hz, 1H), 5.52 (s, 1H), 3.06 (s, 6H).
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4-(pyrrolidin-1-yl)picolinamide(17)

Cl N
1) NH,OH, MeOH
| A 2) Pyrrolidine, A N
N7 O._ 85% over 2 steps NG NH2
16 © 17 ©

Methyl 4-chloropicolinate (1.9, 8.1 mmol) was dissolved in methanol (10 mL). This solution
was cooled to OC and while stirring concentied ammonium hydroxide was added (5 mL). The
reaction mixture was allowed to warm to room temperature overnight and thersolvent was
removed under reduced pressure to yield 1.3 g of crdibdloropicolinamide. @ide 4
chloropicolinamidg142 mg, 0.91 mmol) was dissolved in pyrrolidine and while stirring was
heated in a sealed vial to 9& for four hours. The reaction mixture was cooled and excess
pyrrolidine removed under reduced pressure. The crude product was purified using flash
chromatography wit0% ethyl acetate in hexanes.

Brown 0il.150 mg (87% vyield oversteps)'H NMR (600 MHz, CREI {  yJ$ B@iHzO1R)E
7.94 (s, 1H), 7.32 (d= 2.6 Hz, 1H), 6.43 (dik 5.8, 2.6 Hz, 1H), 5.85 (s, 1H), 3.35t6.6 Hz,
4H), 2.07¢ 1.97 (m, 4H)*C NMR (151 MHz, CB.Cl + Mc T ®hpE MpHPCc I Mnpdp I

47.2,25.3

(4-( N,N-dimethylamino)pyridin-2-yl)(phenyl)methanol(18)*

B LAHTHF
NP Ph 28% NP

11 O 18 OH
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(4-(dimethylamino)pyridine2-yl)(phenyl) methanone (111 mg, @.Bhmol) was dissolved in THF
(2.40 mL). While stirring lithium aluminum hydride (18.5 mg,00h@mol) was added. The
reaction mixture was stirred at room temperature for 16 hours then waterQ@2) wasadded,
followed by 15% NaOH (@4nL), followed again by water (@@1L). The resulting slurry was
filtered through a pad of celite, the solidgashed with ethyl acetate. Thmmbined organic
solution waswvashed with water and brine, and then dried overgnasium sulfate. The crude

product was purified using flash chromatograpigh 10% methanol in DCM.
White solid. 32.5ng (28% yield)H NMR (600 MHz, CRE!I +  yJ GLMHzO1R)37.39 (@
7.1 Hz, 2H), 7.31 @= 7.6 Hz, 2H), 7.24 @~ 7.3 Hz, 1H), 6.42 (dii: 6.2, 2.6 Hz, 1H), 6.34 ™,

= 2.6 Hz, 1H), 5.67 (s, 1H), 3.39 (s, 1H), 2.96 (s, 6H).

(2S,3SR,3-bis(benzoyloxy¥-((4-( N,N-dimethylamino)pyridin-2-yl)(phenyl)methoxy}4-

oxobutanoic acid19 and 20)

recrystallized
| N DMAP. DCM, A from MeOH , | N
Ph 3 Ph
NT PR quant. N oBz o 28% N OBz O
18 OH 19 O oH 20 O oH
O OBz O OBz

(4-(dimethylamino)pyridir2-yl)(phenyl)methano{182 mg, 0.8 mmol) was dissolved in DCM
(8.0 mL). Separately dibenzoytdtaric acid (271 mg, 00Bnmol)was dissolved in DCM (8.0
mL). These solutions were combined, DMAP was added (0.1 mg, 0.0008 mmol), and the reaction

mixture was stirred overnight. Some solid precipitated during the course of the reaction. The
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solvent was removed under reduced pressureyield esterl9. To get one diastereomer it was

recrystallized twice from methanol.

Pale yellow: mixture of solids. Single diastereoifierNMR) white solid:125 mg (28% yield).

NMR data unavailable.

(4-( N,N-dimethylamino)pyridin-2-yl)(phenyl)methanol(21)*
| \/ . MeOH, KoCO; 1
N oBzo 9% NN
20 O OH 21 OH
O OBz

(2S,3S2,3-bis(benzoyloxy}-((4-(dimethylamino) pyidin-2-yl) (phenyl)methoxy}-oxobutanoic
acid(23mg, 0.04 mmd and potassium carbonate (Idg, 0.0 mmol) were stirred in methanol

(2.0 mL) until completely dissolved and allowed to continue stirring for 1 hour. The methanol
was removed under reduced msure and the residue was brought up in DCM and saturated
sodium bicarbonate. This mixture was extracted three times with DCM. The organic layers were
combined, washed with water, washed with brine, and dried over sodiulfate. The solvent

wasremoved umler reduced presure to yield (4dimethylamino)pyridir2-yl)(phenyl)methanol.
White solid. 9.1 mg (99% yieft) NMR (600 MHz, CREI ¢  yJ® 616 Hz41R)27.40 (@

7.4 Hz, 2H), 7.32 (= 7.6 Hz, 2H), 7.287.23 (05 2H), 6.41 (ddJ= 6.0,2.5 Hz, 1H), 6.29 (d=
2.4 Hz, 1H), 5.64 (s, 1H), 2.94 (s, $H*©=25.1 (c=4.5, CHCk=589)

Chiral HPLC eluent 2%pBpanol in hexanes (0.8 mL/min). Racemadeluted at 31.3 and 33.9

minutes. Compoun@1 eluted at 34.0 minutes no peak wass#rved near 3682 minutes.
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(1S,2S,4R)-(4-( N,N-dimethylamino)pyridin-2-yl)-2-isopropyt4-methylcyclohexano(22)

\N/ \N/
BF;-OEt,, n-Buli,
@ THF, Menthone - @ OH
1 22

To a stirring solution of-dimethylaminopyridine {.0 g, 80 mmol) in THF (761L) at 0°C was
added borotrifluoride diethyletherate (1.2 mL,.9 mmol) and allowed to stir for 30 min. This
solution was then cooled t&/8 °C andnh-butyllithium @.3 mL, 11 mmol, 1M) was added
dropwise over the course of 15 minutes then the reaction mixture allowed to stiniQtes. To
this solution was addedhenthone(1.84 mL, 1.0 mmol) and the solution allowed to warm to
room temperature overnight. The reaction mixture was quenched with saturated sodium
bicarbonate, the THF removed under reduced pressure and the resatiingpus solution was
extracted with DCM three times. Tleembined organic solution wagashed with water and
brine then dried over sodium sulfate. The crude sample was purified usitg flas

chromatography with 10% ethyl acetate in hexarje§*%=-10.3 (c=4.1, CHCK=589)

Colorless prismatic crystals. 213 mg (9% yi#ldYMR (600 MHz, CREI + TJ®HYHzo R
1H), 6.61 (ddJ= 6.8, 1.5 Hz, 1H), 6.30 (s, 1H), 3.17 (s, 6H), 2.09<d&7, 3.4 Hz, 1H), 1.87 (H,
= 12.8 Hz, 1H),82¢ 1.70 (0s 2H), 1.63 (ddJ= 13.2, 3.2 Hz, 1H), 1.55 (s, 1H), 1.46%d2.2

Hz, 1H), 1.32 1.23 (m, 1H), 1.17 (8= 12.4 Hz, 1H), 1.G80.95 (0s 2H), 0.92 (dJ= 6.8 Hz, 3H),
0.88 (d,J= 6.6 Hz, 3H), 0.74 (@ 6.9 Hz, 3H}°C NMR (15MHz, CD@b { ,k38.2, ©06.7,

98.5, 83.6, 49.8496, 40.0, 35.1, 28.2, 27.8, 24.1, 22.2218.2
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(4-( N,N-dimethylamino)pyridin-2-yl)methanol (23)*

\N/ \N/

| = LAH, THF, A | =

NTN O 45% NF~-OH
13 O 23

Methyl 4-dimethylaminopicolinate (354 mg, 2.0 mmol) was dissolved in Tiaf(6) and then
lithium aluminum hydride (223 mg, 6.0 mmol) was added slowly. The resulting mixture was
heatedat refluxwith stirring for 1 hour. The reaction mixture was cooled and quenched with
water (0.6 mL), 15% NaOH (0.6 mL), and water (0.6 mLaslthen filtered through a pad of

celite and the filter cake was washed with ethyl acetate. The solvent was removed under
reduced pressure. The crude oil was purified using flash chromatography with 5% methanol in

DCM.

Light tan oil. 136 mg 5% yield 'HNMR (600 MHz, CRGI +  yJé 58 HzO1R)56.476.37

(os 2H), 4.64 (s, 2H), 3.78 (s, 1H), 3.01 (s, 6H).

General Procedure for Methylation of Ketones 9, 11, and 12

The ketone (44.0 mmol) was dissolved in THEO@Q) and cooled to 8C. To this nxture is

added methylmagnesium chloride (48.0 mmaD@v in THF). The reaction mixture was allowed
to warm to racom temperature over the course of 1 hour and then quenched with HCI (5 mL, 1
M). The resulting mixture was made basic with saturated sodiuartmmnate and extracted

three times with DCM. Theombined organic solution wagashed with water and brine and
dried over sodium sulfate. If necessary the compounds were purified using flash

chromatography.
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1-(4-( N,N-dimethylamino)pyridin-2-yl)-1-phenylethanol (24)

\N/ \N/
| ~N MeMgCl, THF | N

Z Ph 42% NG Ph
1 O 24 OH

Flash chromatography solvent: 40% ethyl acetate in hexanes.

Off white solid. 450 mg (42% yigftH NMR (600 MHz, CREI + yJ® BL@HzALR)E7.51 (@,

= 8.1 Hz, 2H), 7.30 (= 7.8 Hz, 2H), 7.20 (= 7.3 Hz, 1H), 6.42 (@ 2.4 Hz, 1H), 6.39 (di

6.0, 2.5 Hz, 1H), 6.24 (s, 1H), 2.94 (s, 6H), 1.91 (*GMMR (151 MHz, CRCl ¢+ mMcn dy =

1477, 147.0, 18.0, 126.6 125.8 1054, 1022, 748, 391, 292.

2-(4-( N,N-dimethylamino)pyridin-2-yl)propan-2-ol (25)

\N/ \N/

| N MeMgCL, THF_ =

N7 38% N
o 25 OH

Colorless oil. 116 mg (from 256 Bg41%yield)'H NMR (600 MHz, CREI { yJ®HOIHz0 RX
1H), 6.50 (dJ= 2.5 Hz, 1H), 6.42 (dik 6.0, 2.5 Hz, 1H), 5.30 (s, 1H), 3.02 (s, 6H), 1.52 (s, 6H).

*C NMR (151 MHz, CRCI { 3,552, 1473, 105.3, 100.5, 75, 393, 30.8.

2-(4-( N,N-dimethylamino)pyridin-2-yl)-3,3-dimethylbutan-2-ol (26)

\N/ \N/
| N MeMgOL THF_ ¢ =
Z 98% Z

N N

12 O 26 OH

Mpn
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White solid. 2.1 g (from 2.012, 98%yield)'H NMR (600 MHz, CRE! 13 (q,J% 5.9 Hz, 1H),
6.47 (s, 1H), 6.466.39 (m, 1H), 5.88 (s, 1H), 3.02 (s, 6H), 1.50 (s, 3H), 0.93 (SCaMyIR (151

MHz, CD@b + 5,51.8 16.2, 105.2, 109, 771, 39.2, 38.5, 28, 23.1.

General Procedure for Fluorination of Alcohols,22b, and 26

The alcohol (1.9 mmol) was dissolved in DCM (20 mL) and coolé8 0. Deoxdluor (1.9

mmol) was added dropwise over the course of 5 minutes. The reaction mixture was allowed to
warm to room temperatwe overnight and then was pouredto oold saturated edium

bicarbonate solution. The resulting mixtunes extracted three timewith DCM. Theombined
organic solution was/ashed with water, brine and dried over sodium sulfate. The solvent was
removed under reduced pressure and the crude prtdvas purified using flash

chromatography.

2-(1-fluoro-1-phenylethyl)}N,N-dimethylpyridin-4-amine (27)

| X Deoxo-fluor™ | N
N 14% N Ph
24 OH 27 F

Flash chromatography solvent: 5% methanol in DCM.

Yellow oil. 62 mg (24 yield)H NMR (600 MHz, CREI { yJ®EIHz61R)¥7.51 (@ 7.3

Hz, 2H), 7.32 (1= 7.6 Hz, 2H), 7.24 (d#t 11.4, 4.1 Hz, 1H), 6.83 (d¢; 2.4, 1.3 Hz, 1H), 6.39

(dd,J= 7.3 2.7 Hz, 1H), 2.99 (s, 6H), 2.10423.6Hz, 3H)*C NMR (151 MHz,CRC| + Mpn ® =
1488, 1442 (d,J=23.4 Hz), 128, 127.4, 125.0 (d]= 8.3 Hz), 105.3, 101.8 itk 10.6 Hz), 98,8

97.7,392, 27.1 (d,)= 23.8 Hz).
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2-(2-fluoropropan-2-yl)-N,N-dimethylpyridin-4-amine (28)

| N Deoxo-fluor™ | N
N7 70% NG
25 OH 28 F

Flash chromatography solvent: 1:1 ethyl &@&te: hexanes.

Light tan oil. 40 mg (from 5ihg of25, 70% yiel'H NMR (600 MHz, CREI + yJ®®BIHzo RX

1H), 6.78 (s, 1H), 6.40 (dik 5.9, 2.5 Hz, 1H), 3.03 (s, 6H), 1.704R2.5 Hz, ).

2-(2-fluoro-3,3-dimethylbutan-2-yl)-N,N-dimethylpyridin-4-amine (29)

| X Deoxo-fluor™ | N
NG 20% N7
26 OH 29 F

Flash chromatography solvent: 25%gtacetate in hexanes.

Colorless oil. 20 mg (from 140 mg a26, 20% yieldjH NMR (600 MHz, CREl + yJo®m8 O RX
Hz, 1H), 6.76 (d= 2.7 Hz, 1H), 6.39 (d# 5.9, 2.7 Hz, 1H), 3.01 (s, 6H), 1.704R4.0 Hz,

3H), 1.00 (s, 9H)C NMR (15MHz, CD@b { ,@47.8, ®@4.9, 1034, J= 14.2 Hz), 108,

101.6, 3%, 38.0 (dJ= 22.5 Hz), 2B.(d, J= 5.0 Hz), 21.3 (d= 23.3 Hz).

(S)3-(4-( N,N-dimethylamino)pyridin-2-yl)pent-1-yn-3-ol (30)

TMS-=-H, n-BuLi,
B THEthen10 (7N I
~ 50% ~

4
P4

10 O 30 OH
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Trimethylsilyacetylene (0.71 mL, 5.1 mmol) was dissolved in THF (30 mL) and co&i8d@o

To this stirring solution was addesbutyllithium (4.6 ml, 5.1 mmol, 1.1 M in hexane$p this
solution was added a solution &0 (0.75 g, 4.2 mmol) in THF (20 mL). Theectien mixture was
allowed to warm to room temperature over the course of an hour and was then quenched with
saturated aqueous sodium bicarbonate. The resulting mixture was extracted three times with
DCM. Theombined organic solution wagashed with wateybrine and dried over sodium

sulfate. The solvent was removed under reduced pressure and the crude product was purified

using flash chromatography with 15% methanol in DCM.

Light tan solid. 0.43 g (50field)*H NMR (600 MHz, CREI +  yJ® 610HzIHR £.73 (dJ=
2.3 Hz, 1H), 6.45 (ddz 5.9, 2.4 Hz, 1H), 3.03 (s, 6H), 2.51 (s, 1H)c2L 8B (m, 1H), 1.96

1.80 (m, 1H), 0.97 (8= 7.3 Hz, 3H)

(S)3-(4-( N,N-dimethylamino)pyridin-2-yl)-4,4-dimethyl-1-(trimethylsilyl)pent-1-yn-3-ol (31)

SN SN TMS
X TMS-=-H, n-BuLi, N |
| THF then12 |
~ - o
N 95%
12 O 31 OH

Trimethylsilylacetylene (0.82 mL, 5.9 mmol) was dissolved in THF (30 mL) and ced&iCto

To this stirring solution was addeebutyllithium (2.2 ml, 5.9 mmol, 2.7 M in hexanes). To this
solution was added a solution &2 (1.0 g, 4.8 mmol) in THF (20 mL). The reaction mixture was
allowed to warm to room temperature over the course of an hour and was then quenched with
saturated aqueous sodium bicarbonate. The resulting mixture was extracted three times with

DCM. Theombined organic solution wasashed with water, brine and dried over sodium



45

sulfate. The solvent was removed under reduced pressund no further purification was

necessary.

Pale yellow oil. 1.4 g (95% yiplth NMR (600 MHz, CREI +  yJ® BGiHZzZO1R)Z6.86 (@

2.2 Hz, 1H), 6.45 (s, 1H), 5.96 (s, 1H), 3.04 (s, 6H), 1.01 (s, 9H), 0.20 (s, 9H).

General Procedure for Ether Synthesis

To a solution of alcoho#t(8 mmol) in DMFF0mL) at 0°C was added sodium hydridé.Z mmol
(60% dispersion in mineral oil). The reaction mixture was warmed to room temperature and
iodomethane 4.8mmol)was added dropwise and the resulting mixture valewed to stir for 3
hours. The reaction mixture was poured into water (100 ml) and extdaittece times with

DCM. Theombined organic solution wagashed with water, brine and dried over sodium
sulfate. The solvent was removed under reduced pressure and the crude product was purified

using flash chromatography.

2-(methoxy(phenyl)methyl)N,N-dimethylpyridin-4-amine (33)*°

SN SN
| X NaH, CH3l, THF | X
_ Ph 42% ~ Ph
N N
18 OH 33 O

Flash chromatography solve#i0% ethyl acetate in hexanes.
Colorless oil. 2.1 g (from 4.72 gi& 42% yieldfH NMR (600 MHz, CRE! + yJ@BEHzOo RX
1H), 7.46; 7.42 (os 2H), 7.31 (dd)=10.5, 4.7 Hz, 2H), 7.25.21 (m, 1H), 6.72 (d= 2.7 Hz,

1H), 6.37 (ddJ= 6.0, 2.7 Hz, 1H), 5.27 (s, 1H), 3.44 (s, 3H), 2.99 (s, 6H).
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2-(2-methoxypropan2-yl)-N,N-dimethylpyridin-4-amine (34)

SN SN
| N NaH, CHsl, THF | ~N
7 ) ~
N 72% N
25 OH 34 O

~N
Flash chromatography solvent 50% ethyl acetate in hexanes

Colorless oil. 1.08 g (from 1.4 g2% 72%yield)'H NMR (600 MHz, CREl { yJ®E.WMHzO0 RX

1H), 6.79 (dJ= 2.6 Hz, 1H), 6.40 (dik 5.9, 2.6 HZH), 3.19 (s, 3H), 3.01 (s, 6H), 1.55 (S, 6H).

2-(3-methoxy-4,4-dimethylpent-1-yn-3-yl)-N,N-dimethylpyridin-4-amine (35)

SN TMS SN
~ NaH, CHjl, THF X
| = 95% | =

N N

31 OH 35 0O

Flash Chromatography solvent: 15% methanol in DCM

Light yellow oil. 609 mg (from 1.40 g3ff, 54% jeld)'H NMR (600 MHz, CREl + yJ®EY ORZ

Hz, 1H), 6.75 (d= 2.6 Hz, 1H), 6.42 (dik 5.9, 26 Hz, 1H), 3.32 (s, 3H), 2.994H), 2.68 (s,
1H), 1.03 (s, 9HFC NMR (151 MHz, CRCl ! 6, 541, @4, 105.9, 105.6, 80, 830, 761,

53.2, 39.8, 32, 258.

2-(1-methoxy-1-phenylethyl}>N,N-dimethylpyridin-4-amine (37)

| X NaH, CH3l, THF i X

> Ph 0 - ~ Ph
N 63% N

24 OH 37 O

~
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Flash chromatography solvedt0% ethyl acetate in hexanes

Colorless oil. 525 mg (from 789 mg2df 63% yield)H NMR (600 MHz, CREI + yJé®my ORX
Hz, 1H), 7.41d,J= 7.2 Hz, 2H), 7.25 (@ 8.2 Hz, B), 7.17 (tJ= 7.3 Hz, 1H), 6.83 (@ 2.6 Hz,

1H), 6.34 (ddj= 5.9, 2.7 B, 1H), 3.23 (s, 3H), 2.95 (B))61.94 (s, 3H).

2-(2-methoxy-3,3-dimethylbutan-2-yl)-N,N-dimethylpyridin-4-amine (39)

N7 N7
AN NaH, CH3l, THF AN
| = 99% | p7
N N
26 OH 39 O

N
Flash chromatography solvent: 7% methanol in DCM

Pale orange oil. 107g (from 1.65 g 088, 99% yiel)'H NMR (600 MHz, CREI + yJ®E® ORX
Hz, 1H), 6.73 (d= 2.7 Hz, 1H), 6.40 (d# 5.9, 2.7 Hz, 1H), 3.13 (s, 3H), 3.00 (s, 6H), 1.57 (s,

3H), 0.91 (s, 9HP’C NMR (151 MHz, CBRCl + M p @I M n3BHI59HT7OHE pn P

tert-butyl (4-hydroxybutyl)(methylcarbamaté51)*’

NN BHy THE N
Boc (@) 95% Boc
50 51

To a stirring solution at 8C of4-((tert-butoxycarbonyl)(methyl)amino)butanoic ac{d.0 g, 4.6
mmol) in THF (9.7 mL) was addeatdme-THF (4.8 mL, 0.5 M). Theactionmixture was allowed
to warm to room temgrature and stir for 20 hours and then was quenched with 6 M HCI. The
resulting mixture was made basic with 1 M NaOH and then extracted three times with ethyl
acetate. The&eombined organic solution wagashed withwater and brine and dried over

sodium sufate.
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Colorless oil. 0.89 g (95% yield)NMR (250 MHz, CREI + oJ®%1cHz,@K),33.23 (= 6.4

Hz, 2H)2.83 (s, 3H), 1.641.49 (m, #), 1.44 (s, 9H).

tert-butyl methyl(4-oxobutyl)carbamate(52)*®

S~ ~_-OH ~ H
’}l Swern '}1/\/\[(
Boc 48% Boc (e}

51 52

To a stirring solution a8 °C of oxalyl chloride (0.41 mL, 4.7 mmol) in DCM (12.5 mL) was
added DMSO (0.7 mL) and allowedstir for 10 minutes. A solution of alcoltil (0.8 g, 3.9

mmol) in DCMJ mL) was added slowly and allowed to stir for 15 minutes. Triethylamine (2.7
mL) was then added slowly and the resulting mixture was allowed to warniGoo@er the

course of 1 hou The reaction mixture was quenched with water and then extracted with DCM
three times. Theombined organic solution wagashed with water, brine, and then dried over
sodium sulfate. The crude product was purified using flash chromatography with 30P6 ethy

acetate in hexanes as the solvent.

Colorless oil. 0.44 g (48% yield)NMR (250 MHz, CREl + pdPTy OJZZ0OHLI2H)Y o ®Hn

2.83 (s, 3H), 2.45 (1= 7.2 Hz, 2H), 1.83 (5= 7.1 Hz, 2H}..44 (s, ).

tert-butyl (4-(4-( N,N-dimethylamino)pyridin-2-yl)-4-hydroxybutyl)(methyl)carbamat¢53)

N O ?OC BF3-OEt2, N
-BuLi
| + HJ\/\/N\ nBull_,
— 51% = e
N N ’Tl
OH Boc
1 52 53

To a stirring solution of-dimethylaminopyridine (1.0 g, 8.1 mmol) in THF (100 mL)°&t @as

added boontrifluoride diethyletherate (1.1 mL, 8r@mol) andthe resulting &rry wasallowed
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to stir for 30 min. This solution was then cooled18 °C andn-butyllithium (4.0 mL, 11.3

mmol, 2.57M) was added dropwise over the course of 15 minutes then the reaction mixture
allowed to stir 30 minutes. To this solution waddedaldehyde52 (2.28 g, 11.3nmol) and the
solution allowed to warm to room temperature overnight. The reaction mixture was quenched
with saturated sodium bicarbonate, the THF removed under reduced pressure and the resulting
agueous solution was extracted WiDCM three times. Theombined organic solution was

washed with water and brine then dried over sodium sulfate. The crude sample wéisguri

using flash chromatography with 60% ethyl acetate in hexanes as the solvent.

White sdid. 1.34 g (51% yieldH NVIR (600 MHz, CDGI +  yJ® 60iHzA1R)36.41 (ab=

4.9 Hz, 2H), 4.57 (2 overlapping BB, 3.25bs, 2H), 3.01 (s, 6H), 2.81 (s, 3H), 8674 (m,

1H), 1.7 1.57 (m, 3H), 1.42 (s, 9*FC NMR (151 MHz, CRICl + mMp n ® G I248ND O T =

35.6 34.0 28.4.

N,N-dimethyl-2-(1-methylpyrrolidin-2-yl)pyridin-4-amine (54)

\N/ \N/
1. MsCl
| ~N 2. TFA N
% | =z
N ITI/ 6% N
OH Boc N
53 54 7

To a stirring solution at &C oftert-butyl (4(4-(dimethylamino)pyridir2-yl)-4-
hydroxybutyl)(methyl)carbamaté.0 g, 6.1 mmol) in DC{25 mL) was added triethylamine (2.7
mL) and methaesulfonyl chloride (1.15 mL, 14.8 mmol). This mixture was stirred for 3 hours
and then trifluoroacetic acid (4.8 mL) was slowly addedtaedeaction wasllowed to stir

another 3 hours. The resulting xture was quenched with 1 M sodium hydroxide and was then

T ¢
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extracted with DCM three times. Tleembined organic solution wagashed with water and
brine then dried over sodium sulfate. The crude sample was purified using flash
chromatography with 10% methahin DCM as the solvent.

Brownorange solid. 73 mg (6% id@'H NMR (600 MHz, CREI { yJ® ®9 Hz01R)¥6.67 (d,
J=2.7 Hz, 1H), 6.38 (di#k 5.9, 2.7 Hz, 1H), 3.230t 8.6 Hz, 1H), 3.18 (= 8.3 Hz, 1H), 3.00
(s, 6H), 2.31 (ddi= 17.4, 9.3 Hz, 1H), 2.265( 4H), 1.98 1.87 (m, 1H), 1.8§1.75 (m, 2H)**C

NMR (15IMHz, CD@b 1 wmp p ® M3r1032,i72h8p57 31, 48, BP2¢B3.8, 27.

(SY4-( N,N-dimethylamino)-N-(2-hydroxy-1-phenylethyl)picolinamide(55)

N7 NS
(+)-phenylglycinol,
| N KCN.PhMe.A | N4
N/ O\ 98% N/ N\E/\OH
13 0 55 O Ph

Methyl 4-(dimethylamino)picolinge (370 mg, 2.1 mmol), phenylglycin86f mg, 2.7nmol),
potassiumcyanide (26.8 mg, 0.4 mmol), and toluenax{p were all stirred together. &h

reaction mixture was heated aeflux for 48 hoursThe reaction mixture was cooled and solvent
removed under reduced pressure. The crude producs warified using flash chromatography

with 20% acetone in DCM as the solvdh}**%,=22.3 (c=2.6, CH{¥=589)

White solid. 574 mg (98%6eld) *H NMR (600 MHz, CREI +  yJé 7.8 Hz 1LR)38.00 (@
5.9 Hz, 1H), 7.35 (osH}, 7.28 (tJ= 7.6 Hz, 2H), 7.21 @t= 7.3 Hz, 1H), 6.42 (d# 5.9, 2.7 Hz,
1H), 5.22 (ddj= 13.2, 5.7 Hz, 1H), 4.51 (s, 1H), 3.9245.9 Hz, 2H), 2.92 (s, 6HC NMR (151
MHz, CD@b + 4,51 95, 1479, 139.2, 1281, 1273, 1267, 1078, 105.1 66.0, 55.8,

389.
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(9-N,N-dimethyl-2-(4-phenyt4,5-dihydrooxazol2-yl)pyridin-4-amine ( 56)

N 7 N

N N
MsCl, 60 °C |
N [
\ oy 9%

N
N /\>—Ph
55 O Ph 56 O

To a stirringsolution at 0°C of(S)4-(dimethylamino)N-(2-hydroxy-1-phenylethyl)picolinamide

X
—

(142 mg, 0.5 mmol) in DCM (3 mL) was added thionyl chloridgl{(40.55 mmol). The solution
was allowed to warm to r@em temperature over the course of thirty minutes and then was
guenched with saturated aqueous sodium bicarbonate. The resulting mixture was extracted
three times with DCM. Theombined organic solution wagashed with water and brine and

then dried over sdium sulfate. The crude product was purified by flash chromatography using

10% acetone in DCM as the solvdh}?**%=21.1 (c=3.7, CHC¥=589)

Pale yellow oil. 51.thg (39% yield'H NMR (600 MHz, CREI + yJ®T.@HzOLR)Z7.39 (@,
= 2.8 HzlH), 7.37 (tJ= 7.5 Hz, 2H), 7.30 (ak= 8.7 Hz, 3H), 6.82 (dik 7.0, 2.8 Hz, 1H), 5.52
5.41 (m, 1H), 4.97 (dd= 10.2, 8.8 HAH), 4.45 ()= 8.7 Hz, 1H), 3.23 (s, 6HE NMR (151
MHz, CD@ { M c 3 M9751480p 189 128.7, 17.8, 1269, 108.1, 105.3, 66.9, 56.5,

39.2.

2-((4S,5%4,5diphenyt4,5dihydro-1Himidazol2-yl)-N,N-dimethylpyridin-4-amine (57)

(S,S)-diamine,
| N Toluene, A | N
— 10% —

N
N™ 3y N \J—Ph
57 N

Ph

aw
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2-cyano-4-dimethylaminopyridine (85ng, 0.® mmol) and 1,2diphenylethylenediamine (135
mg,0.6 mmd) were dissolved in toluene (5 mL), methanol (0.05 mL), and pyrrolidine (2 drops).
The reaction mixture was heated refluxfor 24 hours and then cooled and solvent removed
under reduced pressure. The crude product was purified by flash chronagieg using 20%

acetone in DCM as the solvent.

Colorless 0il20.4mg (10% vikel) *H NMR (600 MHz, CREl yJé& B.9HzALR)37.56 (@
2.4 Hz, 1H), 7.377.27 (0s 10H), 6.59 (dd]= 5.8, 2.6 Hz, 1H), 6.55 (s, 1H), 5.11 (s, 1H), 4.79 (s,

1H),3.07 (s, 6H)"°C NMR (151 MHz, CRIC| { 6, th5#&) 1489, 128.6, 108.0, 108, 394.

N,N-dimethyl-2-(cis-1-methyl-5-phenylpyrazolidin3-yl)pyridin-4-amine (60)

SN-N
N/
Y DMAP, BF5-OFEt,,
n-BuLi, then 59

64%

\J

59

To a stirring solution of-dimethylaminopyridine (62 md).50 mmol) in THF (10 mL) at@was
added borontrifluoride diethyletherate (66L, 0.53 mmol) and allowed to stir for 30 min. This
solution was then cooled te&r8 °C andn-butyllithium (0.25 mL, 0.55 mmol, 2.19 M) was added
dropwise over the course oblminutes then the reaction mixture allowed to stir 30 minutes. To
this solution was\-methyl3-phenyldiazole. (0.55 mmol) and the resulting solution was allowed
to warm to room temperature overnight. The reaction mixture was quenched with saturated
sodiumbicarbonate, the THF removed under reduced pressure and the resulting aqueous
solution was extracted with DCM three times. Tdmnbined organic solution wagashed with
water and brine then dried over sodium sulfate. The crude sample was purified @shg fl

chromatography with 10% acetone in DCM as the solvent.
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Palebrown oi. 100 mg (64% yieldH NMR (600 MHz, CREI {  yJ& 6utpHz0LR)E7.44 @,
= 7.0 Hz, 2H), 7.36 (= 7.5 Hz, 2H), 7.30 (= 7.3 Hz, 1H), 7.12 (@ 2.7 Hz, 1H), 6.47 (dik
6.2, 2.7 Hz, 1H), 4.20 (dik 14.4, 10.4 Hz, 1H), 3.70 (d¢; 16.8, 10.4 Hz, 1H), 3.06 (s, 6H), 2.87

(s,3H), 2.17 (s, 1H), 2.06 (s, 1H).

4-( N,N-dimethylamino)-2-(hydroxy(phenyl)methyl)pyridine ioxide (62)

/l DMDO,Acetone= /|
SN Ph 17% \N® Ph
|
OH O@ OH
18 62

(4-(dimethylamino)pyridir2-yl)(phenyl)methano(32.5 mg, 0.15 mmol) was dissolved in a
DMDO acetone solution ( 15 n.O5M) and allowed to stir at room temperature for 1 hour.
The slvent was removed under reduced pressure and the compound was purified by flash

chromatography with 1% triethylamine and 10% methanol in DCM as the solvent.

Colorless oil. 5.9 mg (17% yie)JdH NMR (600 MHz, CRE! ¢ (dyJ$ 8. Hz, 1H), 7.477.42
(m, 2H), 7.4@ 7.34 (m, 2H), 7.387.27 (m, 1H)6.84(dd, J=6.2,2.7Hz, 1H), 6.72( J=2.7 Hz,

1H),5.61(s, 1H) 3.21 (s, 1H), 2.64 (s, 6H)

4-(N,N-dimethylamino)-2-(methoxy(phenylmethyl)pyridine l-oxide (63)

= | m-CPBA, DCM _ = |
Ph 0 N Ph
SN 27% NG
|
O Og O

33 63
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2-(methoxy(phenyl)methyiN,N-dimethylpyridin4-amine(0.70 g, 2.9 mmol) was dissolved in
DCM (30 mL) and a solutionmafCPBA (1.7 g, 6.9 mmol) in DCM (50 mL) was added and allowed
to stir atroom temperature for 18 hours. Thelsent was removed under reduced pressure and

the compound was purified by flash chromatography with 10% methanol in DCM as the solvent.

Pale brown oil. 2081g (27% yield}H NMR (600 MHz, CREI + yJ® myHzHG1R)ES8.10 (d,
= 3.3 Hz, 1H), 8.02 (di& 7.1, 3.3 Hz, 1H), 7.49 (& 7.6 Hz, 2H), 7.31, (=7.2 Hz, 3H), 5.83 (s,

1H), 3.61 (s6H), 3.38 (s, 3H).

4-(N,N-dimethylamino)-2-(1-hydroxy-2,2-dimethylpropyl)pyridine Xoxide (64)

\N/ \N/
= | m-CPBA, DCM _ = |
N 19% X
N NG
OH Oy OH
32 64

1-(4-(dimethylamino)pyridir2-yl)-2,2-dimethylpropanl-ol (49 mg, 0.24 mmol) was dissolved in
DCM (5 mL) and a solutionmfCPBA (230 mg, .96 mmol) in DCM (10 mL) was added and
allowed to stir at room temperature for I8ours. Solvent was removed under reduced pressure
and the compound was purified by flash chromatography with 10% methanol in DCM as the

solvent.

Pale brown oil. 10 mg (28 yield *H NMR (600 MHz, CREI + yJ® GLbHzHO1R)Z6.42 (dd,

= 6.0, 2.1 Hz, 1H), 6.38 (& 2.0 Hz, 1H), 5.63 (s, 1H), 4.25.), 3.01 (s, 6H), 0.92 ()9
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3-((4-bromobut-3-yn-1-yl)oxy)-1,2,4triazine (75)*°

N\N 4-bromo-3-butyn-1-ol, N\N 5
) 72 ) r
[ /)\ e NHH’TI—|1'-;),°/toherl g [ “ /\/
N //S\\ N~ O

74 © O 75

To a solution of bromo-3-butyn-ol (534 mg, 3.6 mmol) in {10 mL) was added sodium
hydride (149 mg, 3.7 mmol) and allowed to stir for 30 minutes. To the reaction mixture was
added dropwise a solution &(methylsulfonyl1,2,4triazine(0.475 g, 3.0 mmol) in THF (5 mL)
and the resulting mixture was stirred férhours. The reaction mixture was quenched with
saturated aqueous sodium bicarbonate and extracted three times with DCM:orhieined
organic solution was/ashed with water and brine and then dried over sodium sulfate. The

crude product was purified usirftash chromatography with ether as the solvent.

Colorless oil. 67.1 mg (10% yiep NMR data.

4-bromo-2,3-dihydrofuro[2,3-b]pyridine (76)*°

Br
N chlorobenzene
[ °N Br  132°C, 4h N
| . : - |
N/)\O/\/ 73% NP0
75 76

3-((4-bromobut-3-yn-1-yl)oxy}1,2,4triazine (67 mg, 0.8 mmol) was dissolved in chlorobenzene
(5.0mL) and heateat refluxfor 4 hours. The solvent was removed under reduced pressure and

the crude product was purifiedsing flash chromatography with ether as the solvent.

Colorless oil. 42.7 mg (73feld)'H NMR (600 MHz, CREI +  T1J$5.9Hz01R)36.92 (@

5.6 Hz, 1H), 4.64 (1= 8.7 Hz, 2H), 3.25 (= 8.7 Hz, 2H).
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4-(pyrrolidin-1-yl)-2,3-dihydrofuro[2,3-b]pyridine (68)

()

Br Pyrrolidine, KOt-Bu, ~N
Pdy(dba)s, DPPP,
| A Toluene, A | N
N/ o 7% N/ e}
76 68

To a solution ofi-bromo-2,3-dihydrofuro[2,3b]pyridine (43 mg, 0.2 mmol) in toluene (40 mL)
was added potassium tetiutoxide (60 mg, 0®mmol), pyrrolidine (0.8 ml, 0.8 mmol),
palladiumtrisdibenzilideneacetone (12ng, 0.02 mmgl and popanel,3
diylbigdiphenylphosphane) (8.8 mg, 0.02 mmol). The reaction mixture washbated at85 °C
for 7 hours. The solvent was removed under reduced pressure and the crude product was

purified using flash clematography with 1% triethylamine in ethyl acetate as the solvent.

Brown oil. 3 mg (7%sld) *H NMR (600 MHz, CREI ¢+ T1J$ 6.9 HzO1LR)¥5.99 (@ 6.0 Hz,

1H), 4.47 (t)= 8.6 Hz, 2H), 3.50 (= 6.1 Hz, 4H), 3.47 (= 8.7 Hz, 2H), 1.991.93 (m, 4H).

N,N-dimethyl-2-(pyrrolidin-1-yl)pyridin-4-amine (78)

Pyrrolidine, KO¢-Bu,
| N Pd,(dba);, DPPP, PhMe | N
— —
N~ “Br N I\D
77 78

To a solution of :bromo-4-dimethylamingyridine(0.37 g, 1.8 mmol) irtuene (40 mL) was

added potassium terbutoxide (0.52 g, 4.6 mmol), pyrroliditi@.3ml, 0.45mmol), palladium
trisdibenzyilideneacetone (10r6g, 0.02 mmal and gopanel,3-diylbigdiphenylphosphane)

(7.6mg, 0.02 mmol). The redon mixture was then heated &5 °Cfor 16 hours. The solvent
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was removed under reduced pressure aheé trude product was purified using flash
chromatography with 1% triethylamine in ethyl acetate asgsbévent.
Dark brown oil. 200 mg (57% yieft) NMR (600 MHz, CREI + T1J®¢.9Hz01R)¥5.98 (dd,

J=6.0, 2.3 Hz, 1H), 5.45 (& 2.2 Hz, 1HB.46¢ 3.42 (m, 4H), 2.96 (s, 6H), 200.95 (m, 4H).
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APPENDIX ANMR SPECTRA OF TMNBHESIZED COMPOUNDS
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