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Introduction
Organic chemistry is a fundamental science that surrounds the very environment we live

in and structure the fiber of our existence. One of the most important goals that organi
chemists strive to achieve ® make carbomarbon bonds in order to transform simple
molecules into more complex molecules for applications in pharmaceuticals, agriculture etc.
Many notableNobelprize winning chemists from the last 100 years such as GrighBid|s and

Alder? and Brown and Wittiydeveloped well known named reactions that give access to a
toolbox for simple carborarbon bond formation. Although these traditioaejanic reactions
remain very relevant today, synthetic chemists are actively searchateyelop new catalytic
processes as opposed to stoichiometnies The activity of transition metals received particular
attention in their ability to participate ismall and large scale catalytic synthesis. Therefore,
there has been a great surgethe development of homogeneous traols metal catalyzed
processes especially near the turrttef 2£' century, which have crossed over in the field of
organometallichemistry. Among these discoveries include olefin metattesd crossoupling
reactionsln the last few decades, chemists have dedicated their work to improve these processes
and developnew catalytic transformations#n improving these conditions, symtic chemists

strive to broaden scope, develop milder conditions, and increase catalytic turnover numbers
which can find better applications esfaly in the synthesis ofomplex molecules. There also
has been a particul ar ecepihwhere theseognals iarg putieta ¢ h e

practice in order to develop more efficient, economical and environmentally friendly processes.

1 a) Grignard V., Compt. Rend. Acad. Sci. Pari®90Q 130, 1322; b) GrignardV., Ann. Chim1901, 24, 433.
2"The Nobel Prize in Chemistry 195Mobelprize.orgNobel Media AB 2014. Web.
% "The Nobel Prize in Chemistry 1979obelprize.orgNobel Media AB 2014. Web.



Chapter 1. Ruthenium catalyzedcouplings of ddehydes andolefins

1.1. Transition metal catalysisfor intermolecular olefin aldehydes oupling

Olefin to aldehyde cauling to form carborcarbon bond between easily accessible
substratesllows for the synthesis of highly functionalized molecules from simple precursors
One of the most common methods for this coupling is knownhalroacylation This
transformation allows efficient production of ketsrfeom the addition of an acyl unit and a
hydrogen atom across an alkene or alkiehemel).

WR ' R')OJ\H i ‘\HkR'

R

Schemel. General scheme for hydroacylation

This reaction has intraand intermolecular variants. Catalysts basedrbadium iridium,
nickel, palladium,ruthenium among others have been explored to enablkeydroacylation
processe$ Mostof these transformations rety a conventional hydroacylation mechanishat
involves aldehyde GH oxidative additionor alkynealdehyde oxidative coupling followed by a
b-hydride elimination to fan the conjugated enone. The challenges Wigse mechanisms are
met by anundesirable decarbonylation pathw&ome require harsh conditions such as high
pressure of CO or high temperatur@ther methods may rely on a metal hgdrtransfer
hydrogenationpathway, which usenilder conditions A brief survey of these hydroacylation
methodsand alternativeolefin aldehyde couplirgis detailed in the following sections. Efforts
have been made to improve conditions for reactivity. Recemttische and coeworkers

developed a uniqgue mod# reactivity for the hydroacylation of conjugated dienes and acyl

* Leung, J. C.; Krische, M. JGhemical Scieng012,3, 2202.



derivativesvia hydrometallation, which is the addition of hydrogen and metal acrot®ad.In
this casethe hydrometallatiors achieved via transfer hydgenation from autheniumhydride

catalyst Thiswork will be the basis of our discussionthe following sections.

1.2.Rhodium catalyzed lydroacylation

The first alkene hydroacylation was reported by Sakai ardarkers in 1972 achieving
intramoleculathydroacylation to form ketone products. However, intermolecular hydroacylation
suffered greatly from the competing decarbonylation pathway, which renders the catalyst
inactive (Scheme2). For exampl e, using the cHGalows Wi |l ki
oxidative addition to the catalyst providing the-igdrido)(acyl)rhodium complex.2 ® This
complex is then subjected to rateterminng dissociation of digand that is trans to the hydride
to give2.3 From this coordinatively unsaturated spedies,olefin can either insert into the Ru
H bond togive desiredproduct2.8, or it canundergo decarbonylation, which gives intermediate

2.4and reductively eliminate ta.5.”

5 Sakai, K.; Ide, J.; Od#@.; Nakamura, N.Tetrahedron Lett1972 13, 1287.

6 (@) Tsuiji, J.;0Ohnq K., Tetrahedron Lett1965 6, 3969; b) Baird,M. C.; Nyman C. J; Wilkinson, G., J. Chem.
Soc. A1968 348.

’(a) Doughty D. H.;Pignolet,L. H., J. Am. Chem. So&978 100,7083; ) 06 C,d.MnMarJ, J. Org. Chem
1992 57, 5075.(c) Beck C.M.; Rathmill, S. E.;Park Y. J; ChenJ.; CrabtreeR. H., Organometallics1999,18,
5311.



(0] (0]
L, b wrcHo o, R L, B I
‘Rh’ “RpT R =—— “rRh° R
N
o/ M koo ol N s CI/O\L
21
22 Vacant Site
2.3
L, R
‘Rh,
|
CI/L \CO
2.4
-R-H
L, b
Catalytically Inactive ‘Rh
Cl \CO
2.5

Scheme2. Traditionaloxidative addition pathway ofydroacylatiof

There exists a few ways to prevent decarbonyla®reviewed by Krisch&in which one of
them is the use df-chelating aldehydeslue to the undesirable formation of the resulting four
membered metallacycle his requirement poses a great limitatmnpossible substrates. Secpnd
would be the use of an electron deficient rhodium catalyst, which facilitatesedetive
elimination step. This system &asours the introduction of & -acidic carbonyl ligand to the
metal center, which would be an electrophilic high valent rhodium(lll) center. Finally, the use of

strongly coordinating olefin partners that bettempete for the vacant site of the rhodium

intermediate would mediate decarbonylation.

8 Leung, J. C.; Krische, M. JGhemical Scieng012,3, 2202.



1.3.Iridium catalyzed hydroacylation

Iridium catalyzed hydroacylation are limited to alkynes coupling with aldehydes through a
hydrogentransfermechanismAn example of thisvork was done by Obora and Ishii and co
workers in 201{Scheme3). Their mechanist hypothesis involves th@fmation of homoallylic
alcohols foll owed -Junsatudtedketothesihenisamarizatian woukd eadb , 2
to hydroacylation product3.4, 3.5 Their pathway is analogous to that of ruthenium catalyzed
process and gives high regioselectivigurrently, iridium catdyzed hydroacylations via ¢

oxidative addition pathway are not successful due to the predominant decarbonylative pathway.

0
Me—=-Me + I [IrCI(cod)], (2.5 mol%) Me O Me O
3.1 R P(n-Oct); (10 mol%) th N
. _—
3.2 toluene (1M) Me Me y
OR 120°C, 15 h 63% yield 83% Yield C
From aldehyde:  4:1 (E:Z) 1:1 (E:2)
4
72 % yield 81% Yield
R .
i From alcohol: 4.1 (£:2) 2:1 (E:2)
' 3.4 35

Transfer Hydrgenation Mechanism:

OH Ir(l) ~o o
k k m + Ir-H
R -HCI R B-H R
HCl Me———Me
|
H, r\O ? Insertion
i I S
IrH -~ - =
B-H Me Me Me Me

Scheme3.Obora and I shiids iridium ithadkolsyzed hyd

° HatanakaS.; Obora Y.; Ishii, Y., Eur. J. Org. Chen201Q 16, 1883

0 wai, T.; Fujihara T.; Tsuji, Y., Chem.Commun.2008 6215; (b) Geilenk-. M. A.;vom Stein,T.; EngendahlIB.;
Winterle S, Liauw, M. A.; KlankermayeyrJ. Leitner, W., Angew.Chem., Int. Ed2011, 50, 6831, (c) Ro&. E,
SalazarV.; LopezSerrangJ, Onate E.; PanequeM.; PovedaM. L., Organometallics2012 31, 716.



1.4.Palladium catalyzed tydroacylation

Palladum catalyzed hydroacylatiotiates back to 1987 when Alper andworkers reported
coupling between formate esters and alpha oléfiihis system required the use of carbon
monoxide, hydrochloric acid, oxygen and copper chloride, which renders the system quite
complex. Palladium (0) species are electron rich and are known to forid Bdnds in the
presence of acitf.which in this casesi HCI. Their system is not very regioselective giving a
mixture of isomers in moderate yields. Slightlympler conditions were employethy
Mo nt g o me r gchievingchydmacplation of alkynes and substituted styrenes with formate

esters(Scheme4).'® However, the requirement ohigh CO pressure poses limitations and is

undesirable
Alper, 1987
PdCl, (5.5 mol%)
CuCl; (28 mol%) (CH,);Me [0
PN 0
Me(CHp),” ™ + \_ AR > 2
OBu i
» CO:0, (1:1; 14.5 psi) Me OBu
. 4.2 HCI (227 mol%) 84 % Vield
dioxane, 25 °C 5.3:1 branched: linear
67 h 4.3

Montgomery, 2007
Pd(dba), (4 mol%)

(o) dppb (4 mol%) /\/?J\
Ph(CH),———H + l N
OBn CO (1176 psi) (CH2),Ph OBn
4.4 (600 mol%)  toluene, 100 °C 57% Yield
45 2-3d 4.6

Schemed. Development of palladium catalyzegdroacylatiod *®

™ Alper, H.; Saldanaaldonado, M.; Lin, v. J. BJ. Mol. Catal.1988,49, L27-L30.
12 7argarian, D.; Alper, HQrganometallics1993,12, 712
13 Montgomery J.;SormunenG. J, Top. Curr. Chem2007, 279, 1.



1.5. Nickel catalyzedcoupling of olefins to aldehydes

In 1990, TsudaSaegusa and emorkers reported nickel catalyzed hydroacylation of alkynes
with aliphatic and aromatic aldehydes. In this casetettare two possible reaction pathways.
One consisting of the conventional hydroacylation pathway as disansSedtionl.1involving
C-H aldehyde oxidation, theecond is an alkynaldehyde oxidative coupling to form an exa

metalacyclopenten& 3, whichb-hydride eliminates to form the conjugated en(®ehemes).

o)
Ni(cod), (5 mol%)
P(n-Bu)s (10 mol%) n-Pr/\HkR
n-Pr———n-Pr + oé\R n-Pr
THF, 135 °C 83% Yield
(150 mol%) (100 mol%) 20 h Detremined by GC
5.1 5.2 5.5
H
\ P | NI n-Pr-__Ni(ll)Ln
I(O — | o
n-Pr R n-Pr
R
5.3 5.4

Possible intermediates

Schemes. Tsuda and Saeguswbacylatidic kel catal yzeé

Jamison and cworkers also reported the reactivity of alpha olefins and aldehydes to

provide homoallylic alcohols. Using a nickel catalyst and a silyl triflate, allylic alcohol

derivatives can be obtainé8chemes).*

1 Ng, S-S.; Jamison, T. Fl. Am. Chem. So2005,127, 14194,



cat. Ni(cod),
Cy,PPh or

2
; 0] (o-anisyl);P R OSIR
R RZJJ\H + R3SIOTf >_ IR3
Et3N, toluene R
6.1 6.2 6.3 23 0C
R'=H, alkyl R2=aryl, +-Bu R3Si=TMS, 44-95% yield
TES, TBS 6.4

Schemes.J a mi shiokel 8asalyzed ydroacylation using sily! triflaté

They propose that one of the k&teps is the formation ohaxametallacyclé’.3, which
would lead to the major observed allylic prodiddd by reaction with the silyl triflate, cleavage
of the N+O bond andb-H elimination 7.9 is a minor byproduct that is likely formed from
regioisomef7.4, which can subsequently either first react via the same pathway as6far can
undergo b-H eliminaion first, then followed by reaction with silyl triflateTherefore, the

hydroacylation product observed here is the minor proddéy(

hexvl (o] [Ni-L]
n-hexyl 4 -
= Ph)J\H L(
741 7.2 73 Ph 7.4Ph
B-H
l Et;SiOTf \
L L
RoL Ni-OTf H-Ni-O
Ph Ni. Ph
R= n-hexyl oTf ' L
R'= tyl OSiEt Ph R
= n-penty = Et;Si0 R” 78
pH | 7O 7.7 | gy

[Ni-L] + EtNHOTF + EtsNHOTF + [Ni-L] +

n-hexyl T OSiEL
Scheme 7). Thar major n-pentyl\_~ limitation is
the use of silyl triflate as aMa’°r7P;°d“°t M‘””:;““"‘ protecting group

andlack ofselectivity.



Scheme7.J a mi snecahahistic yipothesidor nickel catalyzed ydroacylation through
oxametallacycle intermedidfe

1.6. Ruthenium catalyzed tydroacylation

Ruthenium catalyzed hydroacylateogeneally follow the GH oxidative addition pathway,
but require high reaction temperatures up to ZDONot only it is undesirable to have energy
consuming and harsh reaction corati, but it also potentially gives undesirable side products,
such as Tiehenko products from the aldehydes. Watanabe and Kondo amdrkers found that
Rus(CO)» performs well as a preatalyst for the hydroacylation of aromatic aldehydesd
formic esers with alkene&® These conditions however require pressure of carbon monoxide
with high temperature. Latetheir group reportethat another uthenium catalyst, Ru(cod)(cot)

and PPhis useful for the hydroacylation of aromatic aldehydes with conjugtiéers’’ In this

15 Kondog, T.; Tsuji, Y.; WatanabeY., Tetrahedron Lett1987, 28, 6229.
16 Kondo, T.; Akazome, M.; Tsuiji, Y.; Watanabe, ¥.,0rg. Chem1990,55, 1286.
17 Kondo, T.; Hiraishi, N.; Morisaki Y.; Wada K.; WatanabeY.; Mitsudo, T.-A., Organometallics1998 17, 2131
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case, carbon monoxide pressure was not required, but likely still follows -theal@ehyde

oxidativeadditionpathway.

Watanabe, 1987
(0]

Ruz(CO)45 (1 mol%)

Q R

Lo D

R 200 °C, 24 h

8.1 8.2 CO (284 psi) 44-90% yield
R=-NHMe, -Phenyl 8.3
Watanabe, 1990

o)

RU3(CO)12 (1 mOl%)

(i N @ BnO

OBn Me3NO (5 mol%)
8.4 8.5 200°C, 24 h 33% yield
CO (284 psi) 8.6

Watanabe, 1998
Ru(cod)(cot) (4mol%) (0] R>
O'K COROSYS PPh; (4 mol%) W1
Ar R2 120 °C, 15 h
8.7 8.8 60% yield 8.9
3:2 (E:2)
Schemes. Development ofuthenium catalyzedyiroacylatiort® *® */
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One of themost important chemists that developed an effective methdd/flvoacylation of
dienes fron alcohols or aldehydeis Krische'® (Scheme9). His group predonmately uses

rutheniumhydride catalysis to achieve the desired transformation.

Krishe, 2008
Mo oo ooty Qe
mo
9.10r9.2 + /I‘\/ T ° ]
R 9.1 OH
0.3 Toluene (2-4 M) Me : ;
- R H
110 °C 9.4
Ryu, 2008 9.2 J.i
R" °H
RuHCOCI(PPh3)3 (5 mol%)
R2 Ligand, Base OH
910r9.2 + | R R2
9.5 Acetone, THF, 95 °C
9.6

Scheme9. Recent developments of hydroacylation of conjugated digffes

Kr i scheos difiesdrona the comeentional aldehyde-HC oxidative addition
pathways.Starting with the ruthenium hydrid#0.1, it will hydrometalate on the olefin of
isoprenel0.2to give a metahllyl speciesl0.3 which can isomerize in the case of a longer
carbon chin. An aldehydel0.4will then coordinate to the ruthenium centidigratory insertion

of the carbonyl will then occuhrough a sixmemberedcthair like transition structurd0.5 The

[Ru]—H R
10.1 N
10.2

Hydrometallation

Elimination [Ru]
_[Ru] I

, R| O
0 R — \(\
Rup L, —

“ R Beta-hydride

1 ] [
'® Shibahara, F.;B\waer!\"f. F.; KrischexM.Am. Chem. So2008,130, 1450.
'°Omura S.;FukufmaT.; Horigucfy,d.-\urakami,Y.; Ryu, 1., J. Am. Gheri1802008 130, 14094.

o Aldehyde Coordination

Migratory
Insertion R R'
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transition structure will establish the E and Z allylruthenium spewkgh will translate to a
stereospecific aldehyde addition. Dehydrogenation of the resultiutgenium alkaide
intermediatel0.6via b-hydride elimination will result in the desired hydroacylation prod@c?

(SchemelO).

SchemelO. Kris ¢ h eadsfer hydrogenation pathway farthenium catalyzed hydroacylatiéh

Ryu and ceworkers also independently reported ruthenium hydridesfiraddiy phosphine
ligands can catalyze intermolecular diene hydroacylation via the same reaction pathway
(Scheme9).?* It is also notable that all oxidation levelsthé substrate, altigde or alcohol, can
give access to the corresponding ketone or alcohol in the presence of a hydrogen acceptor.
Al t hough mithod of hydreadykation provides a viable alternative to thé @idative
addition pathway, the major limitation is the choice of the conjugated diene as a coupling partner.
Since the formation of the ketone product relies on the formation of thiéyl metal
intermediate, the scope of the reaction is quite limited. His method also takes place at high

reaction temperatures, high concentration and long reactions times.

2 eung, J. C.; Krische, M. JGhemical Scienc012,3, 2202.
% Omura,S.; Fukuyamay.; Horiguchi,J.;Murakami Y.; Ryy, I., J. Am. Chem. So2008 130, 14094.
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1.7.Research gals

As outlined above, several groups presented different modes of hydroacylation
methodologies using various transition metal catalyspite decades of research, it remains a
challenge to circumvent th€-H oxidative aldehyde pathwaysand some require rsh
conditions. As this pathway is limited to specific substrates that are tolertdrd tondesirable
decarbonylative pattay, we seek an alternative mechamit alleviate the limitationsOur
proposalwas to present anode of reactivityanalogous to tha o f K meclsacidmefdr s
hydroacylation of conjugated dienés access the carbararbon bond formatiorbetween
aldehydes andlefins Unconjugated alkenememore challenginghan conjugated dienelsie to
their inability to form an allyl speciewith the metal, which would thefacilitate the migratory

insertion step.

In order to gain access &m efficientcatalyticsystemfor this carboncarbon bond formation
between simple substratéScheme1l), we must examine the challenges met by previous
studies We were particularly interested in explorimgetal hydridesfor hydrogentransfer

coupling This projectwas approacheftom three nain directions. Firstwe borrowedKr i s c he 6 s
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hydroacylation conditions using RUHCI(CO)(RRIas a starting point to test reactivity for ron
conjugated dienes and probe the challenging steps of the re&tiohypothesis was that the

ability to form metaallyl species facilitated the coupling between the aldehyde and the olefin

and in its absence, the rate determining step may be the insertion of the olefin into the metal
hydride bondInitial screening of variables such as ligands, bases, solventrapdregurenvas

done to testhe efficiency of the hydrometationstep. This also led to exploration of otHur
hydrideanaloguecatalysts o i nvesti gate the influence of st
reactivity. Second, wesought to explor various isomerization catalyst®o enable non

conjugated dienes to isomerize into conjugation to facilitate migratory inseRiioally, the

third approach was teeek catalysts that couilectively oxidize the olefin through’a-allyl

speciedo facilitate the migratory insertiostep.

General Scheme:

(0]

R 0 [M] Catalyst
+ '
I AN \HJ\R

Solvent, Temp. R

Strategy 1: Use of Ru-H that are known for hydroacylation of conjugated dienes

(0] R

\HJ\ Hydrometallation

Beta-hydride
Elimination
\ /O '% o Aldehyde Coordination
\ R )J\

Migratory
Strategy 2: Use of isomerization catalysts to explore coupling of carbonyls to non-conjugated dienes

I

Insertion

M-H 9

R?CHO R? R

+ Isomers

1 M-H 1
RWW _— RW\/\W
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Schemell Strategies for metal catalyzed oleifdehyde coupling

2. Results and dscussion

2.1.Probing reactivity

AdaptingKrischeand Ry@ procedure for hydroacylation of aldehydes to conjugated dienes,
we tested the reactivity of the system using terminal alkenes. More specifically, styrene was used
as it is most similar to a conjugated diene, but the formation of the allyl species emth&l
alkene could be more challengidge to the aromaticity of the styrene. A number of variables
such as solvent, temperature and the use of various electron donating and withdrawing groups on
the aldehyde to test reactivibyn the starting materiaisere screene{Schemel?2). Elevation of
temperature had neffect on the reactivityModifying electronics with different substituents on
thearyl group of thebenzaldehyde and styredal not have amfluenceon the yield ofresults.
Only trace produci2.3was detected on the GC. Results indicate ikrasiched sonditions for
hydroacylation of aldehydes to conjugated diermmained optimal for this transformation.
Interestingly, changing the alkene coupling partitea terminhaliphatic alkene provided the

coupling producii3.3with ayield up b 4% (Schemel3).
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0 = R?
: Il y RUHCI(CO)(PPha)s (5 mol%) Q O
+
R! R? Solvent, Temperature R
0.2 mmol 0.8 mmol 12.3 <1% yield
121 12.2 (~ 20 reactions)

Schemel2. Ruthenium catalyzed hydroacylation of styrene and benzaldehyde derivatives

We hypothesiza that the alkyl metal species formed by an aliphatic substrate is more
reactive than that of styren€herefore,a smaller substrate duas loctene in this case shed
slightly higher reactivity than styrene as the terminal alkene has a hilghece to coordinate
with the uthenium center, and thus enabling the migratory insertion to occur morevetietdi

form the final product.

O o)
H RuHCI(CO)(PPhs); (5 mol%)
+
Toluene,120 °C, 24 h

13.3 4% "H NMR yield

0.2 mmol 6 equiv
13.1 13.2

Schemel3. Ruthenium atalyzed hydroacylation of benzaldehydes to terminal alkene

It is interesting to note that the additionly occurred on the 1 position of tloetene
rather than th@ position, as would be predicted walconjugated diendhis results in forming
a linear ketone rather than branch@&tiere are two possible explanations for this observation
(Schemel4). The firsthypothesisvould be that the addition of the Ruover the alkene bond is
favored when the hydrogen is added on the more substsidedof the alkend4.1 showing

regioselectivy of substrate during hydrometallatiohhe second possibleypothesiscould be
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due to the reversibility of the hydrometallation step. Spebleémay be favoured ovelrd.3for

the migratory insertion step to occur. It is possible that carbonyl codofingdn occur only

when the alkene species is not substitut8éveral experiments were also done using
cyclohexene substrate as the olefin coupling partner under these conditions, but only trace

product was detected on the GC. This result is consistémthé theory that sterics of the olefin

may Ru—H H-Ru play a
I 2 —\) ‘ in th
role = = i ivi i n e

Hypothesis 1: \R = Regioselectivity of hydrometallation
Favoured Disfavoured
14.1 14.2
H Ru Ru H o .
Hypothesis 2: \_< T\ < Reversibility of hydrometallation
R R
Less favoured More favoured
14.3 14.4
reactivity.

Schemel4. Possiblehypothesesdr observation of formation of linear ketone product

Another substrate that was used as the alkene coupling parttiee faldehyde was the
nortconjugated dieneKrisched s r ecent publication showed tha
using the same catalyst enabled the coupling of an aldehyde wiplerit@dienelnspired by this
reactivity, 1,5hexadiene substrafib.1was chosen as an alternative alkene coupling partner to
investigate its exterdf reactivity. The results were the most promising thus far in this research

giving three different isomers of the hydroacylation prod&c®, 15.3, 15.4Schemelb).

13.1 15.1
Via 0.2 mmol 6 equiv

RUHCI(CO)(PPhs); (5 mol%)

Taliiene 429 h 100 °C



18

Schemel5. Ruthenium atalyzed hydroacylation of benzaldehyde and-comugated diene

(E)-2-ethylidenel-phenylpentari-onel15.4was shown to be the major product giving a yield of

32%, whereas the (Z) isomer of the prodiust3 gave a yield of 12%. Finallyfthere was some

trace of thel-phenyt2-vinylpentanl-one 15.2 From the reults, we hypothesize that the
rutheniumcatalystisomerizes the nenonjugated diene into its conjugated isomehnich then

can form the desiredallyl speciesThe observed distribution is likely due to a combination of
kinetic and thermodynamic b i hydrometalati@noattheti ng t «
disubstituted” -allyl species16.1 is kinetically favoured ovemonosubstituted comple%6.2
(Schemel6). However,16.2is thermodynamicallynore favourableand reacts faster during the

migratory insertion step thal6.1, which led to the hypothesis thiie former will isomerize to

the latter to giveaccess to the observed prodilst2

RulLn RulLn
R e & R~
Kinetic Thermodynamic

16.1 16.2
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Schemel6. Ruallyl intermediaté?

From productl5.2 it is likely thatthe RuH can hydrometallate the olefin bond to give
isomers 15.3, 15.4 which are likely thermodynamically preferredver 15.2 as an Ub
unsaturated ketone. The E isonis.4 is preferred over the Z isomd5.3 likely due to
favourable steric distribution. Our resul ts

reversible nature of diene hydrometalation and proven by deuterium labelling £tudies.

2.2.Isomerization catalysis

A second approach that was exploredswavestigating various isomerization catalysts that
can perform hydrometallation, where the metal hydride adds across the olefin. The reversibility
of this step allows isomerization to ocamd may be able to isomerize roonjugated dierse
into conjugationSchemel?). These catalysts can start either from the metal hydride or generate
metal hydride in situA few systems have been shown to show resgtin C-C bond formation
in addition to isomerizatiorf-or systems that solely perform isomerization via rAeyarides,
the RuH was added to the system in hopes to facilitate the migratory insertion stefCfbod
formation.Three different isomeraion systems were explored. The first system was inspired by
Sk y r d $tatalytic 8ystem for isomerization of olefins transforming terminal alkenes to 2

alkenes. The second system is inspiredsoplled s cat al yst which 4 s hig

% Chen, T-Y.; Tsutsumi, R.; Montgomery, T. P.; Volchkov, I.; Krische, M.JJ.Am. Chem. So2015,137, 1798.
% Gauthier, D.; Lindhardt, A. T.; Olsen, E. P. K.; Overgaard, J.; Skrydstrup, Am. Chem.&.2010,132, 7998
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bond migration and known to be efficient in olefin metathé8iinally, the third system was
inspired from Mazetobés catalyst for isomerizat

alcohols®®

Hydride Mechanism

M-H M
A~ [H\)\/H] Hox
171 17.2 M-H 17.3
Isomerization of unconjugated diene into conjugation
O
M4-H M,-H
W [M/ —_— ©)k(\/+ Isomers
15.1 174 Benzaldehyde 175

Schemel?. Hydridemechanism for metal hydride formatitmfacilitate hydrometallation to
perform aldehyde to olefin coupling

Skyrdstru@ group developed a catalytic system where they generated a palladium (II)
hydride catalyst in situ starting with a 1:1:1 ratio of dd(}, P(tBu}, and isobutyryl chloride.
Mechanistic investigations supported the formation of [HPd(CI)(f)iBeomplex which is
likely employed as the active catalyst to perform hydropalladadimh subsequently couple
alkynes to alkenesnspired by the catalytic system to perform hydropalladation and insertion,
we extended theirconditions to our substrate® investigate its reactivity in our desired
transformation However, after several reactionsp productwas observedvhether we used

electrondonating or electroiwithdrawing group®n the benzaldehyde substrate.

Pd(dba), (5 mol%)

0 | P(tBu)s (10 mol%)
H iPrCOCI (20 mol%)
+ No coupling observed
| Solvent, 50 °C

2 Mamone, P.; Griinberg, M. F.; Fromm, A.; Khan, B. A.; GooRen, IOrd, Lett.2012,14, 3716.
% Larionov, E.; Lin, L.; Guénée, L.; Mazet, @.,Am. Chem. So2014,136, 16882.
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Schemel8 Skyr dst r up 6upkng of diehydedo alkefies via Rt intermediate

GooRRed s s ysed dedih) dimer19.1to enable the formation &fd-H specied9.2in
situ, in other words performinglkene isomerization via hydrometallatiéhWe borrowed his
conditions forour system, in hopes fmerformhydropalladation using the palladium catalyst and
migratory insertion using the RuH catalyBhe same distribution of prodgcivasobservedwvith
a similar ratio as observed with the-Rusystem described in Secti@ril, but with significantly

lower yields(Schemel9). No reactivity is observed using solely the palladium dimer catalyst.

o | [Pd(u-Br)(PtBus)l, (2.5 mol%)
©)LH RUHCI(CO)(PPhs); (10 mol%) \
§
"
13.1 15.1

Toluene, 100 °C

15.2 15.3
2% vyield (2)- 3% yield
O
Br
. /N H |
BU3P_Pd'—Pd_P BU3 tBU3F"—PId-Br
Br . :
active species 15.4
19.1 19p_2 _
(E)- 7% vyield

Yields determined by 'H NMR

Schemel. Activation of dimeric Pd(l) species toydridopalladium(ll) complesor
hydropalladiation

Going after a similar concept, we sought another system that can perhaps undergo the
desired mec h?%pailadium. catalysisallew i@osnerization of highly substituted

allylic alcohols and alkenyl alcoho{Scheme20).

% Mamone, P.; Griinberg, M. F.; Fromm, A.; Khan, B, @ooRen, L. JQrg. Lett.2012,14, 3716.
#Larionov, E.; Lin, L.; Guénée, L.; Mazet, @.,Am. Chem. So2014,136, 16882
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[Pd] (5.0 mol%)
RUHCI(CO)(PPhs); (5 mol%)
NaBArg (5.5 mol%)

H cyclohexene (50 mol%)
. >
| DCE, 85°C, 18 h

No coupling observed

13.1 15.1
- 7
Cys~ _ / \
Cys - Cys N N, N=
3 . Cys Pd
e Cl Me/ \CI

[Pd] Catalyst 20.1 [Pd] Catalyst 20.2

Stheme20Mazet 6s system for i someri zat:.

on

of

Adapting their procedure, we synthesized a few palladium complexes with the general

formula [LnPd(Me)(CI)] where Ln is a chelating bidentate ligératalyst20.1and 20.1). These
species provides in situ access to the corresponding capatiadium hydride [Ln(Pd-H)]*
speciesAgain, upon application of their system on our substratil,or without the ruthenium

catalyst it did not produce the deed results

Since Pd catalystdid not enabléhis transformatiorto take placewe decided to extend
this ideaby usinga different catalyst. As JamisSrand ceworkers successfully used Ni(cedd
perform olefin to aldehyde couplingvith the presence silyl triflate or Iglic alcohol we

attempted to use this catalyst in our systém.determine the formation ofiakel-hydride, we

tested the i somerization of an olefinic
palladiumcatalyst with Ni(cod) (Scheme1).
/
Ni(COD), (5 mol%), IPr<HCI (5 mol%) —
'BUOK (5 mol%), iPrCOCI (5 mol%)
THF, 80 °C
_O ’ —O
211 21.2

28Ng, S-S.; Jamison, T. F1. Am. Chem. So2005,127, 14194 55% conversion

spec.
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Scheme21. Scheme for isomerization aflylbenzenausingnickel catalysis

The transfomation was able to take place wittbd% conversion t@1.2, showing that
this system has potential for isomerization and to perform the desired transformation. However,
after several experimentssing this systeronf screening different variables, only trace amount of
product12.3was detecteqScheme22). There was also presence of side reactivity such as the

presence of products frobenzoincondensationrandcoupling of styreneandbenzylbenzoate

o = Ni(COD), (6 mol%) R?
P(Cy)s*HBF, (5 mol%) o O
H iPrCOCI, 'BuOK (5 mol%) 0
+

1 R?
R 80 °C, THF, 24 h R
0.8 mmol 1.6 mmol Trace

121 122 12.3

Scheme22. Hydroacylation obenzaldehyde and styrene using nickehtysis

An intramolecular hydroacylation reaction was also attempted with subs3rate
phenylhex5-enal which possesses terminal alkene and terminal aldehydgynthesis of
aliphatic aldehydes with terminal olefins were attempted via the Swern oxiatiuh PCC
oxidatior?® from the alcohol derivative, but proved to be difficult to isolate due to their instability
under air and sidesactivity. To circumvent this issue, a molecule with a phenyl group on the
aliphatic back bone was chosen to enhance stability.maliscule was synthesized starting from

commercially available cinnamaldehy@8.1and allyl bromide23.2 Adapting procedure using

2 A) Omura, K.; Swern, D.Tetrahedron1978,34, 1651. B) Liniger, M.; Neuhaus, C.; Hofmann, T.; Fransioli
Ignazio, L.; Jordi, M.; Drueckes, P.; Trappe, J.; Fabbro, D.; Altmanrh].KACS Medicinal Chemistry Lettei2011,
2,22.

% Glaros, G.,J. Chem. Educl978,55, 41Q

OH 18-c-6 —
o~ X Zn KH @)
s

tBr— s —>~ N —
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Bar bi er 6% (E)mpherylpedtel,4dien3-ol 23.4 was successfully synthesized. To
obtain the desired product, a prooes for anionic oxycope rearrangement was adapted

(Scheme23).

Scheme23. Synthesis oB-phenylhex5-enalv i a B a rethad &olfowesby amionic oxycope
rearrangement

The intramolecular reéion could perhaps be aided bye bulky phenyl group on the
backbame of the substrate to oriettte two ends of reactivity. Using the above system, the
intramolecular hydroacylation yielded ontygace amount of produ@4.1 (Scheme24). Not
surprisingly, we observed isomers of the starting material as disquesadusly in this sectign
the gstem enables isomerization via double bond migratiorKrisch& s hydroacyl a

conditions were also applied to this substrate, but again only isomers were observed.

N| COD)2 (6mol%)
)3*BH4 (5mol%)
|PrCOCI 'BuOK 5mo|%
80 °C, THF, 24 h

0.4mmol Trace
23.5 241

Scheme24. Intramolecular lydroacylation usinginkel catalysis

2.3. Exploring ruthenium catalystsfor hydroacylation

*'Ranu, B. C.; Majee, A.; Das, A. Rigtrahedron Lett1995,36, 4885
% ee, E.; Lee, Y. R.; Moon, B.; Kwon, O.; Shim, M. S.; Yun, JJSQrg. Chem1994,59, 1444,
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Due to the unsuccessful attempts from other isomerization catalysts, weedlivert
attention back touthenium catalysisThus far, Krische has shown thRuHCI(CO)(PPk); or
RuH,(CO)(PPh)3, are the best known for hydroacylation via the insertion/insertion/elimination
mechanism fronschemell. The latter dihydrogen analogue can be activated to the forrtier wi
the addition of an acid HXVariation of the steric and electronic properties of this ligand may
lead to a superior catalyst; however, very few analogs have been repatedtly a series of
Ruthenium hydride catalysts have been developed by Foggaawdrkers, which have been
shown to be effective in applications involvintefin metathesis, polymer hydrogenation and
isomerization>® Most can be prepared by ligand exchange from the parent catalyst,
RuUHCI(CO)(PPlR); F1.1 The PPh substrate can be swapped out for R@yles, P(etol); and
other phosphines or NHCs. The following catalysts were used under our reaction canditions
Ru(PPR)sHCI, RuH(IMes)(PCy)3(CO)(CIl), Ruh(IMes)(PPR)(CO)(Cl), RuHCI(P(etol)3)s,
RuH(IMes)(PPB)3(CO)CI), RuH(PG3)2(CO)(CI) (Figure 1, F1.2F1.7). It was believed that

they exhibit similar reactivity as the parent catalyst dugrularities in structure.

Cl Cl Cl

COo
H, ‘ ‘\\\\\co H,, | \\\\\\co H,, |
Ay _p R
- - cyP” N\
PhgP ‘\PPh3 PhaP” N Y3 PCys

PPhj
RUHCI(CO)(PPh3);  RuH(Imes)(PPh3)3(CO)(Cl)  RuH(Pcys),(CO)(CI)
F1.1 F1.2 F1.3
o]
H,/, | \\\\\PPh:; H/,,','| ,~‘\\
_Ru Ru

Php” \pph3 CysP IMes

M\
N~/ Ru(PPh3)sHCI RuH(IMes)(PCy3)3(CO)(Cl)
F1.4 F1.5

Cl
CO

Cl
P(o-tol
H., | o (o-tol)s

H/’/, | N
Ru "Ru

- -~

PP/ “Nimes  (0-tosP P(o-tol);

H
%3 Beach, N. J.; Dharmasena, U. L.; Drouin, S. D.; Fogg, DA, Synth. CataR008,350, 773.
RuH,(IMes)(PPhs)(CO)(CI) RUHCI(P(0-tol)3)s
F1.6 F1.7

IMes
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Figure 1. Structures of screened rutheniuatatysts

Electronics can be tuned based on the ligand used. Phosphine ligands sycdnego
tol)sare more electron rich than PRlahich makes thermmery goodsdonois to the metal center.
In addition NHCs such as IMes are much more electron rich than the origing®ith also
contributesignificantly in donatingelectron density to theithenium center. NHC ligands will be
discussed in further detail in Sectibrit Electron rich ligands were thought to perform better as
studies have been shown thadonating alkylphosphines ligands perform better than
arylphosphinesri the context of hydrogenatidhTherefore, it was thought that it would aid in
the insertion of the alkene into the ruthenium hydride b&kdh the hopes thatheseslight
modifications on the electronics of the catalyst can facilitate tlieohgylation pathway, we
applied it to our systerfScheme25). Unfortunately,these catalysts performed unambiguously
worse than the original catalystith both the case of octene or 1, 5 hexadienéTable 1).
Ru(PPR)sHCI (entry 4) andRuHCI(P(atol)s)s (entry 7)only providel trace amount of product
in both cases. Both these catalysts are similar to RUHCI(CO){ARHhat they were the ones
that possessed three phosphine ligandsch may be pertinent to the reactivillyis also notable
that the ligands employed here were all significantly bulkier than RBith in this case may
have hindered reactivity. It was thought the additionalicsteulk of the ligand may have

interfered with the coordination of the alkene to the ruthenium enter.
0 O
R [Ru] Catalyst (5 mol%)
H + W > R
Toluene, 48 h, 100 °C
% Beach, N.(.2 Biangliere, J. MG:€oivin, S. D.; Fogg, DOEganometallics2009,28, 441 29-2
131 251
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Scheme25. Intermolecula hydroacylation of alkene anefzaldehydes with different [Ru]

catalysts

Table 1. Results from sreening of various ruthenium catalysts on hydroacylation

o) 0 o)
Product: |
X
15.4/15.3 15.2 13.3
Entry [Ru] (E/Z) 'TH NMR Yield 'H NMR Yield "H NMR Yield

1 RuHCI(CO)(PPh3); 32/12% <1% 4%

2 RuH(IMes)(PPhg);(CO)(Cl) n.d. n.d. n.d.
3 RuH(PCy;),(CO)(CI) n.d. n.d. n.d.
4 Ru(PPhg);HCI <1% <1% <1%
5  RuH(IMes)(PCy3)3(CO)(Cl) n.d. n.d. n.d.
6  RuH,(IMes)(PPh3)(CO)(CI) n.d. n.d. <1%
7  RuHCI(P(o-tol)3)3 <1% <1% <1%

n.d= not determined
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Since the above mentionedalysts were inactiven this transformation, we attempted to
modify the parent catalyst tRUHCI(CO)(PMeP}); F2.1 This catalyst utilizesan alternative
phosphinemethyldiphenylphosphan@igure 2) that is smaller than PBHout yet more electron
rich. This modification may favour interaction of the alkene or aldehyde on the ruthenium center
with less steric hindranc&his notionmay be in line with the theory that less sterics on the
substrate also favours reactivity as discussed in SeétibnA procedure for synthesis of
RUHCI(CO)(PPh); was adapted swapping the BR¥ith PMePh 3° However, the synthesis of
this catalyst was not trivial and attempts to generate the catalyst in situ via ligand exchange of
the phosphine ligand were unsuccessfh alternate synthetic route may be necesgary

develop this family oémallercatalyssin order to test our hypothesis.

Cl Cl
CO
H//,,'R‘ ‘o\\\\ H//, ‘ . \\\CO
u "Ru.
/
PhoP” | \pph PhyMeP”” | N
BBh 3 PMePh,
3 PMePh,
RUHCI(CO)(PPh3)s RUHCI(CO)(PMePh,);
F1.1 F2.1

Figure 2. Structure of RUHCI(CO)(PRJzversus RUHCI(CO)(PMeRJ

2.4.Coupling of aldehydes and alkenes via allylic xidation

Another method that was investigated wasdtectively oxidize the olefin through”aallyl
species to facilitate the addition stéys the migratory insertion step remains a challenge due to
the al kenebs i nabi |l i hiyisandmpdrtant inuestigationad undgw.i ¢ s p €

Literature precedents haweitlinedstrategies for oxidation of alkenes viaallyl intermediates.

% 7hu, S.; Lu, X.; Luo, Y.; Zhang, W.; Jiang, H.; Yan, M.; Zeng, Otg. Lett.2013,15, 1440.
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White and ceworkers reported a few systems for the oxidation of saturateldbGnd. Their
allylic oxidation methods involve the use of palladiufit) salts in acetic acid to transform
olefins into mixtures of allylic acetaté§ Notably, these are believed to react via substitution of

" -allyl intermediates via allylic & cleavage, followed by nucleophilic atk of the acetat&

Having access to a few methods for oxidatallylation, we hoped to find a catalytic system
that can undergo a medallylic species to enable the migratory insertion step of a carbonyl. A
mechanism to access this is proposefdheme26. Starting with a meta#26.3with an oxidation
state of two or three, it will proceed to form a metiyl specie26.4with the alkenel3.2upon
the loss of HX.The carbonyl of the aldehyde will then insert in the allyl species formigtzl
alkoxide specie®6.5 Upon elimination, the final keton26.2 will be generated along with

MHX, which will then beoxidizedto regenerate the active catalg26t3

% Chen, M. S.; White, M. CJ. Am.Chem. S02004,126, 1346
3"Hansson, S.; Heumann, A.; Rein, T.; Aakermark,JBQrg, Chem 1990,55, 975.
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MX5 or MX3 (5 mol%), oxidant (1.5 equiv)

+ I
R)J\H Solvent,110 °C, 24 h R X

26.1 13.2 26.2
0.2 mmol 6 equiv
RW
0] 13.2
RZJK/\/\/R MHX 26.3 HX
26.6
26.2 MX
RW
26.4
OMX
J\/\/\/R ?J\
R? X
R? "H
26.5
26.1

Scheme26. Proposed mechanism for formation ketones via allylic oxidation

In order to explore the maximum number of catalytic systems that potentially can undergo

this mechanismthe method of highhrougtput screening wassed. ®veral variablesin
particular the boice of catalysts and oxidants were variédcording to literature, several
metals have been used for selective oxidation of olefins apartRd@Ac), and PACh. RuCh
(p-cymene)} *® Ru(Me-allyl),COD,*® RuCk, *° I(COD)Cl,, ** and [Rh(cod)CIL** have been
shown to either perform allylic oxidation and/or form-allyl metal species with alkenes

Platinum has no precedemtsforming " -allyl intermediats, butrather have been shown to have

¥ Graczyk, K.; Ma, W.; Ackermann, LQrg. Lett.2012,14, 4110.

% Kondo, T.; Ono, H.; Satake, N.; Mitsudo;&.; Watanabe, YQrganometallics1995,14, 1945.
“Kondo, T.; Ono, H.; Satake, N.; Mitsudo;&.; Watanabe, YQrganometallics1995,14, 1945
I Takeuchi, RSynlett 2002 12,1954,

2 Mimoun, H.; Perez Machirant, M. M.; Seree de Roch].IAm.Chem. Soc1978,100, 5437.
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reactivity to olefins in olefin metathesi&Therefore PtCh, PtClwere selected here. In order to
maximize discovery, some other metals that have not been reported in literatilmie &mrt of

transformation wereused in this screening. These metatslude, IrCl;, AuClISMe, and

NiClx(dppp).

The two most common oxidants found inefature for allylic oxidation are
benzoquinon® and copper acetat®.Choice ofsolvent also followed precederits literature,
using DMSO: aceti c a dioxdnedsa commadlbrgahiesdlgent.g-aallye r
the choice of substrates were octanal and benzaldehyde with a terminal alkeres, Tdutis, the
screening would explore reactivity between aliphaldehydes versus benzylic aldehydes with
terminal alkenesUnfortunately, theesults of the screening ditbt provide anyevidence of the
carboncarbon bond formation between an aldehyde and allkemther investigations remain to

be done to individué} probethe challenging stepsf the mechanism.

2.5. Transition-metal catalyzed oxidative @carbonylation ofan aldol adduct

From the results of the highroughput screening we observed another interesting product
during the analysis on the G@S that seems to suggest carlmambon formation through

another metatatalyzed mechanisnA ketone producttridecan7-one 27.2 was olserved m

3 Chianese, A. R.; Lee, S; Bagné, M. R.Angew.Chem. Int. Ed2007,46, 4042

“a)Chen, M. S.; White, M. CJ. Am.Chem. Soc2004,126, 1346 b) Hull, K. L.; Sanford, M. S.J. Am. Chem.
S0c¢.2009,131, 9651

5 Graczyk, K.; Ma, W.; Ackermann, LQrg. Lett.2012,14, 4110.
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some vials that contained the aliphatic aldehyde octanal -mcteBe substrates, with [RuQGl-
cymene)} or [Ir(COD),|Cl, as the catalyst and Cu(OA@s the oxidant. By performing a few
control experiments onemch, it was concluded that oceedid not participaten the reaction.

Trace product was observed by ®S with only the presence of the catalyst with the aldehyde

and the presence of the oxidant seemed to increase the product slightly, suggesting that the role

of the oxidant is relevant.

Scheme27. Observed product from higthroughput screening

From these sets of experiments, we were able to develop a hypothesis for the formation
of this ketone product. As the aldehyde is the only substrate participatimg rieaction, it likely
easily undergoes sedildol condensation with its enolate form. In order to arrive to the observed

product, the condensation is likely followed by an oxidation and decarbonyl&tbere28).

O OH 0
H Catalyst
R —_— H o
) R R R R
28.1 28.2 Oxidation/ Decarbonylation 28.3
O OH
MX, HM
26.3 R R
[O] 28.2
MX
0O O
H)%
MHX R R

26.6 284
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Scheme28. Proposed mechanisti@afihways of formation of ketone qoduct

A mechanism was proposed starting from the aldol adduct interm@@&¢Scheme
28). From this intermediate, a transition metal catalyst likely participates in the oxidation of the
alcohol of the aldol adduct to a keto?®.3 by forming ametal alkoxy specie88.4 From here,
the metal is either reoxidized to the active catalyst or participates further in decarbonylation or
decarboxylation step to give the final keta2®3 It is also possible that the catalyst does not
participate in thelecarbonylation or decarboxyilan step. In which case, intermedi&®.5 can
undergo Path A or Path B to form the final ket@8e3 Further mechanistic studies remain to be

done to test the validity of other intermediates.

In order to test the validitgf the oxidative hypothesi®-butyl-3-hydroxyoctanal9.2
was synthesized and used as the representative aldol adduct for subsequent reactions. The
objective was to subject the aldol adduct to similar oxidative conditions where the new product

was observe to see if it can give the sarketoneproduct at a higher yield.
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Literature procedures have outlined some methods for the synthesis of an isolated aldol
adduct29.2 but the isolation of this adduct is challenging as it faces issues for clago
regoselectivity. Many side reactions from aldehydes may arise such as dehydration,
oligomerization, and Tischenko produétdviost procedures require the protection of the alcohol
via silyl enol ethers to prevent side reactivitjNotably, MacMillan developed a procedure for
synthesis of crosaldol reactions of aldehydes using Proline catalysis that possesses high
diasteree and enantiocontrct® The procedure adapted froffréchet and cevorkers using
proline-catalysis under aquosiconditions was the most efficient synthetic route to access this
molecule Gcheme29). *° Enantioselectivity is irrelevant in our desired transformation, since we

saught to oxidize the corresponding alcohol to a ketone. Therefore, the racemic mixture was

isolated.
o 10 mol% Proline o ?H
20 mol % Triethanolamine
H H
H,O, rt. 24 h
29.1
29.2

Scheme29. Synthesis ofldol adductntermediate

Using one of the conditions that provided the new product, we replicatedritgion
on bench with the aliphatic aldehyd8cheme30 A) and the aldol adduc29.2 respectively
(Scheme 30 B-C). The first condition that was applied is using [R{@Etymene)} in the
presence of dppb as the ligand,©8; as the base, and acetone as the hydrogen acceptor in
dioxane Scheme 30 B). Our hypothesis proved to be correct as when the same catalytic

conditions were applied to the aldehyde, it only provided a 4% vyield. Whereasswibstnate

“°Denmark, S. E.; Bui, TRroceedings of the National Academy of Sciences of the United States of AR@&rca
101, 5439

“"Denmark, S. E.; Ghosh, S. Kkngew. Chem. Int. E@001,40, 4759.

*® Northrup, A. B.;MacMillan, D. W. C.,J. Am. Chem. So2002124, 6798

“9Chi, Y.; Scroggins, S. T.; Boz, E.; Fréchet, J. MJJAm.Chem. S0c2008,130, 17287.
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29.2wasused, the yield increased to 12%. Another system from thethighghput screening

was also applied to the aldol adduct, which used [Ir(C&)Hl Cu(OAc) as the oxidant, which

gave a yield of 18%3cheme30 C). The absence of the oxidants in both cases provided no
reaction which supports the theory that an oxidant is pertinent in the readtns.provides
evidence tha9.2is shown to be the intermediate of tremction. The intermediate can be
further confirmed if mechanistic studies were done to trap the intermediate from the starting

aldehyde.

Scheme30. Probing of intermediate species under different oxidatrelitions

With this prospect, we sought to improve conditions to increasgighid. In order to
testif oxidation occurred after aldol condensation, we subjected®h2to traditional non
catalytic oxidative conditions. Many reagents for alcohol oxidations are knoamely

hypochlorite, chromium (VI) oxide, dichromate, manganese (IV) oxide, permanganate and
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ruthenium (VII1) oxide>® However, these are usstbichiometricallyand are often hazardous or
toxic, which renders it inefficient from an economic and envirortaigpoint of view. In the
guest to use more effective catalytic oxidat:i

were applied to our system to explore its reactiviigheme31).

OH metal-catalyst o)

R.)\R [(Oxidant] PR R, = alkyl, H

R™ Ri R,=alkyl

Scheme31. General scheme for oxdiation of alcohols to ketones or aldehydes

The methods selead were relatively mildompared to the ones listed above. Notably the Dess
Martin and TEMPO oxidation were applied to this substrate. IM&ssin oxidation is known for
oxidation of secondary alcohols into ketorEEMPO oxidation” is another facile way to
oxidize primary or secondary alcohols into aldehydes or ketones reghecyields from these

two oxidations were less than 5% by GC yiebdlieme32).

Dess Martin Oxidation

O OH 1.4 -1.5 eq. DMP o

1.1 eq. H,O (added over 0.5 h)
H /\/\)J\/\/\

CH2C|2, rt., 0.5h

<5% GC yield

30.1
29.2
TEMPO Oxidation
NaOCI, NaHCO3, KBr (0.1 equiv)
29.2 TEMPO (0.01 equiv) 30.1
CH,Cly:H,0, 0 °C <5% GC yield

0 Dijksman, A.; MarineGonzélez, A.; Mairata i Payeras, A.; Arends, |. W. C. E.; Sheldon, R. Am. Chem. Soc.
2001,123 6826

1 Meyer,S.D.;SchreiberS.L.,J. Org.Chem.1994 59, 7549

*2 Lucio Anelli, P.; Biffi, C.; Montanari, F.; Quici, SJ, Org.Chem 1987,52, 2559.
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Scheme32. Testing traditbnal oxidative onditions

These results show that traditional oxidative conditiorese noteffective in the
oxidation of aldol like adducts. Therefore, it is likely that the oxidation step after the formation
of the 29.2involves the aid of the caliyst. There isprecedenthat proposed a metahtalyzed
oxidation. Some of the metals involved in these oxidative processes include ruthenium,

palladium, copper and iridium.

Ruthenium catalysts in particular, which are widely used in other applications in organic
organic synthesis, have been investigated. Sheldon awdrgers have reported that
RuChL(PPH)3, and Ru( are known to perform alcohol oxidation in the presence of

stoichbmetric oxidants such as iodosobenzene, TEMPO, or peroxides a(d etc.

53
Scheme33). OH RUCI,(PPhs)s 0
\/\/\)\ —_— \/\/\)J\
TEMPO, O,

>99% selectivity
100 °C, Chlorobenzene

Scheme33. S h e | d o n 6ferruthéniura tatalgzgd adation of secondary alcohols
mediated by TEMP&

Palladium oxidation reactions are known since the breakthrough Pd(Il) oxidation
known as Wacker process. The challenge using Pd(ll) catalysts is-txda¢ion of pd(0)
species by oxygen to the active Pd(Rather than the use of ewatalysts to facilitate the e
oxidation process, efforts had been made to develop a single palladium complex with chelating
ligands whichallow the tuning of catalytic activity and selectivity. For example, Waymouth and

co-workers eported that a Pd(OAgpyridine system, which utilize a uniquely shasized

%3 Dijksman, A.; MarineGonzélez, A.; Mairata i Payeras, A.; Arends, |. W. C. E.; Sheldon, R. Am. Chem. Soc.

2001,123 6826.
j’\H Pd(Il) j\ 7\ N\
R® R R™ "R =N_ N=
DMSO: Water (1:1), O, \Pd/
100 °C AcO” "OAc
34.1
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catalyst [(neocuproineiifu-OAc)]2-(OTf), 34.1to mediate oxidative transformatio{Scheme

34)°*,

Scheme34.Wa y mo u t h 6 for oxdatioradf adcghyls using palladium cataf{/st

Sigman and cavorkers reported that PIHC complexes catalyze the oxidation of
alcoholsunder airat room temperaturé’ Sigmanattributes the success of these systems to the
dual role acetate can play as an anionic ligand and as a base for intramolecular deprotonation of
the palladiurbound alcohol species. As palladium is a convenient metal used in oxidation, we

proceeded to seen a few palladiudigated complexes in our system.

¥ Conley, N. R.; Labios, L. A.; Pearson, D. M.; McCrory, C. C. L.; Waymouth, RO¥yanometallics2007,26,
5447.

> Schultz, M. J.; Hamilton, S. S.; Jensen, D. R.; Sigman, M. &rg. Chem2005 70, 3343
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Copper catalysts are also particularly advantageous and highly selective in aerobic
oxidation transformations. Redgn Sheldon and cwvorkersreported a copper (ll) catalyzed
aerobic oxidation of aldwls using a CuB(Bipy)-TEMPO catalyst$cheme35).>® Stahl and co
workers later reported (Bpy)Cu(l)/TEMPO system in the presence of that can syeatidize
primary alcohols to aldehyd@5Copper catalysts offer a cheap and facile method of oxidation

and have been well studieg),, in the past few
CuBry )

—
o

KOtBu, bpy, TEMPO, O,
3CN:H50 (2:1)

I
decades. Therefore, it IR R) interesting to note the

reactivity of various copper (1) and't CH () catalysts in our system.

Scheme35. S h e | dtmtegyfer copper catalyzed oxidation of alcohols mediated by
TEMPO™®

Other than using stoichiometric oxidant as tixéizing agent, hydrogen acceptors can
also be employed for the transformation of alcohols into ketones or aldehsuds as
Oppenauetype oxidation®® More recently, Wiliams and eworkers reported ruthenium
catalyzed oxidation of alcohols into amidea a coupling of primary alcohols and amines, using

acetone as the hydrogen accep8nheme36).>°

*° Gamez, P.; Arends, I. W. C. Bheldon, R. A.; Reedijk, JAdv. Synth. CataR004,346, 805.
5"Hoover, J. M.; Stahl, S. SI, Am. Chem. So2011,133 16901.

8 Oppenauer, R. VRecl. TravChim. PaysBas 1937,56, 137.

*'Watson, A. J. A.; Maxwell, A. C.; Williams, J. M. Drg. Lett. 2009,11, 2667.
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[RuCly(p-cymene),l, O

ROH + H,NT R > R)J\N/\R.
CSch?, H
Reflux, acetone
Solvent
Scheme36. Wi | | i a modf oxidation af eleolois into amines via hydrogen trarsfer

Other hydrogen acceptors that could potentially work under these oxidative conditions
can include, but not limited to simple alkenes such as styrene, cyclohexene, amthareb

ketones such aslutanone and cyclohexanone.

In addition,Ajjiou reportedthe selective oxidation of benzylic and aliphatic secondary
alcoholsusing [Ir(cod)CI}, 2,2 biquinoline4,4-dicarboxylic acid dipotassium salt (BQGnd
acetone as theydrogen acceptdiScheme37). °® Hydrogen transfer methods of oxidation offer
a milder catalytic system than using stoichiometric amounts of oxidants. Therefore, we also

applied this alternativexidativepathwayto our system.
OH [Ir(cod)Cl], (0.8 mol %) o

BQC (6 mol%)
©)\ N32CO3 ©)J\

acetone/H,0, 90 °C

Scheme37.Aj j i ou 0 s osidatioadf segpydary abcohols using iridiuatalysts via
hydrogen transfé?

It is interesting to note that the systems reported in literature for oxidation of alcohol
does not encompass the selective oxidation of aol ahdermediate. Perhaps the lacking in

literature in this area is due to the difficulty in isolating the intermediate and the competing

%9 Nait Ajjou, A., Tetrahedron Lett2001,42, 13.
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dehydration pathway to form amb conjugated carbonyl compound. Having a good inventory of

oxidative conditions thatould be applied to our system, some experiments with these conditions

inspired from these literature studies were conducted. A summary of results is presented in

Table 2.

Table 2. Testingof different oxidative onditions on aldol adduct

O OH Catalyst (5 mol%)
H Oxidant /\/\)OJ\/\/\
Solvent, 16 h 30.1
29.2
Entry Catalyst Temp °C Base Solvent Oxidant "H NMR Yield

1 RuCly(PPh3)3 56 -- acetone NMO (2 equiv) 6%
2 RuCl,(PPhs), 100 - toluene TEMPO (6 mol%), O, 3%
3 RuCly(PPh3); 90 Na,COj3 (4 mol%) toluene hexanal ( 3 equiv) 7%
4 RuCly(PPh3)3 90 Na,COj3 (4 mol%) toluene benzaldehyde (3 equiv) 5%
5 [RuCl,(p-cymene)], 100 Cs,CO3 (10 mol%) dioxane acetone (2.5 equiv) 12%
6 Ir(COD)Cl, 56 KOH (10 mol%) acetone acetone (solvent) 6%
7 Ir(COD)Cl, 110 -- dioxane Cu(OAc), (1.5 equiv) 18%
8 Pd(OAc), 100 K,CO3 (1.3 equiv) DMF bromobenzene (1 equiv) 8%
9 Cu(OTf), 80 - toluene TEMPO (5 mol%), O, 10%

We found that the original two catalytic systems that gave hits in our first scresitling

gave the most promising results. Other oxidative conditions provided significantly lower yields

of less than 10%.
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Applying these oxidative conditions on bench was quite limited in screening of variables
to find the desired combination of metal anddant. Therefore, we decided to use the high
throughput method to screen selected variables in order to optimize conditions. From the
commonly used metals for aerobic oxidatid®y(OTf),, > CuCl, ®? [RuClL(p-cymene)}, 3
RUCh(PPh)3,%* Ir(COD)Cl, ®® IrCl5,°° Pd(OAC).®’ were selected as the metals of choice. A few
oxidants that seem promising from the preceding results were also selected. TEMB@&HI (
Cu(OAc), and NMO were used as oxidants. Similar to the first screening, the atmosphere in
which the speening would be conducted would be under oxygen. A few ligands that were found
to be compatible with the selected metals in literature were used. The ligands include, 1, 10
phenanthroline dppb, BINAP andS | PI€I.AThe NHC ligand S| P r AvHsCdlso used as
different class of ligands than typical phosphine or pyridine derived ligands. Their electron
donating ability could perhaps increase nucleophilicityttee metal center as will be discussed
further in Sectiorb.4. Typical solvents used in aative reaction conditions such as tolge

dioxane water acetonitrile: DMSO were selected

Not surprisingly, the original two metals that gave the desired pr@&futtin the first
screening produced relatively good results in this second scre@RunQlx(p-cymene)} in the
presence of acetone as the hydrogen acceptor and Xantphos as the chelating ligand gave

promising results. As the main side product of the reaetasthe dehydrated aldol addugi.2

. Hoover, J. M.; Stahl, S. S1, Am. Chem. So2011,133 16901.

62 SemmelhackiM. F.; Schmid, C. R.; Coes, D. A.; Chou, C. SJ. Am. Chem. Sot984 106, 3374.

S Wwatson, A. J. A.; Maxwell, A. C.; Williams, J. M. Drg. Lett.2009,11, 2667

% (a) Wang, G. Z.; Backvall, -E.,J. Chem. Soc., Chem. Commii92 337, (b) Dijksman, A.; Marin@Gonzalez,
A.; Mairata i Payeras, A.; Arends, |. W. C. E.; Sheldon, RJAAm.Chem. Soc2001,123 6826

% Nait Ajjou, A., Tetrahedron Lett2001,42, 13.

0 Suzuki, T.ChemReyv, 2011, 111, 1825

7 Conley, N. R.; Labios, L. A.; Pearson, D. M.; McCrory, C. C. L.; Waymouth, ROwjanometallic2007,26,
5447
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20 equivalents of wateraveadded to push the equilibrium towards the desired prd@atieme

38). Several experiments were daiwedetermine the optimal amount of water.

[RuCl, (p-cymene)] » (5 mol%)

O OH Xanthphos (10 mol%), K,CO3 (1 equiv) o
Acetone (2.5 equiv), H,0 (0-20 equiv) /\/\)}\/\/\
H
30.1

Dioxane, Inert
90°C. 24 h No water: 15% GC yield

20 equiv water: 20% GC yield
29.1

Scheme38. Effect of water on equilibrium of catalytic oxidation of aldol adduct

The same system appliedIt¢COD)CI, failed as the catalyst in this case may be water or
moisture sensitive. This metal works the best WIEMPO/ PhIDAC), system that yielded a
comparable result witfRuCly(p-cymene)} In this case, this system works best under aerobic

conditions Scheme39B). Control experiments were conducted to validate the relevancy of each

component.
[RuCl, (p-cymene)] 5 (5 mol%)
(0] OH Xanthphos (10 mol%), K,CO3 (1 equiv) o
Acetone (2.5 equiv), H,O (20 equiv) /\/\)]\/\/\
A) H -
Dioxane, Inert
90 OC, 24 h 20% GC yield
30.1
291
[Ir(COD)CI] 5 (5 mol%)
TEMPO/ PhI(OAc), (1:1 equiv)
B) 29.1 dppb (5 mol%), K;CO3 (1 equiv) 30.1
- 20% GC vyield
Toluene, O,
90°C, 24 h

Scheme39. Optimized condition of xidative decarbonylation of an aldotiduct
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Studies to support the decarbonylation step have not been done. However, there is
evidence in literature that supports transition medsshlyzed decarbonylatiof® or

decarboxylatioff in the case if the aldehyde is oxidiziato a carboxylic acid moiety.

The scope of this studg limited to secondensation of aldehydes and the competing
dehydrated pathway as shownS3eheme38. More investigations of mechanistic problems in
this reaction must be done in order to resolve the competing side reactions and potential

degradation of starting material.

68 a) Fristrup, P.; Kreis, M.; Palmelund, A.; Norrby,-®.; Madsen, R.J. Am. Chem. So2008, 130, 5206. H
O'Connor, J. M.; Ma, JJ. Org. Chem1992,57, 5075.

9a) Magdziak, D.; Lalic, G.; Lee, H. M.; Fortner, K. C.; Aloise, A. D.; Shair, M.DAm.Chem. Soc2005,127,
7284 b) Tunge, J. A.; Burger, E. CEur. J. Org. Chen2005,2005 1715
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2.6. Ruthenium catalyzed deuteration of édehyde<®

One proposed reason for the msideeactivity of the various metal hydride catalysts
examined is the potential competition betweehond insertion of the olefifpath B) and
aldehyde starting materigbcheme40). If the metal hydride shows preferred reaction with the
aldehyde to form an gxmetalspeciest0.3 (path A) themetalmayspend a significant amount

of time in this offcycle intermediate.

Oxy-metal species

401 40.2 M-H

R
40.4

Alkyl metal species

Schemed0. Competing pathways ofbond insertion of metal hydride catalysts

To test this hypothesis, weonducted deuterium labeling studies to track the transfer of the
hydrogen.Therefoe, we purposely dopeé the solution with common sources of deuterium such
asd4-methanol and BED in hopes of forming a metaleuterium (MD) species from the metal

hydride (M-H) species$chemedl).

D,O or CD;0D

Scheme4l. Conversion of metahydride into metabeuterium

Work done in collaboration with undergraduaic IsbrandtandMohammad P. Jamshidi
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Indeed there was evidence of deuterated aldehyde as observed it thMR, which
suggests the validity of the competingond insertion of the aldehydEBrom this observation,
we found it interesting to pursue this -gffcle catalytic system to synthesize deuterated
aldehydesA2.2 (Scheme42). In order to investigate the mechanism and saufpiis reaction

further, we performed optimization on this system and were able to achieve promising results.
0] M-H 0]
@)J\H Deuterium Source o dD
Solvent, Temp. R

421 42.2

Schemed2. General reaction scheme for catalytic deuteration of aldehydes

Deuteriumlabeled compounds havwaany useful applications in organic dnbioorganic
studies, some of which can be usked solvents in NMR spectroscopy, probes for mechanistic
studies, and labeling drugs or other useful compoundsere has been interest develop
efficient method to accesshese species. In our system, we fourmhastepmethod that allows
synthesis of deuterated aldehydes diract H/D exchange between organic compounds and D
source which is novel andttractive Previous methodsften entail multistep synthesis, harsh
conditions such as the reduction of carbonyl with reagents such as;NBRID 4, or pose
limitations on the substratésSome traditional pathways that require msatép synthesis are
shown below. The first requsea deprotonation of a dithiane species such that the deuterium
source can be attached on the dithiane spei3e3 The second example is the Rosenmund

reductionof acid chlorides43.2 which give low deuterium incorporation. The third example

" Krische, M. J., Shibahara, F.; Bower, J.FAm Chem So2008,130, 14120
"?Bai, W.; Lee, K-H.; Tse, S. K. S.; Chan, K. W.; Lin, Z.; Jia, @rganometallics2015,34, 3686.
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demonstrate a lithium aluminum deuteride reduction followed by an oxidation. Finally, the
fourth utilizes the zirconium catalyst to perform the reduction of an ad8dgto a carbonyl

species and incorporating the deuteri@@oheme43).”

: (0]
n-BuLi
D
Ph-|-S — S — - N,R
S 43.6 R"

43.2

43.1 ' [0l
1) Dithiane Deprotonation D20, Pd/BaS% OH
X

4) Reduction of amide

R)\D LIAID, H,0

O
R Cl 435 P
43.3 R” “OR
2) Rosenmund Reduction 43.4

3) Reduction/ Oxidation

Scheme43. Traditionalmethods of aldedhydeedteration

A few metal catalyzed methods have been investigated for deuteranpdamation. Not
surprisingly, uthenium catalysthavebeen i nvestigated in this
employed RuHCI(CO)(PR)y to performH/D exchange between olefins, usingas their
deuterium sourc& Gunahan and caworkers also used aithenium catalyst with pincer ligands,
al so known as o0 ne44bdto peMorm detiteration df primarg alcaHolyg is the
presence of BD.” Finally, Bai and ceworkersalso investigated a series eftienium catalysts
that can perform the H/@xchange of alcohols with ,D.”® Scheme 44 summarizes these
previous studies of metal catalyzed deuteratidur. method shows to be a novel method to give

access tohte deuterated aldehyde in gpet reaction and in one facile step.

3 Spletstoser, J. T.; White, J. M.; Georg, GTefrahedron Lett2004,45, 2787.

“Tse, S. K. S.; Xue, P.; Lin, Z.; Jia, @dv. Synth. CataR010,352, 1512.

5 Chatterjee, B.; Gunanathan, Org. Lett.2015,17, 4794.

®Bai, W.; Lee, K-H.; Tse, S. K. S.; Chan, K. W.; Lin, Z.; Jia, @rganometallics.2015,34, 3686
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Tse, 2010 85% D 649,
H RUHCI(CO)(PPhj); (3mol%) oD °
X >
H D,0, 100 °C D 84%

44.1 44.2

Gunathan, 2015 lIl
96% He
Wy 445(02mol%) 5 b N ‘ bPh,
KO'Bu (0.5 mol%) ( Ry
OH ——> oD P~ | “co
D,0, 60 or 80 °C Phy CJ 44.5
44.3 44.4
Bai, 2015 86%
0,
HoH 44.8 (2 mol%) D D |:|2 o
KOH (10 mol%) oD N
OH 1+ oo | PPhs
> D° D N Ru
H H D,0, 80 °C [N

446 447 B88% = PPhs

Our work 44.8
O RUHCI(CO)(PPhj); (5 mol%) O
@)‘\H D,0 (5 equiv) _ @)J\D
Toluene, 80 °C R
R
42.1

Scheme44. Development in metatatalyzed ceuteratio*’®

2.6.1.1. Optimization of ruthenium catalyzed deuteration of adehydes’

A catalyst and ligand screen was done to determine the most efficient catalyst for the
deuteration of aldehyd€3able 3). Several different catalystich ad(OAc) PdCh, Ni(acac),
[Rh(COD)CIL, [Ir(COD)CI], were explored in the reaction conditioasd gave yields of less
than 206 deuteration(entries 15). Returningto the parent catalyst RUHCI(CO)(Phwe also
tried varying ligands to probdifferent reactivity however the addition of other phosphine

ligands, NHCs or additives does not seem to influence readiatyemes5).

"Work done in collaboration with undergraduatesc IsbrandtandMohammad P. Jamshidi
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0 RuHCI(CO)(PPh3)3 (5 mol%) o
@)‘\H CD30D (5 equiv) . @)‘\D
R Ligand: Dppf/NHCs/NaX/NH4X/pyr/18-c-6 R
421 Solvent, Heat 42.2

Deuteration by "H NMR: 5-10%

Schemed5. Effect of ligands on ruthenium catalyzed deuteration of aldehydes

These resultsuggestthat it is not facile to perform ligand exchange with the ligands
already attached to the metal center. Using a slightly modified catalyst, RUHCI(Cg)(REy
discussed in Sectiok.3, gaveonly 22% vyield of the deuterated aldehy@atry 6) The use of
the parent catalyfRUHCI(CO)(PPh); or RuH,(CO)(PPh)swith the presence of acids Hé an
exchange ligandeem to give the best conversamove 70%entry 7) After screening variables
such as solvent, temperature and deuterium sources the optimal condition was found to be 5 mol%
of the catalyst in Toluene at 8G over 17 hours. ED was used as the optimal deuterium source,

but dmethanol could also be used.

Table 3. Catalyst and ligandcseen for deuteration of aldehydes

Q Catalyst (5 mol%) 9
Xr H CD;OD (equiv) N\ “p
|// Solvent, Heat - |//
R 42.1 R" 422
Entry Catalyst Ligand % deuteration?
1 [Ir(COD)CI], 0%
2 [Rh(COD)CI], PtBus <5%
3 Ni(acac), dppf 20%
4 PdCl, dppf <5%
5 Pd(OAc), bpy 0%
6 RUHCI(CO)(PCyj3)s 22%
7 RuH,(CO)(PPhs), HCI 70%

2 9% deuteration determined by '"H NMR
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Table 4 shows the variation of deuterium source content on the effect on the yield.
Conditions done with BD were screened on substrptmethoxybenzaldehydat 80°C over17h
It was found that using.5 equivalents of fD gave optimal yield of 82%. Increasing the
deuterium source even more showed a slight decrease in yield to 69%. This decrease in yield is
perhaps excessive water content in the reaction inhibit the reactivity of the catalyst.ddenditi
usingCDsOD were screened with the substrat@phthaldehyde &it00°C. The use of CEDD
required only a short time of 20 minutes to complete. However, it requires a higher temperature
and deuterium loading. The deuterium source was increased up égul@alents to reach
optimal conditions of 93%terative experiments were also done by doping the reaction vial with

additional deuterium source after evaporation of sol{@eé Experimental Sectigrfor details).

Table 4. Optimization of @uteriumsource

o 0
RUHCI(CO)(PPhs)s (5 mol%)
H Deuterium source D
Toluene, Heat
R ,
42.1 R 42.2

Entry D-Source Equivalents % deuteration?
1 D,0 2 39%
2 D,0 5 67%
D,0 7.5 82%
4 D,0 10 69%
5 CD;0D 5 70%
6 CD;0D 10 84%
7 CD;0D 20 93%

Note: Conditions with D,O: p-methoxybenzaldehyde, 80 °C, 17 h. Conditions with
CD3;0D: 2- Naphthaldehyde, 100 °C, 20min.
29 deuteration determined by "H NMR.
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2.6.1.2. Scope, proposed mchanism andlimitations’®

Satisfied with our optimal conditions, we explored skkepe of the reaction by subjecting
different aldehydes with varying functional group to test reactiyifgble 5). Electron
withdrawing Ck and donating OMeroups were tried giving yields above 60%. The presence of
a hydroxy group showed good selectivity for the site of deuteration. A few electron neutral
species were also explored with good yields in the high 60%. UsiNghthaldehydé42.2b)
gave the bst yield thus far of 93% after twiterations Current yields reportedre NMR yields
calculated with the ratio of an internal standard. Isolated yields have not yet been reported due to

the difficulty of separation.

Table 5. Scopeof deuteratedldehydes.

O RuHCI(CO)(PPhs); (5 mol%) O
@)kH DO (sequ) Q)kD
R Toluene, 80 °C R
421 17h 42.2 % deuteration
0 0 Q 0
©)‘\D D /@AD ﬁD
FsC MeO
42.2a 62%2 42.2b 81%, 93%" 42.2¢ 59%° 42.2d 67%
0 % O 0
5 D /O)J\D Meo\©)J\D
OMe HO
42.2e 69% 42.2f 66% 42.29 78% 42.2h 66%

a) 7.5 equiv D,O added
b) 2 iterations

Work done in collaboration with undergraduatesc IsbrandtandMohammad P. Jamshidi
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We proposed a possible mechanism for this transformaBioheme46). Starting with
the uthenium catalyst6.1, the aldehyde coordinates with the ruthenium center allowing the
phosphine ligand to fall off. After coordination with the aldehytie, RuH bondis protonated
from thedeuterium source such that thehrenium center is a cationic species coordinating with
a D-H ligand 46.3 Then the OB species can deprotonate the hydrogemftbe DH ligand
returning the uthenium center back to its oxidationtstaf Il. After the RuD species46.4is
formed, the aldehyde would insert in the-Bubond giving complex46.5 Finally, afterb-
hydride elimination, it would yield the final dewated aldehyde and the pareathenium
hydride catalyst would be regenesat Further mechanistic studies such as kinetic studies or

trapping of intermediates remain to be done to elucidate the mechanism.

RuHCI(CO)(PPhs)s
46.1

0]

)J\H\ -PPh,
O\‘/H b;0
SR

R
0) OD-
" )J\H XL,Ru—H
46.2
O __H
+

Ligand exchange

Protonation

(0]
LnXRunn>\—D XL,Ru R
rl| R D\lH b
46.6
R-hydride
Elimination oo
(0] H
XL, Ru—O D
’ H XLnRu“\\\\ T Deprotonation

' \_/ |
46.5 R D 464

Insertion

Schemed6. Proposed rachanism foruthenium catalyzed deuteration ddehyde
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In conclusion, #icient deuteration was achieved using facénd relatively cheap
catalyst,RUHCI(CO)(PPh)sand it was achieved using aepot synthesigith mild conditions.
Substrate scopdemonstratednoderatesuccesswith most aromatic aldehydegiowever, %
deuteration was only reported frdtd NMR and no isolated yield was reported which is a major
limitation. In addition, aliphatic aldehydes would also need further investigation for its reactivity
in this systemThis is due to the fact of someconsistencies with results and reproducibility.

Nevertheless, this work has potential to be explored further with more challenging substrates.

3. Summary and future work

In summary, three mthods of accessing aatalytic system forthe intermolecular
hydroacylation ofaldehydes to alkenesere employedFirst, reactivity between alkenes and
aldehydes were attempted with different derivatives of styrene, unconjugated dienes, terminal
aliphatic alkenes and benzaldehydes and aliphatic aldehydes. Upon apptyings c he 6 s opt i
conditions for hydroacylationf conjugated dienes to ouase of styrenes and benzaldehydes
only gave trace amount of product detectable by &ftér several rounds of screeniugriables
4% yield was obtained between a terminal tedific alkene, dbctene and benzaldehydghe
highest yield is obtained from hydroacylation between the unconjugated diene 1, 5 hexadiene
giving the corresponding product at 32%:12% ZEyield. This result indicates that the
formation of a”-allylmetal speies is pertinent for the success of the reaction. ThugHar,
choice of substrate poses limitations on substrate s€apg¢CI(CO)(PPk); remained to be the
most effective catalyst out of the other ruthenium analodgtigdoration of synthetic methods of
smaller ruthenium catalysts analogue remains to be déreesecond method that was explored

was the investigation of somerization catalyststhat can form metathydrides for
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hydrometallation. Palladium catalysts that were used in catalytic systemsetieatieveloped by
Skyrdstrup, Goben, and Mazetvere applied to our system in hopeshglirometallating and

then followed by tk insertion stepHowever none of the proposed aftstsexhibited reactivity

in the systemOther catalysts that can perform these two steps remain to be explored as it is not
covered in the extent of this researEmally, selective olefin oxidation conditions were applied

in hopes to perform the insertion step through oxidative allylatiomveder, the desired product

was not observedExtension of this work can be done by probing the difficulty of the oxidation

and allylation steand isolating intermediatés better understand the mechanism.

Another project that stemmed from the hiinoughput screening in attempts to find a
system for oxidative allylation led to the formation of a-sédfol condensation product, which is
postulated to be oxidized atitendecarbonylater decarboxylateCatalytic oxidative conditions
were applied to gai access to this synthetic pathway gmdve this oxidative theoryThe
undehydrated aldol adduct intermediate was synthesized and oxidative conditions were applied
to this substrate to test this theory. f8p evidence supported this mechanistic patharay the
yield of the desired ketone product wamproved up to 20% However,due to themore
favorable pathway of dehydration of the aldol addaretl possibly degradation, it remains a
challenge to further improve the conditions. In additibe, $cope oftis reaction is quite limited
to selfcondensation. Therefore, further work of interest could be to explore aldmsadducts
that can undergo a similar mechanistic pathway in apote@eactionln addition, investigations

towards the decarboxylative decarbonylative step remain to be done.

Lastly, in attempts to study the potential competition betweband insertion of the olefin

and aldehyde on metal hydride catalysts, deuterium labelling studies weréaonehis study,
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we conclude that the iagtion of the aldehyde into the metaldride bond is indeed an egfcle
pathway that inhibits desired reactivity. Attempts have not been made to circumvent this
competing pathway, but was worthwhile to pursue a facile method for the synthesis of
deuteated aldehydes via a ruthenium catalygawever, yields remain modest, not isolated and

scope is limited. More challenging substrates can be explored to probe its reactivity.

4. Experimental

General experimentaldetails

Unless otherwise indicated, reactowere conducted under an atmosphere of argonni 5
screwcapped vialghat were oven dried (128C). Column chromatography was either done
manuwlly using Silicycle F60 4&63 um silica gel, or using a Combiflash Rf+ automated
chromatography system withommercially availableRediSe Rf normaiphase Silica Flash
columns 8570 um). Analytical hin layer chromatography (TLC) was conducted with
aluminumbacked EMD Millipore Silica Gel 60 5 pre-coated plates. Visuahtion of
developed plates waperformed under UV light (254 nm) and/or using KMn@r ceric

ammonium molybdate (CAM) stain.
Instrumentation

'H, ¢, and®F NMR spectra were recorded on a Bruker AVANCE 400 MHz spectronikter.
NMR spectra were internally referenced to the residuakesolsignal (e.g. CDGE 7.27 ppm).
3¢ NMR spectra were internally referenced to the residual solvent signal (e.g; €DT36
ppm).*°F specra were unreferenced. DatafétNMR are reported as follows: chemical shift (

ppm), multiplicity (s = single d = doublet, t = triplet, g = quartet, m = multiplet), coupling
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constant (Hz), integration. NMR yields for optimization studies were obtainetHo)MR

analysis of the crude reaction mixture using,5trimethoxybenzene as an internal standard.

GC yidds for optimization studies were obtained via a 5 point calibration curve using FID
analysis on a\gilent Technologies 7890B G@ith 30 m x 0.25mm HP-5 column Accurate
mass data was obtained either via a Kratos Concept mass spectrometer attatvaJot L.
Holmes Mass Spectrometry Facilityr via processing of data obtained from an Agilent 5977A

GC/MSD using MassWorks 4.0 from CERNO bioscieffce.

Materials

Organic solvents were purified by rigorous degassing with nitrogen before passing through a
PureSolv solvent purification system, and low water content was confirmed by Karl Fischer
titration (<25ppm for all solvents). Water was vigorously degassed flaaat ten minutes prior

to use.All reagents, metal catalysts, and ligands were purchased from -Bilgimeh, VWR
International, or Strem Chemical Company and used as received unless otherwisAlhdted.

heterocyclic carbene (NHC) ligands were prepabrdingo the literatur&®

“Wang, Y.; Gu, M, Anal. Chem.201Q 82, 7055.
8 Bantreil, X.; Nolan, S. PNat. Protocols2011,6, 69.
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Synthesis of Hydroacylation products

o 0
H R RuHCI(CO)(PPhs)3 (5 mol%) =
ol
Toluene,120 °C, 24 h
0.2 mmol 6 equiv

An oven dried screweapped vial was charged with a magnetic bar, catalysand
solid substratewere adled The vial and contents were subjected to three cycles of vacuum and
argon under &chleck line. Fresh solvent (hL, 0.2 M) obtained from solvent purification
system was then added under ardoquid substrates wergubsequently added via micropipette
under argon. The vial was sealed witRBFEIlined screw cap and stirred vigorously (74@dn)
at the indicated temperature for A6After cooling to room temperatuiiaternal standard (1,3,5
timethoxybenzene, 060mmol in 1 mL THF)was added. Mixturgvas diluted with ethyl acetate
and filtered through a plug of silica gel (L of EtOAc eluent). Yelds were determined by

NMR.
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Synthesis of 3phenylhex5-enal

1806 =

-
23.1 23.2 Reﬂux 2h

234

To an overdried roundbottom flask charged with a magnetta §ar, commercial zinc
dust (25 mmol) in DMK25 mL) was added under argon. Allytdmide23.2(33 mmol) in DMF
(ImL) was added dropwise to the stirred suspension at room temperature. Mixture was stirred for
30 minutes, while the cinnamaldehy2f& 1 (1 mmol) in DMF (1 mL) was slowly added. Stirring
was continued until completion of reaction as indicated by TLC. Reaction was quenched with
water and extracted with ether. The organic layer was washed with brine andveni&dSO;.
Resulting residue was poentratedin vacuo and purified by column chromatograpliy0:1
Hexanes: ethyl acetatty) afford23.3as a yellow oil (0.8g, 18.5% yielthefore carrying on next

step Characterization data was in accordance with liter&ture

Excess KH in mineral oil was washed wilny THF 3 times under argo23.3 (4.61
mmol) in 10 mL of THF and 18rown6 (0.5 equiv) in ImL of THF were added at room
temperature. Mixture was heated under reflux for 2 hours and reaction was quenched with
MeOH and water at78°C. The organic layer was extracted with ether and washed with brine,
water and dried over N8O, Resulting residue was concentraiadvacuoand purified by
column chromatography to affordghenylhex5-enal23.4 asyellow oil (0.35g, 437% vyield)

Characterization data was in accordance with liter&tuitd NMR (400 MHz, CDC}) U 9.66 (t,

% Garza, V. J.; Krische, M. 1, Am. Chem. So2016,138, 3655.
8 Allin, S. M.; Horro-Pita, C.; Essat, M.; Aspinall, |.; Shah, Bynth. Commur2010,40, 2696.
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J=2.0 Hz, 1H), 7.29 () = 7.3 Hz, 2H), 7.19 (t) = 8.7 Hz, 3H), 5.69 5.55 (m, 1H), 5.04

4.94 (m, 2H), 3.32 3.23 (m, 1H), 2.80 2.67 (m, 2H), 2.45 2.33 (m, 2H).
Synthesis & [PdCI(Me)(COD)Ln] catalysts
ComplexCODPd(CHg3)(CI) was prepared frofiCOD)PdCI, according to literature procedure

asprecatalyst and characterization data was in accordance with litétature.

Synthesis of (CI)RI(CH3)(dcpe)

/N ) Me CYs>B _p-Cys
Cy—P F\’—Cy ~_ Cy;y P \C
| C + /Pd E—— / N Y3
Cy y N Me Cl
Cl  DCM,rt.2h

[Pd] Catalyst 20.1
A solution of1,2-bis(dicyclohexylphosphino)ethan@ equiv) in dried DCM (8nL) was
added dropwise into a flaglontaining [PdCI(Me)(COD)] (0.29 mmol) in DCM (&L). Solution
was allowed to be stirred for 2h before concentratingacuoto about 1mL. About 2mL of
degassed hexanes were added to recrystallize. Gray precipitate was filtrated and washed with
hexanes tgive 20.1(79 mg, 47% vyield). Characterization data was in accordance with literature
814 NMR (400 MHz,CDCl) i 2i#8i 2.27 (m, 8H), 2.08 1.80 (m, 18H)1.457 1.63(d,J =

11.6 Hz, 4H).1.157 1.40(m. 18H), 0.53 (dd] = 7.7, 2.1 Hz, 3H).

8 Rulke, R. E.; Ernsting, J. M.; Spek, A. L.; Elsevier, C. J.; van Leeuwen, P. W. N. M.; Vrieteotg., Chem.
1993,32, 5769.

8 Raebiger, J. W.; Miedaner, A.; Curtis, C. J.; Miller, S. M.; Anderson, O. P.; DuBois, D.Am. Chem. Soc.
2004,126, 5502.



Synthesis of (CIPd(CHz3)(bpy)
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Me /

—
— \\ / - A\
- N
=N N Cl Toluene, rt., 15 min /

Me

Pd

~cl

7\
N\

/

[Pd] Catalyst 20.2

To a solution of [PdCI(Me)(COD)] (0.2&hmol) in dried toluene (6nL) the diimine

ligand (1.1 equiv) was added. After stirring for 15 minutes at r.t., the volume of the solution was

reduced tolOmL and the precipitate product was filtrated. Yellow crystals were washed with

ether and dried under vacuuim give 20.2 (44 mg, 64% yield) Characterization data was in

accordance witliterature® *H NMR (400 MHz, CDC}) 19.27 (d,J = 4.6 Hz, 1H), 8.73 (d] =

5.4 Hz, 1H), 8.13 7.98 (m, 4H), 7.61 7.52 (m, 2H), 1.07 (s, 3H).

8 Klein, A.; Lepski, Z, Anorg. Allg. Chem2009 635, 878.
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Synthesisof Aldol Adduct Intermediate (2-butyl-3-hydroxyoctanal)

Q 10 mol% Proline Q ?H
H 20 mol % Triethanolamine H
H,O, r.t. 24 h
201 29.2

To a 50mL round bottom flask equipped with a magnetic stir bar, was added Proline (10
mol%) and Triethanolamine (20 mol%) dissolvedi@gasseti,O (2.5mL). Aldehyde (5 mmol)
was added to the reaction mixture at room temperature. The mixture quicklg tailkg upon
stirring vigorously. The reaction mixture was stirred at room temperature for 24 hours. After
completion of reaction, the mixture was extracted three times witClcHsubsequent washes
with NaOH,q (1 M) were done as necessary to remove.ald@ combined organic layers were
dried over MgS@, and then filtered. The filtrate was concentratedacuo.Purification was
done by column chromatography (hexanes : ethyl acetate, 10:1) to afford the corresponding

racemicsubstrateCharacterizationata was in accordance with literatife

Isomer 1:'H NMR (400 MHz, CDC}) 19.76 (d,J = 2.1 Hz, 1H), 3.98 3.91 (m, 1H), 2.42

2.28 (m, 2H), 1.79 1.14 (m, 6H), 0.99 0.84 (m, 3).

Isomer 2:H NMR (400 MHz, CDC}) i19.73 (d,J = 2.8 Hz, 1H),3.85i 3.78 (m, 1H),1.791

1.14 (m, 6H), 0.99 0.84 (m, 3).

®siedlecka, R.; Sk ar Fegahaiion Lett1900,31, 2MBochows ki , J. ,
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Synthesis of Ketone via Oxidative Decarbonylation of Aldol Adduct

0]

/\/\)J\H
29.1 Catalyst (5 mol%)
Ligand, Base
OR Oxidant o
S Solvent, 30.1
H Temp, 24 h
29.2

A screwcapped vial was charged with a magnetic bar, catalyst (5mol %), base (lequiv),
ligand (5 mol %), and oxidant (2.5 equiv) Reaction was done either underoxygen balloon
or under inert atmosphere. Fresh solventm(l, 0.2 M) obtained from solvent purification
system was then addetiquid substrates wersubsequently added via micropitgetThe vial
was sealed with #TFElined screw cap and stirred vigorously (768m) at the indicated
temperature for24 h. After cooling to room temperatureinternal standard (1,3,5
timethoxybenzene, 060mmol in 1 mL THF)was added. Mixture was dilutedth ethyl acetate
and filtered through a plug of silica gel (L of EtOAc eluent). Yelds were determined by

GC-MS Calibration Curve
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Synthesis of Deuterated Aldehydes

Q RuHCI(CO)(PPh3)3 (5 mol%) Q
H Deuterium Source D
Toluene, Heat
R R
421 42.2

With an oven dried screwapped vial equipped with magnetic stir bar, and loaded with
catalyst,andsealed with @ TFElined screw capThe vial and contents were subjected to three
cycles of vacuum and argon undeSehleck line. Fresh solvent ¢(hL, 0.2 M) obtained from
solvent purification system was then added under argonid substrates and -Bource were
subsequently added via micropipette under argbie reaction was stirred for indated amount
of time and temperatureAfter cooling to room tempature, internal standard (1,3,5
timethoxybenzene, 060mmol in 1 mL THF)was addedMixture was diluted with ethyl acetate
and filtered through a plug of silica gel (L of EtOAc eluent and concentrated irvacua
Yields determined by HNMR. Recoverydetermined from ratio of starting material and internal

standard.

For more than one iteratignsolvent and Bsourcewere pumped off via &lenk line.
When dried, reaction vial doped with additionalsBurce andadditional solvent. Work-up is

same as above

% deuteration formula:

p = z Zpnmbp
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Chapter 2: Palladium catalyzed crosscoupling reactions of sters

5. Transition metal catalysis br crosscoupling reactions

Crosscoupling reactionsare among the most important carbmarbon bondforming
reactions availableTheytraditionally occur betweearganohalide and organometallics reagents
(Scheme47). The nature of the mai is very important in determining the reactivity and
selectivity of the organometallicatalyst®” Transition metalsuch agalladum or nickelamong

othersare explored in crossoupling reactions®

1 2 M] 1.R2
R'-M +R*-X —> R'-R

Schemed7. General scheme forasscoupling reactons

The first transition metatatalyzed crossoupling of C(sp)-halides using organometallic
compounds were independently developed by Kuiffagiad Corrid® in 1972 Since these
discoveries, the development of maetatalyzed crosscoupling reactions has grown
dramatically® Among these includehe palladiurrcatalyzedStille reactionusing organotin
reagent¥ and the SuzukMiyaura couplings involvingboronic acids”® Other crossoupling

reactions have been developed giving different modes to accessGhieo@d formation. For

87 a) Boudier, A.; Bromm, L.O; Lotz, M.; Knoche| P, Angew. Chem. Int. E@00Q 39, 4414; b)Knoche| P, ed.,
Handbook of Functionalized Organometallit®iley-VCH, Weinheim, 2005 C) Lipshutz B.H in: Organometallics
in Synthesis. A Manual, M. Schlosser, ed., Wiley, Chichest&g98

88 a) Meijere, A. de; Diederich, F.; Ed8letal-Catalyzed Cros€oupling Reaction@nded., WileyVCH, Weinheim,
2004 b) J. Tsuji,Transition Metal Reagents and Catalysts: Innovations in Organic Synthéibéy,
Chichester1995

8 Tamao, K.; Sumitani, K.; Kumada, Ml, Am. Chem. Sot972,94, 4374

9 Corriu, R. J. P.; Masse, J. B.,Chem. Soc., Chem. Commi@72 144a.

L M. Beller, C. Bolm, edsTransition Metals for Organic Synthegisied., WileyVCH, Weinheim,2008

2 gtille, J. K.Angew. Chem. Int. E&ngl. 1986 25, 508.

9 Miyaura, N.; Suzuki, A.Chem Rev.1995,95, 2457
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example, palladiumcatalyzed Hiyama (orgarosilicon reagents)® Negishi (organozinc
reagents)®™ Sonogashira (alkynylcopper reagerifsroupling reactionsamong others are
valuableassetsn organic synthesis.

A general metatatalyzed crossouplingreaction mechanisns represented isScheme48.
If a M"Ln precatalyst is usedhé species has to be reduced to thactive species fiin 48.1,
but if the metal precursor starts with axidation state of zero, then no reduction is required. The
species then undergoes oxidative addition to th€ lidnd, which acts as an electrophile giving
the organometallic comple48.3 The next step involves a ligand exchange reaction, typically
transmetallation with an organometallic reagé®id, which gives comple®d8.6 Finally, the last
step is reductive elimination which provides the desired aospling product48.7, while
regenerating the active catalydthe reactivity, efficiency, and selectivity of the actmatalyst
can be tuned depending on the nature of the ligand

Mi(Ln M'=Pd, Ni

Reduction
1 1
R—g2 M'OLn Ry
48.7
. o 48.1 48.2 o o
Reductive Elimination Oxidative Addition
1 R?
R\ Ny
M M)
R2 48.6 X 48.3
M2X M2R?

S Transmetallation
Schemed8. General catalyticycle for transiton metalcatalyzed crossoupling reactions

% Hatanaka, Y.; Hiyama, TJ, Org. Chem1988,53, 918.
%King, A. O.; Okukado, N.; Negishi, &, J. Chem. Soc., Chem. Comm1#77, 683.
% Sonogashira, K.. Organomet. Chen2002,653, 46.
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5.1. Suzuki-Miyaura cross-coupling reaction

The Suzuki reaction is one of the most welbwn and efficient crossoupling reactions in
organic cheristry. In 1979 Akira Suzukiand ceworkers first reported the successftbuping
of a boronic acid with a halide via palladium (0) catalySishemet9). For this grounebreaking
discovery andts high impact in aganic chemistry, Suzukshared the 2010 Nobel Prize in
Chemistry with Richard F. Heck and-iEhi Negishi for their wek in palladiumcatalyzed cross
coupling reactions.
Pd Catalyst

R1-BY2 + R2-X » RI-R2
Base

Organoboron Species Halide

Schemed9. General sheme for SuzukMiyauracrosscouplingreaction

This couplingreaction is used to synthesipely-olefins’®, styrenes® and substituted
biphenyl$®®among other complex natural products such asiMérs  C'd gFigareBy which
is an importantrug for treating hypertensidft*

Cl

N

N

Figure 3. Structure ofCoazaar

o7 Miyaura, N.; Suzuki, A.,Chem.Rev.1995,95, 2457.

%8 Baldwin, J. E.; James, D. A.; Lee,,Metrahedron Lett200Q 41, 733

% Jiang, B.; Wang, GF.; Yang, C-G.; Xu, M, Tetrahedron Lett200142, 4083
WBaudoin, O.: GuG®a &ny.dhenD0Qp5%R68®Tr i tte, F.
1%1yasuda, N.,J. Organomet. Chen2002 253 279.
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5.1.1. Mechanism of reaction

The mechanism of this reaction followlse general catalytic cycle iScheme48, employing
palladium or nickel as theatalyst. The first step in the crosupling reaction is oxidative

addition, where the oxidation state and coordination number of a metal incigcises€50).

Y Oxidative Addition Y
M+ Y o= = M
Reductive Elimination X

Schemeb0. Oxidative addition and reductivdimination

In the context of the Suzuki reaction, the oxidative addition usually involves an aryl halide, with
the order of reactivity being | > OFf Br >> CI.1%? Besides halides, other functional groups such
as diazonium salts and sulfonates can similarly undergo oxidative addition. These are typically
referred toa s fi p s e u dlehaatiVatiod ef aryl dhalides is enhanced by the proximity of
electronwithdrawing groups rather than those with donating groups.

Thenext step idgransmetallation, whit can be defined as the transfétigandsfrom one
metal to another~or example, in a crosoupling reaction, it can be seen as the addition of an
organanetallic reagent to a palladium species. In the case of the Suzuki reactiamg kaamid
acts as the nucleophilic coupling partnerhich transmetallagewith a palladium species.
Previous studieshowedthat it could be theatedetermining step in mangrosscoupling
reactions->

The last step is reductive elimination, which is essentially the reverse of oxidative

addition where the oxidation and coordination number decreases. In contrast to oxidative

192 Fjtton, P.; Rick, E. A.J. Organomet. Chem 971, 28, 287.
“Nasielski, J.; Hadei, N.; Achonduh, G.:; KBndOmev, E.
Chem201Q 16, 10844.
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addition, reductive elimination usually is favourby electron poor metals and electron poor
ligands'®* The reaction takes place directly from-ismer of the metdigand complex and the
transisomer will only react after isomerization to the corresponding cis product. It is often
regarded as a facilergress and relatively exothermic due to the formation of the new carbon
carbon bond!®® The order of reactivity is diaryl> (alkyl)aryk > dipropyt > diethyt>
dimethylpalladiumt®®

The general mechanism of the 8kizMiyaura reaction is summarized Schemebl,
using a palladiumspeciesas the representative catalyst. The first step is the oxidative addition
into the carboshalide bond to form the oagopalladium speci€g0.3 Thena base will displace
the halogen ligand orthe speciesto provide ntermediate50.4 The next step involves
transmetallation with the boronate compXx5which is derived from a reaction with the base.

Finally, reductive Emination gives the desired produifl.9and restores the catalysd. 1

R1
R R2 PAO)Ln >y
50.9 50.2

50.1
Reductive Elimination Oxidative Addition

N
'V' (I (i)
R? 50.8 X 50.3

KOAc
AcO- B OAc X /
50 4 NaX

Transmetallatlon

R2
| KOAc ]
/B\ R fI‘BfOAc
Y Y Y
50.6 50.5

Scheme51. Representative catalytic cycle for Suziiyauracrosscouplingreactiort®

1% Hartwig, J. F.Jnorg. Chem2007, 46, 1936.

108 PérezRodriguez, M.; Braga, A. A. C.; GareMelchor, M.; PérezZTemprano, M. H.; Casares, J. A.; Uigxg G.;
de Lera, A. R.; Alvarez, R.; Maseras, F.; Espingt]JPAm.Chem. Soc2009 131, 3650.

1% Miyaura, N.; Suzuki, A.Chem.Rev.1995,95, 2457
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5.1.1.1. Activation of the catalyst

Generally, there are three choices for catalyst precursors. The most common and

inexpensive precursors fall into the category of Pd(ll) salt such as P(®AOL(PPh), and

PdCL and these species must be reduced to active Pd(0) in order to perforhesihex
chemistry. Some pathways of reduction include using boronic Hids basic amine
additives®®to reduce the Pd(ll) specieSome common Pd(0) species that exist commercially
include Pd(dba)y and Pd(PP¥), Although they are coordinativelyaturated species, they can
lose ligands upon heating in solution to make active catalieteyefore, palladium complexes

with fewer than four phosphine ligands are in genex@lereactive for oxidative addition due to

its availability toincrease cooidation number®®

5.2. Suzuki-Miyaura cross-coupling reaction of carboxylate erivatives

As seen previously, traditional examples 8$tzukiMiyaura coupling uses organoboron
nucleophiles with aryl halides as electrophilic coupling partrigngs reactivity haded to the
exploration of a broad range of starting materials including acid chldridigspesters and
anhydrides?In general, aryl halides, pseudohalides and anhydrides are reactive towards any
nucleophilic species and traditional Suzdkiyaura type ouplings have been largely limited to

those substratesTherefore other starting material alternatives were exedt. In 2000,

97Huang, X.; Anderson, K. W.; Zim, D.; Jiang, L.; Klapars, A.; Buchwald, SJ.LAm. Chem. So2003,125,
6653.

1%y oshimura, N.; Moritani, I.; Shimamura, Murahashi, SI., J. Am. Chem. So&973,95,3038.

199 Miyaura, N.; Suzuki, A.Chem.Rev.1995,95, 2457

1193) Cho, C S.; Itotani, K.; Uemura, SJ. Organomet. Cheml 993 443,253 For a review, seeb) Blangetti, M.;
Rosso, H.; Prandi, C.; Deagostino, A.; VentureifoMolecules2013 18, 1188.

1113) Liebeskind, L. S.; Srogl,,dl. Am. Chem. So200Q 122 11260. b) Prokopcova, H.; Kappe, C, Sngew.
Chem. Int. EJ2009, 48, 2276.

12Godben, L. J.; Ghosh, KAngew. Chem. Int. E@001, 40, 3458.
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Li ebeski mepadited thg use af phioester as a cimmgpling partner with boronic acid,

using palladium catalysis thepresence of Cuhiophene2-carboxylate (CuTC}Schemes2).

Pd,dbas (1 mol%)
tris(2-furyl)phosphine (3 mol%) o

0
Jé R+ Ao, %S
R™s7S THF, 50 °C, 18 h R™ “Ar W

CuTC (1.6 equiv) 75-95% vyield CuTC
52.1 52.2 52.3

Scheme52. L i e b e sskategydod csossoupling of thioesters®

Like normal esters, thioester possess a stable caddur bond and would need the
selective interaction of a transition metal to achieve selective cleavage of the-salfbotond
to form the acylpalladiunthiolate 53.1 In this caseCuTC mediates this intermediate through
interaction with the sulfur atomnd participates boron to coppetransmetallatiofSchemes3).
This system performs efficiently with the absence of a hadestrictly under neutral conditigns
which is advantageous for synthesis of basasitive compounds®® They also developed

similar transformationssingcopper catalysis™*

. Reductive
Transmetallation Elimination
Logt ArB(OH) N o
o PdL ) T QN
Yo %R w YR R

R Y R

CuTC CuSR? 53.2 52.3

53.1 ¥
' B(OH),TC

Scheme53. Formation of ketone viacylpalladiumthiolatespecies mediated by CGf*

13| jebeskind, L.S.; Srogl, J.J. Am. Chem. So200Q 122, 11260.
H4villalobos, J. M.; Srogl, J.; Liebeskind, L. 9.,Am. Chem. So2007,129, 15734.
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Il n contrast to Liebeskt middesad'gpnedn'Psteise of k
t he fiinrdsetp etnod ptolrd yuse mpf easdatrdri ngo mgt eei akces
bi aryl.Th pgacaices sdinuecek ycasal ysi detra vedti wvlephboobn
carboxylTotese mi mi ct hbearghcthiavitdgsoksuch that

cl eavage o0 btdsedh &Sar vyl )

OAc Ar
R
R Ar

54.1 4+ oByg  Ni(PCys)Cly 54.4
—_—
OPiv L A
B. B r
R.O A" 07T A R.O
54.3
54.2 54.5

Scheme54.Shi 6 s s toupirtgef hoyonid asid witke phenolicazboxylates™

Their mechanism follows the typical pathway of metal catalyzed-cagsling reaction, starting
with the oxidative addition ofiokel, followed by ligand exchange of the boron spetmegive a
six-member ring transition state5.5 Then transmetallationf the carboxylic group occurs

followed by reductive elimination to give the finatdnyl specie$5.8(Schemesb).

MQuasdorf, K W ; ,Ti aAm. XCh0oe(®sa 0 §lpdcdN2 2 .K .
18 Guan, B:T.; Wang, Y.; Li, B:J.; Yu, D:G.; Shi, Z-J, J. Am. Chem. So2008 130, 14468.
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O NiL,Cl,
R1
lreduction R! O__R

R2 hig

O NiLs 0
55.1 55.2

55.8 oxidative addition
reductive elimination

RCOO" R \/O
B
o o7 b2 QB\
55.6 B/ 0
ligand exchange 0~ _Ni—L RZ
55.4
L L
ligand exchange
R? R’
55.5

transmetallation

Scheme55. S h i diadytic cycle foiaryl synthesid!®

Gardge mon stthraatt eadmi des, al thoughf oy @ @alnldy itrerotu
cl eavageN obfontdheusd ng (Shcihcebngd’ Thayahwnsdi §irst dis
conversion of amides into esters-Nubond, NwhiStPR
i mpr essi vaen dbeesc aaursee poor el ectrophiles due to
bonMé&A "~ *oconj uglhteywnegnded this recsarabaem hondna k.
a carbon based nucleopriyl postmullaoctehtmat hodolso

oxidative addsa6.i®dn i ntermediate

"7 Hie, L.; Fine Nathel, N. F.; Shah, T. K.; Baker, E. L.; Hong, X.; YangFY Liu, P.; Houk, K. N.; Garg, N. K.,
Nature 2015,524, 79
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(Het)Ar—B(OH), Ni(cod),, SIPr 0

(2.5 equiv.) .
_B K3POy4 (2.0 equiv.) O
(Het)Ar)J\N "4 or Sl S (Het)Ar)J\Ar(Het) JU Bn
Boc toluene, H50, _ R™ "Ni-N_
(Het)Ar—B(p”’]) 50 OC, 24 h 51-95% yleld via Boc
56.1 (2.5 equiv.) 56.2 56.3

Scheme56. Gar g €ctseme focrosscoupling of amideS”

Similarly, -Warolsderaderneaiphayr tceod t ket svyikbisge shs o
cross coupl iCiNg bof de socfe i avneis dinesp &k a2t a(S ¢ & E5afE?
Their actiWNatbhioomd o fs tahmen dtghooudsx cteoptGatrhgedb suse of
as the transmeltial li anttiemr ¢ segnigd ibhted Goodtned takhcée | svealt |
i's bel i etveeld itrhsaetr tmeoiNbiomdo oclkberamiodéyCif the
di storpedntaromy by steriThiammddiogt crlteicdm oiud lxs an
theCON bond, thus facilitaltnnighd heav«xiadfatGareg
used a sterBnrN®Blodder bubok yfvadt | ki dat evehadhai tei on

Szostakos gubutpr atbé/d ilgfeosShd s ti @m properties.

o) Ni(PPhs),Cl (5 mol %) o)

LY Ph—2ZnClI
7N _ Ph
©)L’l,? + (1.5 equiv.) Toluene/THF ©)J\

rt., 12 h

51-98% yield
o o
oI
o) o)

56.2
57.1 57.2
68% yield 64% yield

NR'R"=

Scheme57.S z o s stmtkgifar crosscoupling of amides®

18ghj, S.; Szostak, MGhemistryi A European JournaR016,22, 10420
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Havieg@sacto reacpadtveantyi alifnye entcmispsaibrigsm s eact i
igives way to numerous commercially andnsynt he
Gargoéskit i s signtihfeirceanits tnoo neovtied etshcaethef r deearc
gave rise to the ket oheamdowdoarckte.r sOnu stehde na tchkeer
cross couple an ester with borThrei ¢ naeirdnetdo ag e
N i S pbeB8cwBeusl d u mdenrsgnewiatl h att h @ nb o rcoanribco naycliadt i aomd

t 0iCCbond ftoregattieondesBcbkenmgg™? oduct (

Ni(OAc), (5 mol%)
p(n-Bu)s (20 mol%)

Na,CO3 (2 equiv
i 2003 (2 equ) j.J\ C(acyl)-O cleavage with
R)J\OPh + ArB(OH) = R-Ar R” “NiOPh decarbonylation
toluene (0.25 M) )
150 °C, 24 h via
58.1 58.2 58.3
-CO

ScheonBet amc be nike darrb onryecsasuplv eng wsiaff’ sriisc k el

Love girmdigppendenydty asipmoiriggae reacti on mode
SuzdMkyaur& oapbssagwirteiacdteicoanr bonyl ati on, t hus g
spec?®else process unmeclhamssrmhat swhfeg let ariedsni c
catal yst oxi datiacegl ythbamdadglidvy & dd cwa rtbhoen yC at i on oc
mi gration ontogit\hed.§fi6 akeme ot bhyisbror oni c acid
reductive elimination thé®. 8¢bhersemai gi ng COe

toegenerate the (S4aiheikel catal yst

YMuto, K.; Yamaguchi, ,Na€CoMm@@maes, 7B08G. ; I|tami, K.
0] aBerge, N. ,Bur;. Llov eDd 40 1@B5e5m.6 .
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Ni(COD), (10 mol %)
PCy, (20 mol %)

O
B(OH), N
| Xy~ “oph * @/ | R
7 Cs,CO3 (2 equiv) N/

N 59.1 R 59.2 Toluene, reflux 59.3
' 24 h
X
: A OPh
co INi]L r '
oxidative
CO extrusion 59.4 addition
(0]
COINilLn )]\ '
59.9 Ar [I,\ll]Ln
59.5
Ar—R OPh
59.3 co (l;o CO migration
reductive | . N
elimination Ar_l[N']Ln Ar P\“]Ln co
59.8 R’ OPh
PhOB(OH), R'—B(OH),
59.7 59.2

transmetallation

Schemeb9. L ov e 6s pr op ofsreatarbomylativeacrosssupting of esters and
boronic acid¥®

5.3. Using surfactants with Suzuki-Miyaura cross-coupling reactions

In most SuzukiMiyaura reactions, an organic solvent such as toluene or dioxane are
usually used®* Rently, there have been precedenitsising water as a esolvent?? or purely
as the solvent itself for crossupling reactionsUsing aqueous medizas olious advantages
from a green chemistry point of view as it is economical, naturally abundant and

environmentally friendlylt is also notable that Suzukiyaura reactions in organic solvents

2L Miyaura, N.; Suzuki, A.Chem. Rv.1995,95, 2457.
1221j's. Lin, Y.; Caq J; Zhang S.,J. Org.Chem.2007, 72, 4067.
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take place at elevated temperatufésyhile the in the water/stactant system the reaction can
take place at room temperatut®,

The introduction of surfactants to enhance reactivity in the system is inherently unique.
Therehas been an increasing use of surfactants in industry such as paint, cosmetics, cleaning,
pulp and paper ett?® A surfactant generally is an amphiphile, consisting of hydrophilic and
hydrophobic portion. This feature enables the dissolution of viragetuble moieties in aqueous
media. As organic reactions are sensitive to solvent effects, satfaetdh varying degrees of
lipophilicity have a profound impact on metal catalyzed reactions. These surfactants have the
ability to selfaggregate to form micelles or nanoreacté?dhese nanoreactors can take form in
the shape of worm rod- or sphericalike particles. Fujita and eworkers refer to these as
Afuncti onal HfbThesec reactians aré techrickllg under homogenous conditions
taking place within the lipophilic inner core of the miceléydrophobic effects may play an
important roé in reactions that involve lipophilic substrates. The effect may influence how
molecules cluster together to reduce the amount ofpotar surface that is exposed to water or
influence the ability for the molecules to enter a separate pfiase.

There arehliree main classes of surfactants, namely neutral, anionic and cationic. They
all feature a hydrophilic head and hydrophobic tail. Some examples are illustratedimelow
Figure 4. The first exampldX-100 (F4.1) illustrates a neutral surfactant, where there is no net

charge on the molecule. The second and third exarRgl@, F4.3illustrates sodium dodecyl

1233) Hoshi, T.; Honma, T.; Mori, AKonishi, M.; Sato T.; Hagiwara H.; Suzuki, T, Org. Chem2013 78, 11513.
b) So, C. M.; YeungC. C; Lau, C. P; Kwong, F.Y.,J. Org. Chem2008 73, 7803.

2| ipshutz, B. H.; Ghorai, SAldrichimica acta 2012,45, 3.

1% g)Banat, I. M.; Makkar, R. SCameotra, S. SAppl. Microbiol. Biotechnol 200Q 53, 495 b) Rahman, K. S. M.;
ThahiraRahman, J., McClean, 34archant, R., Banat,M Biotechnol Prog2002 18, 1277.

126\/riezema, D,M.; Aragones, M.C; Elemans, J.A.A. W.; Cornelissen, J.J.L. M; Rowan, A. E; Nolte, RCHevh.
Rev.2005 105, 1415,

127y oshizawa, M.; Klosternman, J.K; Fujita, Mingew. Chemint. Ed.2009 48, 3418.

128 500mro, S. S.; Réhlich, C.; Kéhler, Kddv. Synth. CataR011,353 767
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sulfate (SDS) andCetyl trimethylammonium bromidéCTAB) respeavely. SDS bears a
negative charge on the hydroliphic head and CTAB bears a positive charge. These variations

potentially can aid in the degree of solubility of organic molecules.

Hydrophilic Hydrophobic
NN
TX-100
O\\ /7
“Sso > sDs NN
Na+ O 5
F4.2
| NN
~ CTAB +
N
r- 7
F4.3
Figure 4. Classes of surfactants usedagueous media
Il n an aqueous medium, they exhibit the Ahy

nornpolar groups to cluster together. This cluster aids to stistiblved organimolecules from
contact with the aqueous environment, should they tmiwvely sensitive to water. This is
especially useful in organometallic processes such as oxidation and reduction reactions, as they
are quite water sensitivé’

To extend this idea further, Lipshdf? and cewor ker s se't to devel
surfactants tde specially tuned for use in transitioretalcatalyzed crossoupling reactions.

The use of surfactants in metaltalyzed reactions were first explored on a series of known Pd

1291 indstorm, MarcusOrganic Reactions in Water: Principles, Strategies and Applications. \Bleykwell.2007.
1301 ipshutz, B. H.; Ghorai, SAldrichimica acta2012,45, 3.
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catalyzed crossouplings such as HegR' SuzukiMiyaura'*? Sonogashirg®as wél as olefin

cross and ring closing metathesis. These reactions have been carried out in water at room
temperature. The first generation amphiphile that was developed was PTSpaio@urfactant
(PEG600/alphaTocopherolbased diester of Sebacic acffjgure 5). 2" generation surfactants

were also developed based on the same micellar lipophilic interior, which in this dase is

tocopherol.
PTS-600 Diameter of
Vitamin E micelle
itamin
Sebacic Acid PEG-600
N
4 N\ —
f—%
7 8-10
-10nm
(0] 0J
MO/\N H
o 4 14
(0]
3
TPGS-1000 PEG-1000
Succinic Acid ——
/—%
0 12-13nm
(0] 0J
NOW o
23
(0]
O
3
TPGS-750-M MPEG-750
o —A 50-100nm
(0] 0
Aot
17
(6]
(0]
3

Figure5.L i p s h tiana & genefation designer surfactants used in ecosgling reactions
in aqueous redia>°

1311 ipshutz, B. H.; Taft, B. ROrg. Lett.2008 10, 1329.
32| ipshutz, B. H.; Petersen, T. B.; Abela, A, Rrg. Lett.2008 10, 1333.
133 ipshutz, B. H.; Chung, D. W.; Rich, BOrg. Lett.2008 10, 3793.
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As the success rat@s various crossoupling reactiongliffer in the type ofsurfactants
used, it shows that both the size and shape of the nanoparticles are significant. Coupling
reactions likely occur within the lipophilic portions of the micelles. However, there is a constant
exchange of monomeric units of the surfactant betweegllar arrays which gives the micelle a
dynamic property. Thus, the micellebds occupa
surrounding watet®*
Xin and ceworkers reported the Suzukiyaura crosscoupling between carboxylic anhydrides

anhydrides in aqueousedia using a simple PdQlatalyst to achieve the transformation at room
temperature (

Schemes0). **°

o O O
B(OH), PdCl, (1.0 mol%)
(e +
R;; Na,COgj, Solvent, r.t

R

67-92% yield
60.1 59.2 60.2

SchemeS0.Xi n 6 s frtSuzakiMiyguya crosscoupling in aqueous medfa

Their group also reported a simitaansformation with the aid of surfactant in aqueous media (

media (
X
1)
Ry Cl
0,
61.1 + R/B(OH)Z PdCl; (1.7 mol%) o
1
2) 0 O 61.3 R1)J\R2
L K,COs, H,0-SDS, 60 °C
R,” 0" R, 11-93% yield
64-2 61.4

1341 ipshutz, B. H.; Ghorai, SAldrichimica acta 2012,45, 3.
135 Xin, B.-W., Synth.Commun2008,38, 2826.
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Scheme 61). **® However, their work was strictly limited to anhydrides and acyl

chlorides.

Scheme6l Xi n 6 s ®rtSuzakiMeyguya crosscoupling in aqueous media with
surfactant®®

While many applications of the surfactant system in aqueous rhadebeerexplored
the SuzukirMiyaura couplingand amidation of estetsder this media is unprecedentékiely
due b the difficulty of reactivity of the starting materialhe C(acyly O of the ester is
significantly more challenging to cleave than anhydrides, acyl chlorides or thicester be

discussed further in Sectign

2 @P(t@u)g

Br Fe PdCl,
n B(OH),  PdCl,(dtbpf) 0 @/P(mu)z
PdCl,(dtbpf)
R, o PTS-H,0 2wt%) R
2 .
NEts (3 equiv) 78-100% yield
62.1 59.2 22-40°C, 4-20h 62.2
‘C'\Pd\)
’ [PdCI(allyl)], (0.5 mol %) H ™
Br N. cBRIDP (2 mol%) N. PdCl(allyl)]
T O e |
KOH (1.5 equiv) F>h>A<Me
R
1 PTS-H,0 (2 wt%) R Ph P(t-Bu),
rt, 0.75-23 h 31-97% yield cBRIDP
62.1 62.3 62.4

Scheme62. Li pshut z~6 de-vamlyzedcrossouplingardactidhs in agueous media
with the aid ofsurfactants’’

136 Xin, B.; Zhang Y.; Cheng K. Synthesis2007, 1970.
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Additionally, Lipshutz and ceworkers enabled the traditional Suzuki cressipling reaction
with palladium catalysis under aqueous mediih the aid of the surfactant PTSaheme62).:*’
His conditions for the transformations are not only unique in terms of the avoidance of the use of

organic solvent, but they also can be run at room temperature with excellent yields.

5.4.Pd catalysis with NHC igands

Palladiumcatalyzed crossoupling reactions have been widely used in the last 20 years not
only in the laboratory setting, but also in industry. Palladium remains one of the most popular
metals for crossoupling reactions, especially to the Suzihkyaura coupling reaction. Due to
its popularity, there have been studies done to develop new ligands to accompany the metal in
order to control catalytic performance and perhaps even selectivity. The traditional ligands such
as phosphines are goaeldonor ligad s , which are compatible wit
properties and minimize palladium precipitation. However, these ligands are generally used as
free ligands to form the agg monoligated [PdL] speciesh more efficient catalytic system
would be to sythesize the aistable and moisture stable NHi@aring palladium (II) complexes

(NHC=N-heterocyclic carbene).

1373) Lipshutz, B. H.; Petersen, T. B.; Abela, A. Rrg. Lett.2008,10, 1333.b) Lipshutz, B.H.; Chung, D. W.;
Rich, B.,Adv. Synth. CatalR009,351, 1717.



82

N-heterocyclic carbenes are a special class of carbenes that proves to be a useful moiety
for good reactivity. In 1991, ArduengBand ceworkersreported the isolation of a crystalline

NHC (Scheme63).

J— NaH, DMSO, —
+ Y e ——— N + H2 + NaCl
cr b .

63.1 63.2

SchemeB3. Ar g u e rclgeméfer systhesis ansblation of NHC ligand$®
These Nheterocyclic carbenes are not only electronically stabilized due to good orbital
overlap with the corresponding nitrogen atoms, but also sterically and kinetically stabilized given
their bulky nature. This nature workgainst dimerization of the corresponding olefin, which is
known as the Wanzlick equilibrium. As suggestedHigure 6, the lone pair of the nitrogen
donates electron density to theopbital at the C2 carbon. The adjacer¢lectronwithdrawing
a n d-electron donating nitrogen atoms helps to stabilize the structure and lowers the energy of

the occupiedzorbital. '3

pi-electron donating

sigma-electron withdrawing

Figure 6. Electron donation of a typical NHC ligafid

As suggested by the free electrons on the carbon and as illustrated by the various resonance

forms of the carbenes, they are very electron Sdinéme64). NHCs derived from

138 Arduengo, A. J.; Harlow, R. L.; Kline, MJ. Am. Chem. Sot991,113 361.
139 ing, K. B.; Smith, A. D.Chem.Commun2011,47, 373
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heteroaromatic compounds have greater stability due to their aromatiZétgse. electronics
can be tuned by changing the nature of the azole ring. Theoretically, #reobedectron

donating power would be as follows: benzimidazole< imidazole< imidazoline.

R R R
Ny N _(N
W — 50— 10
R R’ R+
64.1 64.2 64.3

Scheme64. Resonance structures of aromatic carbenes

Most applications of NHCs involve coordinating tartsition metals. Due to its strorg
donor properties into &accepting orbital of the transition metBllIHCs form very strong bonds
with most metals compared with phosphines. More details of the nature of the bonding of these
complexes have been studigglseveral groups such as Ndf&rand Cavallé* and ceworkers.
Usually, the protonated version of the NHC ligand is isolated rather than the free ligand
due to the carbeneb6s sensitivity to moisture.

by a base via deprotonation of the corresponding cationic heterocyclic azoliuScsaines5).

Free NHC ligand
65.2

Scheme6s. Deprotonation of NHC ligand by base

140D & EGomza’lez, S. & Nolan, S. FCoord.Chem.Rev2007251, 874.
141 Jacobsen, H.; Correa, A.; Poater, A.; CostabileCavallo, L.,Coord.Chem. Rev2009 253 687.
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In the context of a transitiemetal catalytic cycle, an electron rich ligand on the catalyst can
facilitate oxidative addition step where sterically hindered ligands enhance reductive elimination

step. Attaching the ligand directly on the palladium metal allows a good control of the
ligand/palladium ratio, which ultimately enhances catalytic activity. Synthesis of these
compl exes are adapted f r* startiigonitathed orrespaondiru p  p r «
[Pd(R-allyl)CI] >, dimer and appropriate NHC bgd Figure 7 illustrates the PANHC catalysts

that were synthesized for this projétt.

[\ iPr — iPr
Pro= iPr /d"‘\("‘\@\ N N/_\N ~
G GRS G

v iPrPd_iPr
iPr_Pd iPr \/ cl \/ ol
\< ci
Ph Ph
Pd(IPr)(allyl)(Cl) Pd(SIMes)(cinnamyl)(Cl) Pd(iPr)(cinnamyl)(Cl)
F7.1 F7.2 F7.3
P , . cl. cl
Pr —=— iPr iPent /—\Penti iPent>=<ipent
N_ N N N N. N
iPr Pd iPr Pd
\ i N iPent ! Pd ;
\< Cl Penti \< o Ten Penti \< - iPent
Pd(IPent)(allyl)(Cl) Pd(IPent)(allyl)(Cl) Pd(IPent)(Cl,)(allyl)(Cl)
F7.4 F7.5 F7.6

Figure 7. Structures of P&NHC catalysts

5.5.Research gals

As outlined aboveseveral groups presented different modes of reactivity forctbss

coupling of esters.Liebeskind demonstrated cleavage of a thioester followed by coupling with

142 Marion, N.; Navarro, O.; Mei, J.; Stevens, E. D.; Scott, N. M.; Nolan, S. Rm. Chem. So2006,128 4101.
143 Catalysts synthesized Bh.D student Taoufik Ben Halima. | synthesized NHC ligand precursors.
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boronic acid to giveaccess toketones. Garg and Shi reported cressupling of esters via
C(aryl)-O cleavage, forming a &yl species as the carboxylate moiety is transmetallated on the
boronic acid. Finally,the Itami and Love groups reported transformation wibserved
decarbonylationgiving access to biaryl specidhe unusual diverging reaction pathway for the
coupling of phenyl estergives an interesting contrast to-Patalyzed couplingef activated
esters, whichgives access to carbonyl containing produdBur goal was todetermine if
acylative couplings could be achieved on simple phenyl eaterdo investigate the underlying
rules that dictate selectivityThus, we wouldpresent another mode of reactivity without
decarbonylation to provide laroader rang of starting materialto give rise to more diverse

ketone prodcts.

Using high-throughput screening to miaize discovery, weexplorel a broad range of
catalysts, ligands and bases to enable this transforméfioenresults from the higthroughput
screening gave satisfactory results, we intended to do a more focused screening to optimize the
conditions.Exploration of various catalysts was also of particular interest, especially the use of
NHC on metalswhich wasdiscussed in Sectidn4. Careful choice of the metal allowglective

cleavage of the C(acyl) bond tagive thedesiredketone product.

|l nspired by Lipshutz©6 c on divityiofahe Syzukivigaurd e ci d e c
couplig and amidation of esters agueous media and sought to further explore catalysts and
vary conditions to enable our transformationder milderconditions. The use of aqueous

conditions in crossoupling reactions wilbe elaborated in Sectidh3.1

6. Results and dscussion
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6.1. Starting material preparation

The starting materials that required synthesis in this project we@ominately ester
Several substrates were designed to explore the scope of the reaction. Various esters including
electronwithdrawing, electron donating, sterically hindered and various heteroatoms were
synthesized to fully test the electronics andlpthe scope. Most esters have been previously
synthesized in literature and are made starting from the carratheravailable acyl chlorider
carboxylic acid §cheme66). Phenol was used as the coupling partner and the substituents on the

starting acyl chloride, carboxylic acid or phenol can be modified to synthesize the desired ester.

Esterification of Acyl Chloride

Phenol (1 equiv)

O DMAP (1 mol%) o)
NEt; (1.2 equiv)
rO>or Neettzeam o
66.1 DCM, rt, 16 h 66.2
EDC Coupling

Phenol (1 equiv)
EDC'HCI (1.1 equiv)
)J\ DMAP (25 mol%)
R™ "OH >
66.3 DCM, r.t

66.2

Scheme66. Methods ofsynthesis of gters

One of the substrates that diffieom theprevious methods is forming the ester and an amide
on the same aromatic rirggving 67.3 The substrate was synthesized to test selectivity between

cleavage of the acyl oxygen bond or the amide oxygen bond. The method for this molecule was
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inspired from the typical esterification reaction starting from the acyl chloride and then followed

byGar g6s pr ocedt(Sehehed?). ami dati on

0]
. OPh
1. Phenol (1 equiv) 2. BnNH5 (1.1 equiv)
DMAP (1 mol%) NEt; (1.25 equiv)
o) O NEt3(1.2equiv) | O O DCM, r.t, 1h Boc
| A -
Cl Cl Cl OPh Bl 0
DCM, rt. 2h 3. BOCzo (13 equiv)
67.1 67.2 DMAP (0.1 equiv) 67.3
DCM. rt. 16 h 11% isolated yield

Scheme67. Synthesis ophenyl 4(benzyl(tertbutoxycarbonyl)cdramoyl)benzoate

6.2. Reaction gtimization

This project initiatedvith a highthroughput screening mindset to screen as many variables
aspossible hat are pertinent to the t-thraughputfaalitpat i on.
we were able tecreen up to 96 reactions at a time. This screening led us to our initial discovery
of the possibility of the transformatiorf> The goal of this initial screening was to probe new
reactivity between substrates that can lead to @ospling reactions. A arious number of
esters were used as the electrophilic species,eakdyoronic acid, among a few other substrates
was used as the nucleophilic speci@égpical catalystsand ligandsused incrosscoupling
reactions were used in the screening(deh), Ni(COD),, Pd(OAc), Ru(Co)i», [Ru(cod)CI],

RhCI(PPh)s. Variousphosphine and NHC ligands were used, such as dppf, dppb, SPhgs, PPh

144\weires, N. A.; Baker, E. L.; Garg, N. K\at Chem?2016,8, 75.
15 nitial high-throughput screening was done by M.Sc. exchange student Inadaewiin collatoration with Ph.D
student Taoufik Ben Halima.
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IPrA H C |1 ;tol)sPdppp, BINAP and tBuxphos. Typical bases used in cross coupling reactions

were also used, namely, K&, K,COs, NEt;, C$CO; and KsPOy.

From this screening,t iwas discovered that-ditrophenyl benzoatean couplewith 4-
methoxyphenylboronic acido givethe corresponding ketone produ@8.3with the presence of
Pd(OAc) as the catalyst at 13C (Schemes8). It is interesting to note that the pardro group
on the phenolic moiety provided some reactivity as the electron withdrawing properties of t
functional group weakens the C(aef@)bond of the ester, which enhances the oxidative addition
step. Many bench experiments were ddoeoptimize the conditions further by change of
temperature, solvenligandand baseThe product yield increasedgtitly to 11% usingan NHC

ligand starting fronphenyl benzoatéSchemesg). 4

Initial hit from high-throughput screening

Pd(OAc),, (10 mol%)
dppf (20 mol%)

(0]
©)~L K,CO3 (1.5 equiv)
Toluene, H,0 (2.5 eq.) o~

130 °C, 16 h 68.3 8% "H NMR yield

After some optimization

Pd(OAC),, (5 mol%)

o /@ B(OH), [L] (10 mol%) Q
@O (j K3PO, (1.5 equiv)
THF, H,0 (2.5 eq.)

68.4A 68.5a 100 °C, 16 h 68.6Aa

When L= dppf, dppb, SPhos, PPh3, P(o-tol)s, dppp, BINAP, tBuxphos, GC yield= <5%
When L= IPrHCI, GC yield= 11%

148 Work done in collaboration with Ph.D student Taoufik Ben Halima. Visiting Masters student Irakawiiteft
and | continued optimization from her work by varying ligands on Pd(©dwcphenyl benzoate as opposed to a
nitro-group containing ester. Then, | continued to optimize solvent, temperature, base etc.
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Scheme68. Results from initial high throughput screening and optimization

After hundreds of reactions of varying temperature, solvent, base and ligands, reactivity of
the crosscoupling seems limited with Pd(OAc)or example, using a broad range of phosphine
ligands as used in the irdtiscreening had little effect on the catalyst system, giving yields of <5%
for electronically neutral starting materialdowever, byswitching the phosphine ligand to an
NHC ligandunder the same conditions | P r A H C yielg upsohl1&%This weae likely due
to the good electron donating properties of the NHC ligands. Therefore, researcloneato

synthesize a more activatalyst as outlined in Secti®.

After many morereactionswith PNHC ligand combinationsthe desired transformation
was optimized to high yield¥ey results are highligetin Table 6. Other palladium catalysts
such as Pd(dbg)PdC}, and PACGACOD) were tried with limited success with yields renragn
less than 20% (entries-@). [Pd(allyl)Cl;], and [Pd(cinnamyl)Cj}], are common precursors to
many PdNHC ligands and are effective in traditional SuzMijyaura coupling reactions’
From these precursors, exploration of NHC ligand and catalysts wasAlooetrol experiment
using [Pd(cinnamyl)G], without ligand waslone with signiftantly low yield of 6% (entry )/
Using various NHC in combination with [Pd(cinnamybgl we found thatl Pr A&hg |

SIMesA H ®IHC ligands worked the best improving yields over 2@¥tries 811).

147 Marion, N.; Navarro, O.; Mei, J.; Stevens, E. D.; Scott, N. M.; Nolan, S. Rm. Chem. So2006,128, 4101.
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Table 6. Ligand reeningfor SuzukiMiyaura coupling of sters

(0]
+

[Pd] (5 mol%)
Ligand (y mol %) (0]
K3POy4 (1.5 equiv)

H,0 (2.5 equiv) O O

THF, 100 °C, 16 h

68.4A 68.5a 68.6Aa
Entry Pd source Ligand y Yield
Structures of NHC ligands:
1 Pd(OAc), IMes*HCI 10 13%
2 Pd(OAc), IPreHCI 10 1% I\
NN
3 Pd,(dba); IPreHCI 10 16% ®75
Cl
4 [Pd(allyl)Cl], IMes*HCI 10 <5%
SIMes HCI
5  PdCl, IPreHCI 10 18%
6 PdCl,(COD) IPreHCI 10 10% N’\_N‘ i
®\/
7 [Pd(cinammyl)Cl], N/A N/A 6% Cle
8 [Pd(cinammyl)Cl], IPreHCI 10 21% IMesHCI
9 [Pd(cinammyl)ClI], SIMes*HCI 10 25% iPr //\ fPr
N _N
10 [Pd(cinammyl)Cl], IPreHCI 5 59% g oY
iPr Cle iPr
11 [Pd(cinammyl)Cl], IMes*HCI 10 10%
IPrHCI
12 pd(IPr)(cinammyl)Cl  n/a n/a 95%
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After identifying the best NHC ligands3ye pr oceeded to wuse Nol ¢
discussedin Section 5.4 to synthesize RH8IHC catalysts. Synthesized catalysts include,
Pd(Pr)(Cinnammyl)Cl, Pd(SIMes)(Cinnammyl)Cl, P#r)(allyl)Cl, Pd(IPent)(Cinnammyl)Cl
Pd(IPent)(Cl)(Cinnammyl)Cl Figure 7). Using cinnammyl ashe coordinatingallyl moiety;,
seems perform better than just an allyl species, which gave an yield of only 47% (entry 3).
Furthermodifications of the NHC ligand on the palladium species bearing the cinnammyl moiety
gave more promising resultdSIMes)(Cinnammyl)Cland Pd(Pr)(Cinnammyl)Cl show
promising and similar results giving 93@ntry 6) and 9% (entry 9)yields respectively at 100
°C, at which the temperature most dfet initial screening was donk was found that lowering
the temperature to T did not have an impact on the yi€ltable 7). Interestingly, modifying
the NHC to IPent derivatives exhibited low reactivity giving yield less than 25% (E«@&y\W8e

conclude that Pd&ler)(Cinnammyl)Ciwas the best catalyst for this transformation.

Table 7. Catalyst and temperature screenioigSuzukiMiyaura coupling of sters
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[Pd] (5 mol%)
O Ligand O
K3POy4 (1.5 equiv)

HO),B
OPh+( )2 \© H,0 (2.5 equiv) - O O

68.4A 68.5a THF, 16 h 68.6Aa
Entry Pd source Temperature (C °) Yield
1 Pd(IPr)(cinammyl)CI 80 76%
2 Pd(SIMes)(cinammyl)CI 80 74%
3 Pd(IPr)(allyl)ClI 90 47%
4  Pd(IPr)(cinammyl)ClI 90 95%
5  Pd(IPr)(cinammyl)CI 100 95%
6 Pd(SIMes)(cinammyl)CI 100 93%
7 Pd(IPent)(cinammyl)ClI 100 24%2
8 Pd(IPent)(Cl,)(cinammyl)CI 100 2%2
9  Pd(IPr)(cinammyl)ClI 100 94%"
10  Pd(IPr)(cinammyl)ClI 90 91%°

@Reaction run for 2 hours.
PReaction with 3 mol% catalyst loading.
°Reaction run for 2 hours with 3 mol% catalyst loading. Isolated yield.

A variety of solvents were screened including polar;palar solvents and organic and aqueous
(Table8). Theredoes not seem to bdrand in the typefosolvent usedSolvents such as MeCN
and DCE araot compatible with this system, giving yields <5% (entries 3, 5). Toluémere:
andnotablywaterare more compatibleok/ents giving yields of 70%, 67% and 57% respectively

(entries 2, 4, 6)THF remains the optimal solvent of choice giving up to 94% Yehdry 1)

Table 8. Solvent screefor SuzuktMiyaura coupling of sters
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[Pd(IPr)(cinammyl)ClI], (3 mol%)

O K3PO, (1.5 equiv) O
O)‘\Oph (HO),B H,0 (5 equiv) ‘)‘\‘
+ \© Solvent, 100 °C, 16 h O O
68.4A 68.5a 68.6Aa
Entry Solvent Yield
1 THF 94%
2 toluene 70%
3 MeCN <5%
4 dioxane 67%
5 DCE <5%
6 water 57%

Base seems to have a profound impact on the catalytic sysspecially in théransmetallation
step In the traditional Suzuki reaction, the role of the base is consideract tike an anionic
species such d30-, but other baseare possible. There are two possible pathw&ghemes9)

that can explairthe role of the base.akh A suggests that the anionic base participates in an
exchange of a halogen or triflate in the Pd comp@x3formed after oxidative addition. It
case, the base must have significauntleophilicityto displace the X group acting as the leaving
group.This intermediate then proceeds to react with the boronic acid thtargimetallatiorio

give 69.5 Path B suggests the formation of a quatgrbaron specie69.4with the base, which
can be associated with fasligand exchanges duriigansmetallation**® Keeping this in mind
seveal bases typically used in thesmsscoupling reactions were screené@lable 9). Use of

NEt;, CsCQ, and tBuOK gave poor yields from the-20% rangdentries 2, 4, 5)KHPO, and

18| ima, C. F.R. A. C.;Rodrigues, A. S. M. C.; Silva, V. L. M.; Silva, A. M. SSantos, L. M. N. B. F.
ChemCatChen2014,6, 1291.
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K>CO; gave moderately high yields of 60% and 88% respectively (entries K3y was the
optimal base in this reactiofentries 68). Its superiority of this base over the other bases could
be due differences such as solubility, pkb and particle Bexorming a bit further optimization,

we concluded that the amount of base wavagieto the experimental conditions

L
P R—pPdl-L+ 692 + X
o ! '
L OH L
] 69.3 - [B](OH) ]
R'—Pd'-L* R—[B] + HO X R'—Pd'—L
| |
X 69.2 R
pex + -
69.1 28 69.1 *+R—[B](OH) 69.5

69.4

Schemes9. Role of the bae in possible pathways duringriismetallatiot®

Table 9. Base screefor SuzukiMiyaura oupling of esters
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+

Pd(IPr)(cinnamyl)(Cl) (3 mol%)

95

Base
H50 (5 equiv)
THF, 100 °C, 16 h

68.4A 68.5a 68.6Aa

Entry Base equiv Yield
1 KoHPO, 1.5 60%
2 K,CO3 1.5 88%
3 ‘BuOK 1.5 10%
4 Cs,CO; 1.5 26%
5 EtsN 1.5 7%
6 K5POy4 1 75%
7 K3PO,4 1.5 94%
8 K3POy4 2 77%
9 No base N/A <5%

The presence of water in this reaction potentially could have several differentTioéesfore,

the amount of water as an additive was screénable10, entries 13). Onepotential role of the

water is to aid in the dissolution of the baaad thus aiding in the formation of the boronate

from boronic acidor to form the active palladium hgakide after oxidative additioWater can

also dissolve any potential {products (salts) in the reactions, which can help push the reaction

equilibrium forward*° A control experiment was done to verify the necessity of water and the

yield was only 60%ri the absence of water as an addifestry 4).In our reaction, w found

that 2.5 equivalentsf water wereenough toincrease yield to 94% (entry.1yarious other

additives were added in attempt to improve reaction yidddAP, a common activator of

149500mro, S. S.; Réhlich, C.; Kohler, Kidv.Synth. Catal2011,353 767.
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esters;>’and st additives such as LiCP'and KF>*that are commonly used as additives in

SuzukiMiyaura cross coupling reactiorseemed to have a negative impact on the catalytic

system (entries-3).

Table 10. Additive screerfor SuzukiMiyaura coupling of sters

OPh (HO)2B\©
.

O

Pd(IPr)(cinnamyl)(ClI) (3 mol%)
K3PO4 (1 5 eqUiV)
Additive

THF, 100 °C, 16 h

0]

68.4A 68.5a 68.6Aa
Entry Additive Amount Yield
1 Water 2.5 equiv 94%
2 Water 5 equiv 93%
3 Water 20 equiv 64%
4 No additive N/A 60%
5 Licl2 30 mol% 76%
6 DMAP? 30 mol% 28%
7 KF@ 30 mol% 71%

8Reaction with 5 equiv of water.

6.3. Scopé>?

1%0B Neises, W. SteglictAngew. Chem. Int. EA1978 17, 522.
151Boruah, P. R.; Koiri, M. J.; Bora, U.; Sarma, Detrahedron Lett2014,55, 2423.
152 Bernhardt, F.; Trotzki, R.; Szuppa, T.; Stolle, A.; OndruschkaB&ilstein Journal of Organic Chemist2p10,

6, 7.

133Work done in collaboration with Ph.D stent Taoufik Ben Halimd.was responsible for synthesizing and
isolating starting material esters, while Taoufik isolated the ketones product from theaupbsg reaction.
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6 8P& | so showed wioE%,r edad% r ersd o6 vcehl vi,s r ar e
chemi™®™Eiryal ly, having both cdoompaotniengt8sgscoouapn a(i n
el eecrtircoon andvi € hdc tawoorg j®&I8Gapu, p loérctnvai 6 Mdr awi ng gr
68GK were ad)] wiol er atfe olme thewytiCaHl Wisng ester

containing boronic acid.

Comparing yields of these identical pr oduc
Sshowst tahtaftiheyitebé reaction I s more sensitive
acid than tBeestanohioagi eEtleence of s uBblstt riast e
i nteresting htid eobesfdrivwd etntatre&taccommar &falne bei @lb
the starting ester has an e68EHr 8@ ¥080GmEEt i n g
87%), changing the electronics on the boronic
the vyield. Using an electron donati®@8A®@) oup,
yield while replacing the famcteil-ectdthomasvupgot
grquponly gi6v8As6y)iael7dl %even with higher catalys

ti me.

1543) Shimizu,R.; FuchikamiT., Tetrahedron Lett1996 37, 8405. b)Shimizu,R.; FuchikamiT., Tetrahedron Lett.
2001, 42, 6891. c)Medio-Simon,M.; Mollar C., Rodriguez N.; AsensioG., Org. Lett.2005 7, 4669. d) Wu
X.-F.; NeumannH.; Beller M.; Adv. SynthCatal. 2011, 353 788. e)lshiyamaT.; Miyaura N.; SuzukiA.,
Tetrahedron Lett1991], 32, 6923.



Table 11. Synthesis of &tones via SuzukVliyauraCoupling of esters

Pd(IPr)(cinammyl)CI (3 mol%)

0 K3POy4 (1.5 equiv)
PR (HO),B H,0 (2.5 equiv) o
R” Soph * (Het)Ar k
THF, 90 °C, 2 h R™ “(Het)Ar
68.4 68.5 68.6
o o o 0o
SRS
OMe 0
68.6Aa 91% 68.6Ab 84% 68.6Ac 87% 68.6Ad 95%
0 o) O o
OMe
DA OA® O o A
OMe OH
[¢]
68.6Ae 93% 68.6Af 58% 68.6Ag 79% 68.6Ah 77% ©
(0]
(0] o o o (e} OMe
sacl Qo0
68.6Ai 71%? 68.6A] 91% 68.6Ak 76% 68.6Al 80% 68.6Ba 81%

68.6Ca 93%

68.6Da 78% 68.6Ea 94% 68.6Fa 85%
(6] o (0] [e] (e}
N B
FiC o Me,N N
68.6Ga 87% 68.6Ha 81% 68.6la 60% 68.6Ja 83% 68.6Ka 92%
(e} Ph (o] (0] (6] (0]
0,
68.6La 75% 68.6Ma 56%" 68.6Na 66% 68.60a 74% 68.6Pa 42%
(0] (0] (0] 0
MeO O O OMe MeOCF3 F3COMe F3CCF3

68.6Fe 79% 68.6Fi 30% 68.6Ge 97% 68.6Gi 63%

80.05 mmol Pd(IPr)(cinammyl)Cl used. Reaction stirred for 16 hours. bReaction run for 16 hours at 100 °C in dioxane.
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6.3.1. Aqueous onditions for Suzuki-Miyaura coupling reaction

It is interesting to notéhat duringthe solvent screefor the SuzukiMiyaura coupling of
estersthe transformation wadke to take place in pure water at a moderate yield of @&#le
8, entry 6) Taking this resultwe decided to apply Lipshutike conditions on ourystem by
utilizing the surfactanwater combinationas discussed in Sectidh3 **° Starting from the
optimized conditions under organsolvent, we r@ptimized the reactionnder aqueoumedia
(Table 12). The addition of surfactants dramatically increased the yield from 57% to high 80%
yields (entries 110). Increasing the temperatufiem 100°C to 120°C with the presence of
surfactants sams to be detriment&ab the outcome of the reactig¢antry 4, 5). This decrease in
yield is likely due to the inability to form micelles as efficiently at higher temperatDitsrent
designer surfactants such as Brij30, TridbiM, SPGS550M and TPGS/50-M were screened
and all gave good yieldgntries 2, 810). As discusseih Section5.3, the size of the monomeric
unit of surfactant will influence the dianegtof the subsequent micelle formation, which would
influence the rate of reactioBifferent surfactants will give different diameters of micelles upon
its formation in waterThe optimal concentration of the surfactant was found to be 2 wt%, which
is in accordance with literatur®® This is the critical micelle concentration, in whidk the
concentration required to form micelledl/ith this concentration of the surfactant present, it
renders concentrations of reactants higher than in organic solvenbragyg molecules closer

together due to the hydrophobic effect.

55| ipshutz, B. H.; Ghorai, SAldrichimica acta2012,45, 3.
16| ipshutz, B. H.; Ghorai, S.; Abela, A. R.; Moser, R.; Nishikata, T.; Duplais, C.; Krasovskiy, A.; Gaston, R. D.;
Gadwood, R. CJ. Org.Chem.2011,76, 4379



101

Overall, reaction outcomesat lower temperatures are competitive with those at higher
temperatures. This theory is proven correct in this transformation as optimized conditions in
organic solvent require up to 9G whereas only 68C under aqueous mediathe presence of
surfactats. As designer surfactants are quite costly, we tried cheaper variations such as
Polyethyleneglycol derivatives as they have been shown to enable the traditional Suzuki
MiyauraCoupling in wateentries 37). >’ To our delight, PEG1000 gave promisinglgi of 75%

yield (entry 4)

157Xiang, L.; Xiaohua, Z.; Ming, L.Appl. Organomet. Cher2013,27, 615.
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Table 12. Surfactant sreenfor SuzukiMiyaura coupling of sters

0 Pd(IPr)(cinnamyl)(CI) (3 mol%) o
Base (1.5-3 equiv)

HO),B
oph, (HO) \© Surfactant (2 wt%) O O
+
100 °C, 16 h

68.4A 68.5a 68.6Aa

Entry Surfactant Base Yield
1 None K3POy4 (1.5 equiv) 57%
2 Brijag K3POy4 (1.5 equiv) 96%°?
3 PEG,q0 NEt; (3 equiv) 85%°2
4 PEG1q00 K3PO4 (1.5 equiv) 75%
5 PEG 1000 K3POy4 (1.5 equiv) 69%°
6 PEG1000 NEt; (3 equiv) 96%*
7 PEG.000 K3POy4 (1.5 equiv) 80%
8 Triton-X-M K3POy4 (1.5 equiv) 74%
9 SPGS-550-M K3POy4 (1.5 equiv) 22%
10  TPGS-750-M NEt; (3 equiv) 93%2

a Reaction done at 80 °C. ® Reaction done at 120 °C.

Structures of Surfactants:

H
oy oYy o H{y~J0 o
O\) O\) i H/{/ \/\l\OH
. n
Brij 30 Triton-X-1E)0 ) PEG(n)
@)
0] 0]
o @)
(@)
O~YocH,
o) 12
SPGS-550-M TPGS-750-M
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Typical bases used in the Suzbkiyaura coupling reaction under aqueous conditions
were screenedith the presence of PEgo (Table 13)."°® The role of the base plays the same
role as it does under ongia conditions. Most basesich as KPO, (entry 1), KOSiMg (entry 3),
and KCO; (entry 4)gave poor yields of less than 10%l@ver temperature at 5, with the
exception of NE4, giving a yield of 91%(entry 8) Increasing the temperature from ¥Dto 80
°C, yields increased significantly from 4% to 87% in the case »6fQ% (entry 5) Only NEg
gave good yields at a lowesrhperature and thus it was found to be the optimal base °at, 60
giving yield of 96%(entry 7) The use oNEtz in L i p s h u tcauplingcreactisns in agqueous
mediais precedented\Et; was found to be the optimal base in this reaction perhaps due it its

compatibility with water and minimizes competing hydrolysis of the é3ter.

18| ipshutz, B. H.; Petersen, T. B.; Abela, A, Rrg. Lett. 2008 10, 1333.
1391 ipshutz, B. H.; Chung, D. W.; Rich, BAdv.Synth. Catal2009,351, 1717



Table 13. Base sreen under aqueousrditionsfor SuzukiMiyaura coupling oksters

0]

Pd(IPr)(cinnamyl)(Cl) (3 mol%)

(HO),B Base Q
OPh \© PEG1000 (2 Wt%) O O
50 °C, 16 h
68.4A 68.5a 68.6Aa
Entry Base equiv Yield
1 KsPO, 1.5 1%
2 KOH 1.5 52%3
3 KOSiMes 1.5 6%
4 K,CO; 1.5 4%
5 K,COj 15 87 %32
6 EtsN 1.5 93%P
7 EtzN 3 96%"
8 EtsN 3 91%
9 No base N/A xx%

3 Reaction done at 80 °C. ® Reaction done at 60 °C.
Once the reaction conditions are optimized, we looked at a brief scope of this
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transformatiorto investigate théolerance of functional groupsder aqueous conditions and to

compare results to those under organic conditidasying the groups othe boronic acid side

gave comparable yields as shownTiable 14. The yields obtained thus far under aqueous

conditions aréH NMR vyields as we are in the progress of exploring different substrates under

this condition. More studies under organic condgi@iso remain to be done in order to better

understand the mechanism of this transformation. However, these results op@nonpsing

possibility to pursudgransformations that perhaps cannot be done under organic conditions. It is
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also notable that thgields are still comparabl® that of organic conditiondespite the lower

temperature, showing thedfectiveness of the surfactanater system.

Table 14. Boronic acid scope of SuzuMiyauracrosscouplingof esters under aquesu

conditions
0) Pd(IPr)(cinnamyl)(CI) (3 mol%) o)
NEt; (3 equiv)
©)‘\0Ph (HO)2B\© PEG1000 (2 Wt%)
+
R 60 °C, 16 h R
68.4A 68.5 68.6
. (Aqueous Conditions) (Organic Conditions)
Entry Final Product 1H NMR yields Isolated Yields
(0]
68.6Aa
(0]
68.6Ac OMe
(0]
., ™
68.6Ah
(0]
(0]
68.6Ai CFs
(0]
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6.3.2. Limitations

There were several esters starting material and boronic acidseteanot compatible in
our SuzukiMiyaura coupling of estersvhich are summarized ifable 15. While exploring the
scope of the reaction, it was observed thl&ylboronic acids were not compatible as they are
less reactive than arylboron derivasvdikely due to its difference in éir rates of
transmetallation(entry +2).**°It attempts to broaden the scopehbmfronic specieshat could
potentially exhibit reactivity in oureaction system;rifluoroborate68.50and pinacol boronic
ester68.5p were used with limited success. Theseobospecies have been used successfully
during thetransmetallatiorstep in crosgoupling reactiond®For exampl e, Gar go6s
coupling strategy involves cross coupling of amides and pinacol boronioes$i@ronic acicas
discussed in Sectioh.2 However, upon applying our reaction conditions, it was found that
68.50and 68.5p also exhibit low reactivity in this coupling of esters giving yields of only 25%

and 13%of respectively under optimized conditiofisable15, Entry 3,4).

%0 Doucet, H. Eur. J. Org.Chem.2008,2008 2013.
81| ennox,A.; Lloyd-Jones, G CChem. Soc. Re2014,43, 412.



Table 15. Substrate and boronic acid scréenSuzukiMiyaura coupling of sters

0 Pd(IPr)(cinnamyl)(CI) (3 mol%)
K3POy4 (1.5 equiv)

OR H,O (2.5 equiv)
+ Organoboron -~
Reagent THF, 90 °C, 16 h
68.4 68.5 68.6
Entry Ester Organoboron H NMR Yield
1 68.4A (HO),B 68.6Am 0%
68.5m
2 68.4A (HO),B_~_~ 68.6An 0%
68.5n
O
K® BF3
3 68.4A 68.50 68.6Aa 25%

4 68.4A
5 0~ CF,4
68.4Q
0

68.4R

Y

o. O
68.5p

N7

68.5a, PhB(OH),

68.5a, PhB(OH),

68.6Aa13%

68.6Aa 47%

68.6Aa 0%
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The outer shell ofneutralboron can engage in three’dpybridized bonds, giving the
expected trigonal planar geometry. The resulting vacaotbpal on the orthogonal plane
dominates the reaeity patterns of the boronic reagenésd accepts electrons from Lewis
bases®? During the transmetallation step diet Suzuki Miyaura coupling of esters, it is thought
that it proceeds through an epglladium intermediat@0.2 (Scheme70).*®* For a boronic acid,
the geometryis the expected trigonal planar geometry and is a good Lewis acid especially in the

presence of water, which in turn favors the transmetallation step.

ArB(OH),
O>_[P6C')']P halics O}— pal~
) PAT on
R --oPh R “ B
70.1 Ar/ \OH

70.2

Proposed oxy-palladium intermediate

Scheme70. Intermediate of transmetallation step in SuzMikyaura cross coupling

On the other hand, organotrifluoroborates are tetrahedral in geoiewsgver, upon the
presence of water, they can easily form the corresponding basoic which can undergo
trarsmetallation’®* Ac c or di n g nucleophNtiyyscaie®® organotrifluoroborates are
about three to four orders of magnitude faster than boronic ester in terms of reagtidty is
somewhat consistent with the observatideverthelessboronic acid shws to be superior under
our reaction conditiongnd further investigation remains to be done to understand the different

reactivity of boron species in our chemistry

1821 ennox,A.; Lloyd-Jones, G CChem. Soc. Re\2014 43, 412.

%3 Braga,A. A. C.;Morgon,N. H.; Ujaque G, MaserasF., J. Am.Chem. S0c2005,127, 9298.

1541 ennox A. J. J..Lloyd-JonesG. C, J. Am. Chem. So2012 134, 7431.

185.3) Berionnj G.;Maji, B.; Knochel P; Mayr, H., Chem. Sci2012,3, 878 b)Lennox,A.; Lloyd-Jones, G C.
Chem. Soc. Rex2014 43, 412.
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Several esters of varying functional group were synthesized and applied in our system to
investigate their reactivity. There were a few limitations on the type of esters that were used
(Figure 8). Halogenfunctional groupson the ester starting materidlat are further down the
periodic tablethan fluoride such as bromidé8.4Sand dloridesare not toleratetikely due to
the competing oxidative addith reactions with the Pd centdihiozole containing este88.4T
was not tolerant, perhaps due to cetipy GH activation on the thiozole ring. More hindered
substrates such ghenyl 2,4,érimethylbenzoaté8.4U did not work in this reactiopossibly
due to steric hidrance. Conjugated carbon§B.V was not successfupossibly due to other
competing pdtways. A nonphenolic leaving group hexafluoropropai2-yl 68.4Q was
employed, showing lower reactivjtgiving yield of 47%(Table 15, Entry 3). Employing a
benzyl group on the phenolic leaving group of the €6@#A R) hindered reactivity as the bond

is much more challenging to clea{/ablel5, Entry 4)

o)
(@) OPh 0 OPh o OPh
Q Q 0 : “Oph ;
Sad e .
Br S B ° O
68.4S 68.4T 68.4U 68.4V 68.4W 67.3

Figure 8. Esters that exhibit loweactivity in the Petatalyzed crossoupling of esters

Inspired by Itami®® and Garg'®’ a few unique molecules were synthesizedtest
chemoselectivity in oxidative Ppasskssésipwvalatest ep
functional group on the phenyl esté8.4W. Their group showed that their nickel catalyzed

dearbonylativecrosscouplingdemonstrated selectivity in the activation of phenyl ester moiety,

%8 Muto, K.; Yamaguchi, J.; Musaev, D. G.; Itami, Klat Commur2015,6.
%7\Weires, N. A.; Baker, E. L.; Garg, N. K\at Chen016,8, 75.
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forming the desired product in good yieldpon applying our system, wdbserved a mixture of
products Not only was there reactivity for the desired bond clgavat theC(acyl) O, but there
was also cleavage of theg(acyl) O of the pivalae. Therefore, ar system however failed to

show seletivity for our desired cleavage position

Another ester67.3 that possesses a benzylbNc group wassynthesized due tché
inspiraton from G a rs @guazuki coupling of amides. Starting fronteaephthaloyl dichlorideve
were able to successfully functionalize one side with the phenyl ester and the other side with the
N-Boc benzyl groupHowever, sibjecting this molecule undeur optimized conditionsgain
failed to show selectivityas a mixture of substrates was observed from the cleavage of the
C(acyly O, and also cleavage of C(adyj) bond.From these two experiments, it showattour
catalyst is unselective towards thesided bond cleavage and may be too reactive toward these

substrates

7. Robustnessstudies

Synthesis of ketones with carboxylic acid derivatives are well established with a wide variety
of substrate, catalyst and nucleophile combinatisrdiscussed in Sectidn2 Therefore it is
worthwhile to consider the meritsf our new method of accessing ketones. A key advantage of
the method is the abilittp cleave relatively strong bondslectivity, which is desirable in muki
step synthesisTo compare the robustness of many acid derivatives that undergo acylative
coupling, competitive methonolysis experiment was done. We were particularly interetted in

robustness obur phenyl ester starting material compared with other bonds of similar nature.

Conditions forthis experimentver e adapted fr om Bmahanwlgsisol 6s pr ¢
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phenyl esterd®® The following substratesiere subjected to thesermditions in the same pot
benzoic anhydridd=9.1, pyridin-2-yl benzoateF9.2, 2,6-dioxopiperidinl-yl benzoateF9.3 s
phenyl benzothioatE9.4 and henyl benzoaté8.4A. The disappearance of the starting material
was monitord over96 hours Quantitative disappearance was measured by integration ratios on
the GGMS relative to an internal standard. The ratios were then normalizesitkothe relative
percentage ofubstratever timeas it is being consumd&eeTable 20 in ExperimentalSection

11.4).

Figure 9 shows the resulting order of degradat By taking the log values of the
experimental data, the rate of' brder degradation can be better visualizedFigure 10.
Applying linear regression, this rate could be approximated from the slope of the"€iiHuis.
is with the assumption thaéhe reactionfollows first order kinetics with respect to tk&arting

ester and product artdatthe degradation of each substratemdependent of one another.

O O o) O 0 O o) o)
©)J¥o)k© > ©)J§o SN Q)E‘\l\)j > ©)»‘sph > @oph
0
F9.1 F9.2 F9.3 F9.4 68.4A

Time
for disappearance: 10 min 1 hr 4 hr 24 hr 96 hr

Figure 9. Scale of relativeateof degradation

%8 watson, D. A.; Fan, X.; Buchwald, S. l.,Org. Chem2008,73, 7096.
189 Graph is a representation of relative order of degradation of substrates, so rates are only approximations. Where
linear curve y=mx+b, m= k (rate constant)
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Comparative rate of 1 order degradation
35
3, ¢ Phenyl Benzoate
y=4.9%
25 y=1.0¢ l S-phenyl benzothioate
s 0 e
S 2k Benzoic anhydride
17 y=0.2x
EL K
% 1.5- X Pyridin-2-yl benzoate
< —7/ y = 0.05x y y
T 1 {= * o
_' X 2,6-Dioxopiperidin-1-yl
05 benzoate
<
O T T T T 1
10 20 30 40 50
-0.5 X
Time (Hours)

Figure 10. Comparative ate of1® order degradation

F9.1 was unsurprisingly the first to convert into the methyl ester within the first 10 minutes
of the reaction, as it possesses the weakémtyly X out of the substrates in this reaction and
the carboxylic acidnoiety is an excellent leaving group compared to the others. The rate of this
disappearance is not reported due to the speed in which it disappeared as it only provided two
points. The second weaké&3facyly O out of these substrates was thaF6f2, which degraded
with arateconstaniof 4.8 hr?, disappearing within 1 hour. The nitrogen on the pyridine of the
aromatic ring is electronegative, which renders the leaving group more electrons défftogent.
third substraté9.3 disappeared at a rate constant dirt, which took 4 hours to completely
disappear. In general, the®O bond of an amide is relatively hard to cleave as the nitrogen on
the cyclohexane ring donates some electron density to the carbonyl through dbdond.

However, the steric distortion of the amide also contributes to the weakening of the bond
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compared to typical amides. The cleavage of this substrate was explored by ‘Szastake

workers as discussed earlier in Sectch

The second slowest conversiorF&4 with a rate constant &f.23 hr?, disappearing after 24
hours The cleavage of the C(acy®) bond has been explored in thiebeskind Srogl couplhg
as discusseth Section5.2 The nature of the bond betwearthiosester and phenrgbter § the
most similar as thé-donating ability of bothattachedsubstituent aids in the silibation of the
carbonyl groug;*but F9.4 may havepoorer orbital overlap and weaker bargithan 68.4A
Therefore, compared to phenyl este®,4 is more prone to degradation than phenyl e88s4A

The phenyl ester hadrate constant of 0.0B6r, which is about four times slower th&@ 4.

This experimental evidence gives insight to the differing electrophilicity and stability of these
crosscoupling precursordt is impressive that the phenyl benzoate shows tthéenostrobust
and resistant tolegradation at such a magnitude compared to the other substrates, as it proves
that cleavage of the C(acyd bond is not trivial. Thefere, the development of our catalytic

system igyivesa uniquetransformation that iselective to the cleavage of this particular bond.

8. Electronic influence and proposed mechanisi?

A rigourous mechansitic invsetigatidras not been studied yet, but a reasonable reaction
mechanism can be proposed by the observed traNdspropose a catdlg cycle that is
analgous to PRdatalyzed crossouplings. The Pd(ll) precataly$t7.3 is reduced by the

phenylboronic acid to provide monoligated IPrPd(0) which may oxidatively add to the C(acyl)

""Meng, G.; Szostak, MQrg. Lett.2016,18, 796

" Hadad, C. M.; Rablen, P. R.; Wiberg, K. B.0Org. Chem 1998,63, 8668.

12 studieson electronic influencevere predominately done by Taoufik Ben Halima. | synthesized the starting
materials for the study
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O bond of the starting ester to foff2.1 Transmetallatio of 72.1to provide72.2likely occurs
with thepresence of the base and water as their roles are described in the prior' §tiiatly,
reductive elimination of the I bond would be expected to form the final ketone product and
174

regenerate the actived(0)catalyst(Schemerl).

Pd(IPr)(cinnamyl)(Cl)

F7.3
ArB(OH),
68.5
Bk
O
OPh
68. 6
Reductive Oxidative
elimination addition
[Pd] = IPrPd(0
OPh
}—[Pd] Py
R72 , R 72
. ArB(OH),
PhOH Transmetalation K3PO,, Hy0

Scheme71. Proposed rachanismdr palladium catalyzedrasscoupling of esters

Trends were studiednithe attempt to better understatite electronic influence of
substituents on the outcome of the reactiimnus we varied the functional group v phenolic
leaving group component of the esteith an electron donating and withdrawing groupher
temperaturewas reduced to 70 °C to accentuate differenceseiactivity (Scheme72) (See

experimental Sectiofil.3for details) Under these conditions, phenyl benzd@84A provided

3 Lima, C. F. R. A. C.RodriguesA. S. M. C.;Silva, V. L. M.; Silva,A. M. S.;SantosL. M. N. B. F,
ChemCatChern2014 6, 1291.
14 1shiyama,T.; Kizaki, H.; Hayashi,T.; Suzuki,A.; Miyaura,N., J. Org.Chem.1998 63, 4726



115

the same trend observed at 90 °C, with eleetrch boronic acids providing higher yields than
electronpoor. Interestingly, when GFeontaining benzoaté3.1was used as a starting material,

the same products were obtained in significantly higher yields. In contrast, the use of OMe
containing benzda 73.2was used, very low yields were obtain&ihce the electronics of the
boronic acid seems to have a large influence, it seems arhelectron donating boronic acids

are used imay facilitatethe transmetallatiorstep. However, when electron poor boronic acid is
used thetransmetallatiorstep is more challenging due to the less nucleophilic species. On the
other hand, while an electron donating group on the leaving phenolic group is used the yield is
also affecteddemonstrating thpossibledifficulty of the oxidative addition stepere Similarly,

using an electron poor group on the leaving phenolic group rendersabg-G bond weaker

and facilitates the oxidative addition stépcombination of an electron tidrawing group on

the ester and an electron donating group on the boronic acid gives a high yield of 91% under
these conditions. When electronics are reversed on these two substrates, reactivity dramatically
drops to zero. These trends suggest that ttee determining step of the reaction may change

depending on the choice of the substrate.

Pd(IPr)(cinammyl)CI (3 mol%)

(o] R K3POy4 (1.5 equiv) 0
(HO)2B\©\ H,0 (2.5 equiv)
O +
©)k R' THF, 70°C, 2 h O O ~
731 R=CF,4
73.2 R=OMe
ArB(OH), 68.4A 731 73.2
R'= R=H R=CF; R=0Me
OMe 67%  91% 53%
H 40%  88% 38%
CF; 38%  86% 0%

Scheme72. Electronic nfluence of substituents in the fdtalyzedcrosscouplingof esters
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So far our studies support thatirareaction pathway is unique in comparison to the
established C(aryi)0 cleavag&and C(acyl)O decarbonylativeleavageusing Niphosphine

systems’® Further studies are underwayetucidate the mechanism

9. Aqueous onditions for cross-coupling of estersfor amidation

After the optimization of the Suzulliyaura coupling reaction of esters in organic and
agueous media, we sought to apply similar conditions to-cag3sling of esters and amines to
make amidesThere has been some precedéméscrosscoupling reactions involvingsi N bond
formation can been conducted under aqueous conditidms.broad range othese reactions
from traditional methods to catalytic methods available but limitations are often the choice
of substrates antharshness of calitions The most weklknown is theBuchwald Hartwig
amination where the synthesis of the-IC bond is formed via a palladium cressupling
between aryl halides or pseudohalides and aniffi@saditional methods of amidation reaction

179

involve the use obtoichiometricamount of AIMg " or other coupling reagents and require

activation of starting material. Moregently, Buchwald and esorkers reported amidation from

15 A) QuasdorfK. W.; Tian, X.; Garg N. K., J. Am. Chem. So2008 130, 14422 B) Guan,B.-T.; Wang Y.; Li,

B.-J.;Yu, D.-G.; Shi, Z.-J., J. Am. Chem. So2008 130, 14468.

176 8) Muto, K.; YamaguchiJ; Musaey D. G Itami, K., Nat. Commun2015 6, 7508.B) LaBerge N. A.; Love, J.
A., Eur. J. Org. Chem2015 2015 5546.

17 a) Lipshutz, B. H.; Chung, D. W.; Rich, BAdv. SynthCatal. 2009,351(11-12), 17171721. b) Shimasaki, T.;

Tobisu, M.; Chatani, NAngew.Chem. Int. Ed2010,49 (16), 29292932c) Sasaki, K.; Crich, D.Qrg. Lett.2011,

13, 2256.

"8 Muci, A. R.; Buchwald, S. L., Practical Palladium Catalysts fod @d GO Bond Formation. IICross

Coupling Reactions: A Practical Guidsliyaura, N., Ed. Springer Berlin Heidelge Berlin, Heidelberg2002,

131-209

1793) Gustafsson, T.; Ponten, F.; Seafer, P. H.Chem. Commur2008 1100 b) Basha A. Lipton M. Weinreb SM.

Tetrahedron Lett1977, 48, 4171.
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palladium cross coupling between aryl halid®-owever, the major limitation is the useCO

pressure to access the amide substrate.

Most previous studies rely on the use of halides, pseudohalides or carboxylic acids as a
coupling partner to amines to form amidé$ie type of coupling partnemsesa limitation on
the types of substratessed(Schemer3). We sought to extend the scope of reactivity to esters
starting material giving access to more diverse products. We present a agtigltyeanalogous
to the SuzukiMiyaura coupling of esters using NHgalladium catalysis to selectively cleave the

C-(acyl}O bond to give access to amides.

Weinreb, 1977

) 0
2
OR HN/R2 AlMe; (1-1.5 equiv) NR
+ 1
\R3 > R3
R! 125 °C, Toluene R’

55-98% yield

741 74.2 74.3

Buchwald, 2007 PA(OAC), (2 mol%) o

Ligand (4-5 mol %)

Cl _R? NaOPh ( 2 equiv) N
* HN - :
©/ h R3
R3 CO (1 atm) R

R’ DMSO, 110 °C, 15 h
65-98% yield
74.4 74.5 74.6
Our work
R2
Pd(IPr)(allyl)CI (5 mol%) 0o
0 NH K,CO3 (1.5 equiv)
) .
OPh + @/ H,0 (10 equiv) H
R? 110 °C, 16 h R
1 74.9
R 74.7 74.8

Scheme73. Development of €N bond forming reactiort§*%°

180 Martinelli, J. R.; Clark, T. P.; Watson, D. A.; Munday, R. H.; Buchwald, SAhgew. Chem. Int. E@007,46,
8460.
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9.1. Optimization

This project wasimilarly also derived from the same higfiroughput screening that led
us to the discovery of the SuztMiyaura coupling of estersas discussed in Sectidh2
Optimization of this transformation was done for organic conditfdamd gave high vields at a
high temperature of 118C (Scheme73). A control experiment was also done under organic
conditions with no catalyst, which did not give desired product, showing the necessity of the
catalyst for this transformation to take pladsing the optimized watesurfactant conditions fo
the SuzukiMiyuara coupling of esters from Sectiér8.1as a starting point, various palladium
catalyststhat were also used for tipgeceding projecivas also screened for this transformation
(Table 16). Surprisingly we found that the PRr)(Cinnamyl)Cl and Pd(SIMg&innamyl)Cl
catalyst gaveyields of less and.0%, despite beinghe best catalysts for the SuzdKiyaura
coupling. Varying the NHC on thePd catalyst to IPent with theinmamyl moiety slightly
improved yields, but were still low in the 3% range (entries-3). In this case, using allyl as
the coadinating allyl moiety seemsto perform better than the cinnamyl species, which was
opposite of therend observed in th8uzukiMiyaura coupling ofesters Pd(Pr)(allyl)Cl and
Pd(IPent)(allyl)Cl seems to perform equivalently at higher temperature 2C8@ntry 78)
giving yields of 86% and 85% respectively as opposed to &€ Gthere yields are 44% and 64%

respectively

181 nitial high-throughput screening was done by M.Sc. exchange student, Inaga@utand optimization of
organic conditions was done by Ph.D student Taoufik Ben Halima.
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Table 16. Catalyst @timizationfor amidation of esters under agueoasditions

o [Pd] (5 mol%) 0
NH NEt; (3 equiv)
@OPh + ©/ ? PEGjqpo in H20 (2wt%) N
74.7A 74.8a 60 °C, 16 h 74.9Aa

Entry Pd source (5 mol%) Temperature (°C) Yield
1 Pd(IPr)(cinammyl)CI 60 <5%
2 Pd(SIMes)(cinammyl)ClI 60 <10%
3 Pd(IPent)(cinammyl)CI 60 43%
4 pd(IPentCly)(cinammyl)Cl 60 34%
5  Pd(IPr)(allyl)Cl 60 44%
6 Pd(IPent)(allyl)Cl 60 64%
7 Pd(IPr)(allyl)Cl 80 86%
8  Pd(IPent)(allyl)Cl 80 85%

With the optimal catalyst identified,ypical bases used in the coupling of amides were
screenedOther basesf anionic propertiegKk,CO;, tBUOK, KOSiMeg) and amine bas€®BU,
DIEA, dicyclohexyl methyl)that were thought to be lipophilic in water were atxveerd
(Table 17, entries 26) The role of the basén this reactionenables deprotonation dhe
nucleophilic anilineA control experiment was done to test the necessity of base and the results
showed no ractivity (entry 1). Again, the use of NEseems to find precedenits literature,
especial |y i-ooupling actoostinzaueotis ntedissand proved to be the optimal

base (entries-80).
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Table 17. Base ptimizationfor amidation of esters under aqueoasditions

o Pd(allyl)(Ipr)(CI) (5 mol%) (5 mol%)

o)
NH, Base (1.5 equiv) /@
©)J\Oph + ©/ PEG g in Hy0 (2 wt%) @”

1.5 equiv 70°C,16 h
74.7A 74.8a 74.9Aa

Entry Base equiv Yield
1 No base N/A 0%
2 K,CO4 1.5 39%
3 'BuOK 1.5 <5%
4 KOSiMe; 1.5 26%
5 DBU 1.5 0%
6 DIEA 1.5 32%
7 Dicyclohexylmethyl amine 15 <10%
8 EtsN 1.5 51%
9 EtzN 3 61%

A broad range of surfactants typically used for cimmspling reactions were screengihble

18). 182 Refer to sectiob.3and6.3.1for discussion on influence surfactants in crossoupling
reactions. There is a significant increase in yield with the presence of surfactant versus without
(entry 1) from 59% to miB0% yields. PEG derivatives, Brij30, TritotrM, SPGS550-M, and
TPGS750-M were the surfactants ened in this reaction (entries52 TPGS750M was

found to be the optimal surfactangiving yield up to 85% (entry 9)This finding is not
surprising as it the second generation of surfactant developed by Lipshutz-andkeos. The

first generationsurfactant PTS showed its effectiveness in the amination of aryl halides as

discussedn Section5.3. Figure 5 shows their similarity in the backbone of the structure

182| ipshutz, B. H.; Ghorai, SAldrichimica acta 2012,45, 3.
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composing of a racemic alptt@copherol diesterOther surfactants either only slightly enhanced

the reaction or have no effect on the reaction conditions in aqueous media.
Table 18. Surfactant ptimizationfor amidation of esters under agueoasditions

Pd(allyl)(Ipr)(Cl) (5 mol%) .
o) " NEt; (3 equiv) /@
5 .
OPh + ©/ surfactant in H,0 ”

70°C,16 h

74.7A 74.8a 74.9Aa

Entry Surfactant Amount Yield
1 None N/A 59%32
2 Brijsg 2wt% 50%
3 PEG400 2wt% 58%
4 PEG1000 2wt% 61%
5 SPGS-550-M 2wt% 65%
6 Triton-X-M 2wt% 71%
7 TPGS-750-M 2wt% 82%
8 TPGS-750-M 1wt% 34%
9 TPGS-750-M 4wt% 59%
10 TPGS-750-M 2wt% 85%"

aReaction at 90 °C. PReaction at 80 °C, 2 equiv aniline used.

9.2. Scope andimitations

To determine the scope of the reaction, several electron donating and withdrawing groups on
the starting ester and the aniline substrate were vérFigole 19). Electronics of the substrates
seemto have no consistent trend in the outcome of the reaction. The possible effect of
electronics on the ester is perhaps the competing hydrolysis pathsiay. électron donating or

electron neutral anilines tend to be a bit better than electron withdrawing ghaotgpsstingly,
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this system also works moderately with secondary amines. This study is not comprehensive
scope as we are still in the progressxqfloring different aspects of the reaction and reactivity
with different substrateghus only*H NMR vyields are reported thus far. Nevertheless, the scope

of the reaction show promising possibilities of functional group tolerance under aqueous
conditions and under relatively mild conditions. More investigation remains to be done to
compare reactivity of substrates under organic and aqueous condttidreccess to this new

reactivity under different conditions opens up possibilities of broader substoagie s

Table 19. Synthesis of amides under aqueoasditions

Pd(allyl)(Ipent)(CI) (5 mol%)

R2
Q NEt, (3 equiv) o /@
OPh + ©/ 'Ry TPGS-750-M in H,0 (2 wt%) N
Rs "H NMR yields
R R

! 80°C, 16 h
74.7A 1
124 sa. 74.9Aa Rs=H, Me
.5 equiv
OMe
2 2 T ? T
H H H
74.9Aa 86%a ,100%e 74.9Ab 95%b,c 74.9Ac 100(%[)
CF CF
N N N
H H H
74.9Ad 76% 74.9Bc 84% 74.9Bd 57%"

AT AT AT

74.9Ch 84% 74.9Cc 64% 74.9Cd 84%

oY ot o (A

74.9Ca 70% 74.9Dd 30% 74.9Ae 24% 74.9Af 53%¢

a2 equiv aniline, same yield using Pd(allyl)(Ipr)Cl. ®1.7 equiv aniline. °3 hours, 3 mol% catalyst. 5 mol% Pd(allyl)(Ipr)Cl, 4
equiv NEt; 1.2 equiv aniline, K,CO3, 10 equiv water, 110 °C, Toluene.



123

10. Summary and future work

Through this project, we have shown tkatalytically cleaving astrongC(acyly O bondis
possible toallow the synthesis of ketones via the SuzMkyaura crosscoupling reactionWe
also demonsated that cleaving the san@acyl}O bondis possible to allow the synthesis of
amides viacrosscoupling of anilines and esterdhrough the exploration of sesal different
palladium catalysts, we conclude that the use eNPE system proves to be most effective in
this transformation. This catalyst is efficient in the cleavagample phenykstes via oxidative
addition allowing excellent yields withroadrangeof substratesThis work represents a rare
entry of Pd into the field of @ activation, giving a unique reactigrathway compared to
previous studies done in this field, especially compared to the decarbonylatigseauping

using nckel catalyss.

It is notable that these cressupling reactions are can be conducted successtultyer
agueous environment with the presence of surfactant. Conducting these experiments under lower
temperatures proved to be comparable in yields and scope so fae ddwditions can have
significant positive environmental impact antbke astep towards green chemistry. This
project opens up a new field of cressupling reactions that could be explored under aqueous

conditions. Further work on the scope to prolzetigity remains to be done.

Our future work encompasses extending this reaction scope to more challenging substrates
such as esters possessing a leaving group other than a phenolic Reigyimization of more
challengingsubstratesuch asmore hindeed substrates antl1,1,3,3,3hexafluoropropa+2-yl

benzoateand methyl benzoate areurrently being done. Mechanistic studies to further elucidate
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the mechanism aralso currently being conducted with preliminary support for the proposed

mechanism usin@FT calculations.

This project opens up different possibilities to enable different routes of reactivity iR cross
coupling reactions. Although there remains to be limitations in the nature of the substrate being

used, further catalyst development can peshavercome these challenges.
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11.Experimental

General experimentaldetails

Unless otherwise indicated, reactions were conducted under an atmosphere of argoh in 5
screwcapped vialghat were oven dried (12%C). Column chromatography wagther done
manully using Silicycle F60 4@63 pm silica gel, or using a Combiflash Rf+ automated
chromatography system with commercially availaBlediS@ Rf normaiphase Silica Flash
columns B570 pum). Analytical hin layer chromatography (TLC) was camted with
aluminumbacked EMD Millipore Silica Gel 60 J54 precoated plates. Visuahtion of
developed plates waperformed under UV light (254 nm) and/or using KMn@r ceric

ammonium molybdate (CAM) stain.
Instrumentation

'H, ¥*c, and'®F NMR spectravere recorded on a Bruker AVANCE 400 MHz spectrométér.
NMR spectra were internally referenced to the residual solvent signal (e.gs €DQI7 ppm).

¥C NMR spectra were internally referenced to the residual solvent signal (e.gs €DBT36
ppm).*°F specra were unreferenced. Data'féfNMR are reported as follows: chemical shift (
ppm), multiplicity (s = singlet, d = doublet, t = triplet, g = quartet, m = multiplet), coupling
constant (Hz), integration. NMR yields for optimization studies weraindd by'H NMR

analysis of the crude reaction mixture using,5trimethoxybenzene as an internal standard.

GC vyields for optimization studies were obtained via a 5 point calibration curve using FID
analysis on am\gilent Technologies 7890B G@ith 30 m x 0.25mm HP-5 column Accurate

mass data was obtained either via a Kratos Concept mass spectrometer at the Jo@ittawa
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Holmes Mass Spectrometry Facilityr via processing of data obtained from an Agilent 5977A

GC/MSD using MassWorks 4.0 from ®EO bioscience®?
Materials

Organic solvents were purified by rigorous degassing with nitrogen before passing through a
PureSolv solvent purification system, and low water content was confirmed by Karl Fischer
titration (<25 ppm for dlsolvents).Water wasvigorously degassed for at least ten minutes prior

to use.The following reagents aremmercially obtaine@ndwere used as receivedz;®O, was
obtained from Strem Chemical&,CO; was obtained from Alfa Aesar. €30; tBuOK,
K,HPO,, NEt, PPh, PBus, P(o-tol)s, and Phenolwere obtained from Sigma Aldrich. Dppf,
SPhos, and BINAP were obtained commercially from CeBilbcks. PQAOAc),, Pd(dba),

PdChL, PdCL(COD) were obtained fromStrem ChemicalsAll boronic acids 2a-2l, were

obtained from CombBlocks. N,N-dimethyl4-aminopyridine (DMABR was obtained from
Matrix Scientific. 1-(3-dimethylaminopropyh3-ethylcarbodiimide hydrochloride (ED@CI)

was obtained from ComiBlocks. Nheterocyclic carbene (NHC) ligands were prepared
according to the literaturt* Pd catalystsPd(IPr)(cinammyl)Cl, Pd(IMes)(cinammyl)Cind
Pd(IPr)(ally)Cl were prepared according to the literatdf@.Phenyl benzoateés8.4A was
obtained from Alfa Aesar. &hzyl benzoaté8.4R was obtained from Sigma Aldrichirhe
following esters werepreparedaccording to literaturePhenyl 4(dimethylamino)benzoate

(68.4),% Phenyl Isonicotinat€68.43),*®” Phenyl furar2-carboxylate(68.4K),® phenyl 2

183Wwang, Y.; Gu, M, Anal. Chem.201Q 82, 7055

184 Bantreil, X.; Nolan, S. PNat. Protocols2011,6, 69

185 Nareddy, P.; Mazet, CGhemistryi An Asian Journa013,8, 2579

18 Neuvonen, H.; Neuvonen, K.; Pasanen,JPQrg.Chem.2004,69, 3794
187 aBerge, N. A.; Love, J. AEur. J. Org. Chem2015,2015 5546
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methylbenzoate (68.4.), ** Phenyl [1,tbiphenyl}2-carboxylate (68.4v1), **° Phenyl 3
phenylpropanoate(68.4N), *°* Phenyl cyclohexanecarboxylat¢8.4P) *°> 4-methoxyphenyl
benzoate(73.1), '*® hexafluoropropa®-yl (68.4Q), *** Phenyl 4bromobenzoate(68.4S)"*

pyridin-2-yl benzoatgF9.2)° s.phenyl benzothioat@9.4).**’

Figure 11. Number of sters

o}
0 0 0
OPh
OPh OO OPh OPh

68.4A 68.4B 68.4C 68.4D
0 0 * o
/©)L0Ph /©)L0Ph /@*OPh (/fkoph
F MeO F3C 0
68.4E 68.4F 68.4G 68.4H
(@] 0 o o
OPh B
/@)J\ | OPh @)‘\oph OPh
Me,N N7 \_o
68.41 68.4J 68.4K 68.4L
Ph O O
OPh 0 o) O)J\OPh
©/m Ph/\)LOPh \)J\OPh
68.4M 68.4N 68.40 68.4P

188) ee, C. K.; Yu, J. S.; Lee, H.,J. Heterocycl. Chen2002,39, 1207

189 Engbersen, J. F. J.; Geurtsen, G.; De Bie, D. A.; Van Der Plas, Rettahedron1988,44, 1795.

0 Yeda, T.; Konishi, H.; Manabe, KQrg. Lett.2012,14, 3100.

¥lyamazaki, J.; Watanabe, T.; Tanaka, Refrahedron: Asymmet001,12, 669.

1923asse, A.; Ligneau, X.; Sadek, B.; Elz, S.; Pertz, H. H.; Ganellin, C. R.; Arravg, Schwartz, 3C.; Schunack,
W.; Stark, H. Arch. Pharm2001, 334, 45.

93 ee, C. K.; Yu, J. S.; Lee, H.,J. Heterocycl. Chen2002,39, 1207

194 7ell, T.; BenDavid, Y.; Milstein, D.,Angew. Chem. Int. E@014,53, 4685

1% Ta0, Z:-F.; Li, G.; Tong, Y.; Chen, Z.; Merta, P.; Kovar, P.; Zhang, H.; Rosenberg, S. H.; Sham, H. L.; Sowin, T.
J.; Lin, N-H., Bioorg. Med. Chem. Let2007,17, 4308.

% yamada, S.; Abe, MTetrahedron2010,66, 8667

197 Chowdhury, S.; Roy, STetrahalron Lett 1997,38, 2149



Figure 12. Numbering of boronic acids

(HO)QBO (HO)ZB\“EE

68.5a 68.5b

(HO)ZBO:OMe (HO)ZB\©\
OMe OH

68.5¢ 68.5f

O
(HO)ZBO\ (HO),B
CF3
68.5i 68.5)

128

(HO),B HO),B
2 \@\ (HO), m
OMe o

68.5¢ 68.5d
(HO),B (HO),B
Q(OMe Q(
0 0
68.5g 68.5h
OMe
(Ho)gB\é (HO)QB\(j
68.5k 68.51



129

11.1. Synthesis of starting materials

Phenol (1 equiv)

j)]\ DMAP (1 mol%) 0
NEt; (1.2 equiv)
R™ >l D e
DCM, rt, 16 h

Method A

Acyl chloride was added to DCM (0.5 M), phenol (1.0 ejuiand N,N-dimethy}4-
aminopyridine (DMAP: 1 mol%) in a round bottom flask. Flask was purged with argon. After
cooling the mixture to 0 °C, triethylamine (1.2 equiv) was added dropwise. Reaction mixture was
warmed to room temperature and stirred overniGompletion of reaction monitored by TLC.
After completion of reactionteaction was quenched with saturatéaHCQOyaq. The mixture

was extracted three times with &E,. Subsequent washes with NagKlL M) were done as
necessaryo remove phenolThe conbined organic layar weredried over NgSO,, and then
filtered. The filtrate was concentratéa vacuo.Purificationwasdone by flash chromatography

(hexanes ethyl acetate) to afford the corresponding ester substrate.

Phenol (1 equiv)
O DMAP (5 mol%)

]
NEt; (1.1 equiv)
> R)J\OPh

Toluene, 50 °C 16 h

R Ci

Method B
Acyl chloride was added to phenol (1.0 equiv), &)N-dimethyt4-aminopyridine (DMAP: 5

mol%) in a round bottorflask intoluene (0.3M). Flask was pured with argon. Triethylamine
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(1.1 equiv) was added dropwise. Reaction mixture was warmed @ &% stirred overnight.
Reaction was monitored by TC. After completion reaction was quenched with saturated
NaHCG;aqy The mixture was extracted three times with A&tO Subsequent washes with
NaOH,q (1 M) were done as necessaoyremove phenol. Theombined organic layers were
dried over NaSQO,, and then filteredThe filtrate was concentrated vacuo.Purification was
done bymanualcolumn chromatography to afford the corresponding ester substrate.

Phenol (1 equiv)
0 EDCHCI (1.1 equiv) 0
DMAP (25 mol%)
RJ\OH > R)]\OPh
DCM, r.t

Method C

Carboxylic acid, phenol (1.0 equiv), -(3-dimethylaminopropyh3-ethylcarbodiimide
hydrochloride (EDCHCI: 1.1 equiv), and\,N-dimethyl4-aminopyridine (DMAP: 25 mol%)

were added to a rourabttom flask. Flask was purged with argon. DCM was addedM).t®

the mixture. Completion of reaction monitored by TLA&Ster stirring the mixture overnight,
reaction was quenched with saturated NakigOThe mixture was extracted three times with
CHCl,. Subsequent washes with NagQKlL M) were done as necessaoyremove phenol. The
combined organic layers wedeied over NaSQy, and then filteredThe filtrate was concentrated

in vacuo. Purification was done by flash chromatography to afford the corresponding ester

substrate.
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0]

OPh

phenyl 2-naphthoate (68.8) was synthesized following method A usiggaphthoyl chloride
(760 mg, 4 mmol),phenol 876 mg, 1.0 equiv)N,N-dimethyt4-aminopyridine (DMAP: 1
mol %) and triethylamineX.2 equiv) Purification byflash chromatography (0% 25% EtOAc

in hexang afforded 68.4B as white solid(208mg, 21% Yield). Characterization data was in
accordance with literaturé®H NMR (CDCls, 400MHz) 8.81 (s, 1H), 8.20 (dd, J=8.61, 1.7
Hz, 1H), 8.00 (d, J=8.0 Hz, 1H), 7.94 (dd, J=11.4 Hz, 2H),-7.65 (m, 2H), 7.47.45 (m, 2H),
7.257.39 (m, 3H)*C NMR (CDCl;, 100MHz) 165.66, 151.40, 136.14, 132.83, 132.24, 129.85,
129.81, 128.71, 128.16, 127.11, 126.23, 125.79, 122.10.

Os_OPh

p-Methyl benzoic acid phenyl ester(68.4C) was synthesized following method B usidg
methylbenzoylchloride (0.2 ml, 22 mmol), phenol (87 mg, 1.0 equiv)N,N-dimethyt4-
aminopyridine (DMAP: 1 mol%) and triethylamine (1.lequiv) Purification by column
chromatography0% A 20% EtOAc in hexangafforded68.4C as a white solid (239.81g, 75%
yield). Characterization data was in accordance Viéhnature’*® *H NMR (CDCls;, 400MHz)
8.08(d, J=8.2 Hz, H), 7.41(t, J9.1 Hz 2H), 7.29(d, J=8.5 Hz 2H), 7.25 (tt, J=8.3, 1.0 Hz,
1H), 7.19 (ddd, J=7.3, 2.0, 1.0 Hz, 2H), 2.49 (s, 3¥%. NMR (CDCls;, 100MHz) 165.56,
151.38, 144.72, 130.54, 129.78, 129.61, 127.18, 126.10, 122.09, 22.08.

198 Zhang, L.; Zhang, G.; Zhang, M.; Cheng,1J.0rg.Chem 2010,75, 7472

199 Ueda, T.; Konishi, H.; Manabe, KQrg. Lett.2012,14, 3100.
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Oa_OPh

phenyl 3,5dimethylbenzoate(68.4D) was synthesized following method A using

3,5-dimethylbenzoyl chlorid€592 mg, 3.5 mmol),phenol 820 mg, 1.0 equiv),
N,N-dimethyl4-aminopyridine (DMAP: 1 mo%) and triethylamineX.2 equiv) Purification by
flash chromatography0@eA 20% EtOAc in hexaneafforded68.4D as a clear oil (347mg, 44%
yield). Characterization data was in accordanith literature’®® *H NMR (CDCls, 400MHz)
7.85 (s, 2H), 7.45 (t, J=9.0 Hz, 2H), 7-326 (m 2H), 7.23 (d,J=7.5 Hz,2H), 2.43 (s, 6H)!*C
NMR (CDCl;, 100MHz) 165.69, 151.33, 138.49, 135.48, 129.70, 126.02, 122.00, 21.40.

Os_OPh

F

4-Fluoro-benzoic acid phenyl ester(68.4E) was synthesized following method B using
fluorobenzoyl chloride(0.26 mg, 2.2 mmol), phenol(188 mg 1.0 equiv),N,N-dimethy}t4-
aminopyridine (DMAP: 1 mol%) and triethylamine (1.lequiv) Purification by column
chromatography0%A 20% EtOAc in hexangafforded68.4E as a white solid (367.5 m§5%
yield). Characterization data was in accordance itighature®®* 'H NMR (CDCls, 400MHz)

8.24 (m J=9.0, 5.4 Hz, ), 7.41(t, J=7.0 Hz 2H), 7.27(d, J=7.2 Hz 1H), 7.18 (m, 4H).**C

NMR (CDCl;, 100 MHz) 166.43 (d, J=255.0 Hz), 164.46, 151.15, 133.07 (d, J=9.4 Hz) 129.81,
126.27, 126.14 (d, J= 3.0 Hz), 121.95, 116.06 (d, J=22.1 Hz)

209 Masamichi, M.; Takuo, O.; Hiroaki, OHidefumiH. Method for preparing aromatic carbonate US Patent
5714627 Al, 1998
21| aBerge, N. A.; Love, J. AEur. J. Org. Chem2015,2015 5546.
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Oa_-OPh

OMe

4-Methoxy-benzoic acid phenyl ester(68.47) was synthesized following method uing 4-
methoxybenzoyl chlorid¢375 mg, 2.2 mmol), phendll88 mg, 1.0 equiv)N,N-dimethyt4-
aminopyridine (DMAP: 1 mol%) and triethylamine (1.1lequiv) Purification by column
chromatography0%A 40% EtOAc in hexaneafforded68.4F as a white solid (400.3 m§38%
yield). Characterizatin data was in accordance with literattfe'H NMR (400 MHz, @Cl3) U
8.17 (d,J = 9.0 Hz, 2H), 7.44 (t) = 9.0 Hz, 2H), 7.27 (d] = 14.9 Hz, 1H), 7.22 (d] = 7.5 Hz,
2H), 6.83 (t,J = 106.1 Hz, 2H), 3.91 (s, 3H}°C NMR (CDCl;, 100 MHz) 132.56, 129.96,
12619, 122.25, 114.27.

Os_-OPh

CF4

phenyl 4-(trifluoromethyl)benzoate (68.4G), was synthesized following method A usidg
(trifluoromethyl)benzoyl chlorid¢834 mg, 4 mmol),phenol 876 mg, 1.0 equiv)\,N-dimethyt
4-aminopyridine (DMAP: 1 mol%) and triethylamine 1.2 equiv) Purification by flash
chromatography (094 30% EtOAc in hexangafforded 68.4G as white solid (579mg, 54%
yield). Characterization data was in accordance with liter&ftiféd NMR (CDCls, 400MHz)

8.33 (d, J= 8.1 HZH), 7.79 (d, J8.3 Hz 2H), 7.45(t, J=9.1 Hz, 2H), 7.31 (t, J=7.4 Hz, 1H),
7.23 (d J=7.5 Hz 2H). *®*C NMR (CDCl;, 100MHz) 164.30, 151.03, 135.55 (q, J=32.7 Hz),
133.20, 130.89, 129.94, 126.55, 125.94 (q, J=3.7 Hz), 124.03 (q, J=272.8 Hz), 121.87

227hang, L.; Zhang, G.; Zhang, M.; Cheng,JJ.0rg.Chem.2010,75, 7472.
3 Yeda, T.; Konishi, H.; Manabe, KQrg. Lett.2012,14, 3100.
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Os_-OPh

N
\ o)
phenyl furan-3-carboxylate (68.4H), was synthesized following method C usifigran3-
carboxylic acid(448 mg, 4 mmol),phenol 876 mg, 1.0 equiv)1-(3-dimethylaminopropyh3-
ethylcarbodiimide hydrochloride (EDECI: 568 mg, 1.1 equiv), and N,N-dimethyl-4-
aminopyridine (DMAP: 25no0l %). Purification byflash chromatography (0% 30%EtOAc in
hexang afforded 68.4H as clear oil (426mg, 57% yield)Characterization data was in
accordance with literatuf® '*H NMR (400 MHz, CDC}) U 8J =D Hz( 1H), 7.52 (t]

= 1.7 Hz, 1H), 7.44 (1) = 7.9 Hz, 2H), 7.28 (t)= 7.4 Hz, 1H), 7.21 (d] = 7.6 Hz, 2H), 6.90 (d,

J = 1.9 Hz, 1H).**C NMR (CDCl;, 100MHz) 161.41, 150.47, 148.69, 144.08, 129.50, 125.95,
121.72,118.93, 110.10.

Oj/OPh

phenyl propionate (68.4M) was synthesized following methoduBingpropionyl chloride(0.2
ml, 2.2 mmol),phenol(188 mg, 10 equiv),N,N-dimethyt4-aminopyridine (DMAP: 1 mobb)
and triethylamine (1.2quiv). Purification by column chromatograpti®% A 20% EtOAc in
hexang afforded68.4M as yellowish oil. (23B mg, 70% yield) Characterization data was in
accordance withiterature?®**H NMR (CDCls, 400MHz) 7.39 (t, J=7.1 Hz, 1H), 7.23 (t, J=7.4
Hz, 1H), 7.09 (d, J= 8.4 Hz, 2H), 2.61 (g, J=7.6 Hz, 2H), 1.28 (t, J=7.6 Hz,'"XHNMR
(CDClz, 100MHz)173.01, 151.02, 129.54, 125.84, 121.74, 27.87.

24 yeda, T.; Konishi, H.; Manabe, KQrg. Lett.2012,14, 3100.
25| ing, K. B.; Smith, A. D.Chem.Commun2011,47, 373
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o CF;
©)Lo/©/ 4-(trifluoromethyl)phenyl benzoate (73.2, was gnthesized

following method A usingoenzoyl chlorideg(464 mg, 4 mmol), 4-
(trifluoromethyl)phenol648 mg, 1.0 equiv)N,N-dimethyt4-aminopyridine (DMAP: 1 mobo)
and triethylamineX.2 equiv) Purification byflash chromatography®eA 20%EtOAc in hexang
afforded73.2as a white solid (404mg, 48% yiel@haracterization data was in accordance with
literature®®*H NMR (400 MHz, CDC}) U  8J=272 HZ, ®), 7.707.64(m, 2H), 7.69i
7.65 (m,1H), 7.55 (tJ = 7.7 Hz, #), 7.37 (d,J = 8.4 Hz, H). **C NMR (100MHz, CDCk) i
165.01, 153.84, 134.3230.62, 129.32, 129.05, 128.54 (g, J=32.8,H2y).21 (g, J=3.7 Hz),
123.0 (g, J=270.3 Hz), 122.61.

Miscellaneous Esters

0
NJ/U\OPh
/4

<S l

Phenyl thiazole-4-carboxylate 68.4T was synthesized following method C, using thiazble
carboxylic acid (258.3mg, 2mmol), phenol (188 mg, 1.0 equif{B-dimethylaminopropyh3-
ethylcarbodiimide hydrochloride (EDC-HCI: 284 mg, 1.1 equiv), aN@-dimethy}t4-
aminopyridine (DMAP: 25 mol %)Purification byflash chromatography0@eA 25% EtOAc in
hexane)afforded 68.4T as a white solid (182mg, 44% vyieldd NMR (400 MHz, CDC}) U
8.94 (d,J = 2.1 Hz, 1H), 8.45 (dJ = 2.1 Hz, 1H), 7.44 (t) = 7.0 Hz, 2H), 7.32 7.23 (m, 3H).
3¢ NMR (100 MHz, CDCH) 11154.09, 150.87, 129.89, 129.06, 126.51, 121.95

2% 7hang, L.; Zhang, G.; Zhang, M.; Cheng,JJ.0rg.Chem.2010,75, 7472.
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Os_-OPh

Phenyl 2,4,6trimethylbenzoate (68.4U) was synthesized following method C, using 2,4,6
trimethylbenzoic acid 1(150mg, 7mmol), phenol 659 mg, 1.0 equiv), 1-(3-
dimethylaminopropyh3-ethylcarbodiimide hydrochloride (EDC-HC1476 mg, 1.1 equiv), and
N,N-dimethyt4-aminopyridine (DMAP: 25 mol %). Product was isolated via described
extraction and an additionalequiv of phenol was added wluene followed bYPMAP (5 mol%)

in order to convert anhydridside productto desired esterMixture was heated to 80.
Completion of reaction monitored by @@S. Product was extracted with ethyl acetate and dried
over NaSQ,, and then filtered. Purification bffash chranatography @%A 25% EtOAc in
hexane)afforded 68.4U as a colorless oil371mg, 22% yield). Characterization data was in
accordance with literatur®’ H NMR (400 MHz, CDC}) Ui 7.43 (t,J = 7.0 Hz, 2H), 7.29

7.20 (m, 3), 6.91 (s, 2H), 2.45 (s, 6H), 2.31 (s, 3HC NMR (101 MHz, CDC}) Ui 168.73,
151.09, 140.28, 136.64, 130.329.19, 1287, 126.30, 121.93, 21.520.32.

)

£

Phenyl 3methylbut-2-enoate68.4V was synthesized following method A usignethylbut2-
enoyl chloride(450 mg,4 mmol), phenol 876 mg, 1.0 equiv)N,N-dimethyt4-aminopyridine
(DMAP: 1 mol %) and triethylamine .2 equiv) Purification byflash chromatography (0%
25% EtOAc in hexaneafforded68.4V asa yellow oil (170mg, 256 Yield). Characterization

X7 petersen, T. B.; Khan, R.; @sson, B.Org. Lett. 2011,13, 3462
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data was in accordance wiliterature >°® *H NMR (400 MHz, CDC}) U 7.39 (t,J = 7.0 Hz,
2H), 7.23 (tJ = 7.4 Hz, 1H), 7.11 (d] = 7.5 Hz, 2H), 5.94 (df] = 2.6, 1.3 Hz, 1H), 2.25 (d,=
1.2 Hz, 3H), 2.00 (d] = 1.3 Hz, 3H).

0 PhOH (1.1 equiv) 0
PivCl (3 equiv) EDC-HCI (1.1 equiv)
DMAP cat. o) ©_<o|-| DMAP (20 mol%) 0 Q_<QPh
Q% : IR %
Pyridine, r.t. CH,Cly, r.t.
68.4W1 68.4W

Phenyl 3-(pivaloyloxy)benzoate 68.4W. To a solution of dhydroxybenzoic acid (2.76g, 20
mmol) and DMAP (24.0 mg, 0.2 mmol, 1 mol%) in pyridine was added pivaldgtide (7.24q,

60 mmol, 6.0 equiv) at°C. The solution was warmed to room temperature and stirred for 1h
before 30 mL of water was carefully added. Reaction mixture was allowed to stir overnight at
room temperature. Solution was extracted three tinigs BCM. The combined organic layer
was washed in 1 M $$0, several times as necessary to remove pyridine. The organic layer was
dried over NaSOy and filtrated. Filtrate was concentratedvacuothen diluted with toluene and
concentrated in vacuo several times to remove excess pyridine and to affoBd
(pivaloyloxy)benzoic aci®8.4W1 (4.0g, 90% vyield) as a white solié8.4W1was used in the

next step without further purification.

Phenyl 3-(pivaloyloxy)benzoate 68.4W was synthesized following method Cing . 3-

(pivaloyloxy)benzoic acid (2.22 g, 10 mmol), phenol @.03 g, 1.0 equiv),1-(3-

28| gpez, C. S.; ErrBalsells, R.; Bonesi, S. MTetrahedron Lett2010,51, 4387
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dimethylaminopropyb3-ethylcarbodiimide hydrochloride (EDECI: 1.42g, 1.1 equiv), and

N,N-dimethyl-4-aminopyridine (DMAP: 25nol %). Purification byflash chromatogrdpy (ethyl
acetate: hexanes) affordé&®.4W as white solid (26% yield). Characterization data was in
accordance with literatur®*H NMR (400 MHz, CDC}) Ui 8.08 (d,J = 9.3 Hz, 1H), 7.89
7.88 (m, 1H), 7.53 (t) = 8.0 Hz, 1H), 7.47 7.41 (m, 2H), 7.35dd,J = 7.6, 2.9 Hz, 1H), 7.30
(dd,J = 7.5, 2.7 Hz, 1H), 7.21 (d,= 8.5 Hz, 2H), 1.39 (s, 9H}*C NMR (100MHz, CDCkL) U

176.9,164.69, 151.56, 151.17, 131.41, 129.92, 129.88, 127.79, 127.34, 126.37, 123.67, 122.01,

39.50, 27.47
)
. OPh
1. Phenol (1 equiv) 2. BnNH, (1.1 equiv)
DMAP (1 mol%) NEt, (1.25 equiv)
o) o) NEt; (1.2 equiv) Oi C EO DCM, r.t, 1h Boc
W > \N
Cl Cl Cl OPh Bri
DCM, rt. 2 h 3. BOCzo (1 3 equiv)
67.1 67.2 DMAP (0.1 equiv) 67.3
DCM, rt., 16 h

Phenyl 3-(benzyl(tert-butoxycarbonyl)carbamoyl)benzoate (67.3) Intermediate 67.2 was
synthesized following method A ing terephthaloyl dichloridé&7.1(1.06g, 5.25 mmol)phenol
(490 mg, 1.0 equiv)N,N-dimethyt4-aminopyridine (DMAP: 1 mol%) and triethylamine X.2
equiv). Reaction was monitored using TLC. Reaction mixture was used in next step without

further purification.

29 Muto, K.; Yamaguchi, J.; Musaev, D. G.; Itami, Klat Commun2015,6.
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To the milky white reaction mixture was added additional triethylamin&s (equiv) and
followed by a dropwise addition of a solution of benzylamine (0.629 mL, 5.77 mmol, 1.1 equiv)
in DCM (4.5mL). The reaction mixture was stirred at room temperature for 1 h, then diluted with
EtOAc (50 mL) and washed successively with 1M HCI (50mL) and brine (50 Tie).organic

layer was dried over N&O, and concentrateth vacuo Crude white solid was dried under

vacuum and used in the next step without further purification.

To a flask containing the crude material from the previous step, was added DMAP (64.1 mg,
0.525 mmol, 0.1 equiv) followed by MeCN (26.2 mL, 0.2 M) andBo€l1.42 g, 6.83 mmol, 1.3
equiv) under argon. The reaction mixture was allowed to stir at room temperature for 16 h. The
reaction wagjuenched with saturated NaHg£d The reaction mixture was diluted with EtOAc
(30mL) and HO (30 mL) and extracted with EtOAc (3 x 20 mL). The organic layers were
combined and dried over PO, and concentrateith vacuo.The resulting crude mixture purified

by flash chromatography (Ethycetate: Hexanes) to isolate product. (0.259g, 11% yield).
Product was characterized by NMR and**C NMR. *H NMR (400 MHz, CDC}) i 8.25 (d,J

= 8.1 Hz, 2H), 7.64 (d] = 8.2 Hz, 2H), 7.46 () = 7.7 Hz, 4H), 7.37 (J = 7.5 Hz, 2H), 7.30 (t,
J=7.5Hz, 2H), 7.24 (d] = 8.4 Hz, 2H), 5.04 (s, 2H), 1.20 (s, 9L}C NMR (101 MHz, CDC})

0 172.38, 164.74, 153.37, 151.14, 142.72, 137.88, 131.72, 130.31, 129.90, 128.89, 128.48,

127.93, 127.65, 126.43, 121.95, 84.22, 49.14, 27.82.



11.2. Reaction devebpment
Optimization and control experiments

[Pd]
O Ligand

(HO),B Base
@oPh . \© H,O

Solvent, Temp, 16 h

68.4A 68.5a

140

0]

68.6Aa

An oven dried screweapped vial was charged with a magnetic stir bar, base, catalyst/ligand and

solid substrate68.4A (0.1 mmol) and68.5a (1.7 equiv). The vial and contemigere subjected to

three cycles of vacuum and argon under a Schleck line. Fresh solvemtl(0052 M) obtained

from solvent purification system was then added under argon. Degastsavas subsequently

added via micropipette under argon. The vial wadeskwith aPTFElined screw cap and stirred

vigorously (700rpm) at the indicated temperature for L6After cooling to room temperature,

internal standard (1,3;timethoxybenzend).025mmol in 0.5 mL THF)was added. Mixture was

diluted with ethyl aceta and filtered through a plug of silica gel (& of EtOAc eluent).

Yields were determined by GC usiag pointcalibration curve.
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11.3. Study of substrate and boronic acid electronics

Pd(IPr)(cinammyl)CI (3 mol%)

R KsPO, (1.5 equi 0
3PO4 (1.5 equiv)
i /©/ (HO)ZB\©\ H,0 (2.5 equiv)
+ >
o)

©)L R' THF, 70 °C, 2 h O O "

68.4A R=H 68.5 68.6

731 R=CF;

73.2 R=0OMe

An oven dried screweapped viawas charged with a magnetic stir bar, powdergg @ (1.5

equiv), Pd(IPr)(cinnamyl)(Cl) (3nol%), corresponding est&8.4A, 73.1or 73.2 (0.2 mmo),

and boronic aci®8.5 (1.2 equiv). The vial andonitents were placed under vacuum and back
filled with Argon under a Schleck linthree timesFresh solven{l mL, 0.2 M) obtained froma

solvent purification system was then added under argon. Degassed water (2.5 equiv) was
subsequently added via micropipette. The vial was sealed wihF&lined screw camnd

stirred vigorously (700pm) at D °C for 2 h. After cooling to room temperaturaternal
standard, 1,3;5methoxybenzene (0.02&mol) in 0.5mL THF was addedReaction mixture

was filtered through a plug of silica gel (1®L of EtOAc eluent).The acude mixture was

concentrateéh vacuoandcharacterized bjH NMR. Yield determined byH NMR.
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11.4. Study of relative rates of degradation

O O 0 O O O o) 0
[ j 0 \[ j ©)‘\o SN [ j j‘i‘j [ j “SPh [ j “OPh
o)
F9.1 F9.2 F9.3 F9.4 68.4A

MeOH:DMF (1:4)
K,CO3 (1.5 equiv)
40 °C

O
©)‘\O/

A screwcapped vial was charged with a magnetic stir dad substrate$8A, F9.1-F9.4
(0.05mmol each), ¥COs (1.5 equiv), and internal standard (1;8rGethoxybenzene, 050mmol)

were dissolved in a 1:4 mixture of MeOH:DMF (0.02M). Solution was let stir & 46r
appropriate amount of time until full conversion of methyl betedobserved and no starting
material is left. GEMS samples were taken at regular intesval track rate of degradatiobata

was calculated based on the change in ratio between the internal standard and respective

substrate and normalized to 100%ieet zero Table 20, Figure 13).



Table 20. Percemage of substrate degradation over time
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Time (hours) Substrate F9.1 Substrate F9.2 Subdrate F9.3 Substrate 9.4  Substrate 68.4A

0 100% 100% 100% 100% 100%
0.17 0% 53% 84% 98% 97%
0.5 0% 9% 35% 67% 92%
1 0% 0% 20% 49% 83%
2 0% 0% 14% 34% 78%
4 0% 0% 0% 24% 7%
6 0% 0% 0% 19% 73%
8 0% 0% 0% 12% 67%
10 0% 0% 0% 10% 64%
24 0% 0% 0% 0% 35%
48 0% 0% 0% 0% 10%
96 0% 0% 0% 0% 0%

Comparative Rate of Degradation

[=5Y

Time (Hours)

100
2 80~
g
2
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5 \
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—&— Phenyl Benzoate

=i— S-phenyl benzothioate
Benzoic anhydride

== Pyridin-2-yl benzoate

== 2,6-Dioxopiperidin-1-yl
benzoate

Figure 13. Comparative rate ofejyradation
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11.5. Synthesis of final products

Representativeprocedure for Suzuki-Miyaura coupling of esters

@) Pd(IPr)(cinnamyl)(Cl) (3 mol%) 0
HO).B K3POy4 (1.5 equiv)
©)k@% (HO)2 \© H,0 (2.5 equiv) O O
+ L
THF, 90 °C, 2 h
68.4A 68.5a 68.6Aa

An oven dried screweapped vial was charged with a magnetic stir bar, powdesf®@K(1.5
equiv), Pd(IPr)(cinnamyl)(Cl) (3nol%), ester68.4A (0.2 mmo), and boronic acid®8.5a (1.7
equiv). The vial and antents were placed under vacuum and dilekl with Argon under a
Schleck linethree times Fresh solven{1 mL, 0.2 M) obtained froma solvent purification
system was then added under argon. Degassed water (2.5 egsigubsequently added via
micropipette. The vial was sealed witlP@FElined screw cap and stirred vigorously (74@on)
at 90°C for 2h. After cooling to room temperaturthe reactiommixture was diluted with ethyl
acetate and filtered through a plugsdica gel (10mL of EtOAc eluent)The cude mixture was
concentrateth vacuoand subjected tmanualcolumn chromatographyf ester starting material
is present and inseparable, the reaction mixture was heated@dr6@:1 THF : KO, (0.1 M).
Praducts are numbered according to corresponding starting materials. For examples.dater
and boronic acidb8.5a give ketone68.6Aa. Ester68.4~ and boronic acid8.5 give ketone

68.6-i.
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o]

benzophenong68.6Aa) wasprepared according to the general procedatgificationwas done
by column chromatographyrhe first 5 fractionswere collected using 20% DCM ihexane,
followed by a gradient of 5% 10% EtOAc in hexan& afford 68.6Aa as a vhite solid(34.2
mg, 91%).Characterization data matched those previously rep&itéd. NMR (CDCls, 400

MHz) 4 7.82 (d, J = 7.1 Hz, 4H), 7F6RAMR(t,

(CDCl;, 100 19408 )37.97,132.75130.0, 128.2.

o]

J e

naphthalen-2-yl(phenyl)methanone 68.6Ab) was prepared according to the general procedure

Purificationwas done bgolumn chromatographyhe first 5 fractionsverecollected using 20%
DCM in hexane, followedy a gradieh of 5% A 10% EtOAcin hexane to affor8.6Ab as
white solid, (37.8 mg, 84%)Characterization data matched those previously reptedH
NMR (400 MHz, CDC}) & 8. 29 ( 93 1.2HERH), 793 (& Z 8.1( Ht,,2H), 7.88
(dd,J = 8.3, 1.3 Hz, 2H), 7.67 7.60 (m, 2H), 7.59 7.51 (m, 3H).*C NMR (CDCl;, 100 MHz)

a 197.07, 138. 25, 135. 61, 135. 17, 113265,7 0,

128.63, 128.15, 127.1326.12

#0kuang, Y.; Wang, Y.Eur. J. Org. Chen2014,2014 1163
ZlKuang, Y.; Wang, Y.Eur. J. Org. Chem2014,2014 1163

J

13
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(0]

o ¢

naphthalen-2-yl(phenyl)methanone(68.a) was prepared according to the general procedure
Purificationwas done bgolumn chromatographyrhe first 5 fractionsverecollected using 20%
DCM in hexane, followedy a gradient of 5%A 10% EtOAcin hexane to affor8.6a as
white solid,(35.8 mg, 8%). Characterization data matched tha68f6Ab.

o]

(4-methoxyphenyl)(phenyl)methanone (68.6Ac) was prepared according to the general
procedurePurificationwas done bgolumn chromatograph The first 5 fractionsverecollected
using 20% DCM inhexane, followedy a gradient of 5%/ 10% EtOAcin hexane to afford
68.6Ac as awhite solid, (36.9 mg, 87%). Characterization data matched those previously
reported’*? 'H NMR (400 MHz, CDC§) U 7J=883B H%, @H), 7.76 (d) = 6.9 Hz, 2H),
7.56 (t,J = 6.8 Hz, 1H), 7.47 () = 7.4 Hz, 2H), 6.96 (d) = 8.9 Hz, 2H), 3.89 (s, 3H}3C
NMR (CDCls, 100 MHz) 4 195.89, 163.56, 138. 63,
113.89, 55.82

#2Kuang, Y.; Wang, Y.Eur. J. Org. Chem2014,2014 1163.
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0]

(4-methoxyphenyl)(phenyl)methanone (68.6-a) was prepared according to the general
procedurePurificationwas done bgolumn chromatographyhe first 5 fractionsverecollected
using 20% DCM inhexane, followedy a gradient of 5%/ 10% EtOAcin hexane to afford
68.6Ac as awhite solid (36.1 mg, 85%)Characterization data matched tha68f6Ac.

0
\ N
o]

furan-3-yl(phenyl)methanone 68.6Ad) was prepared according to the general procedure
Purification by column chromatographggradient of 5%A 15% EtOAc in hexane) afforded
68.6Ad as a white solid, (31.5 mg, 95%Eharacterization data matched those previously
reported®® 'H NMR (400 MHz,CDC}) & 7. 93 ( 357.0HH2H), 7.80.(tB=77.4 ( d ,
Hz, 1H), 7.50 (tJ = 7.0 Hz, 3H), 6.92 (d]= 1.2 Hz, IH)®®*C NMR (CDCl;, 100 Hz) u 18
148.89, 144.29, 139.17, 132.80, 129.16, 128.88, 126.86, 110.55.

7 |
o)
furan-3-yl(phenyl)methanone (68.8Ha) was prepared according to the general procedure

Purification by column chromatograplfgradient of 5%A 15% EtOAc in hexane) afforded
68.6Ha as a white solid(26.1 mg, 81%)Characterizationlata matched that 68.6Ad.

23Rieke, R. D.; Suh, Y.: Kim, $H., Tetrahedron Lett2005,46, 5961.
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0

S

OMe
(3,4-dimethoxyphenyl)(phenyl)methanone §8.6Ae) was prepared according to the general
procedure Purificaion by column chromatographgradient of 5%A 20% EtOAc in hexane)
afforded 68.6Ae as a white solid, (46.8 mg, 93%Lharacterization data matched those
previously reported** '"H NMR (400 MHz, CDC}) 4 7J=77® HZ%, BH), 7.58 (t) = 7.4
Hz, 1H), 7.53i 7.42 (m, 3H), 7.39 (dd] = 8.3, 2.0 Hz, 1H), 6.91 (d,= 8.4 Hz, 1H), 3.96 (s,

3H), 3.94 (s, 3H)C NMR (CDCl,, 100 MHz) U 189.75, 148.89,
129.16, 128.88, 126.86, 110.55.

0

o CL,

(4-hydroxyphenyl)(phenyl)methanone 68.6Af) was prepared according to the general
procedure Purification by column chromatograpligradient of 594 50% EtOAc in hexane)
afforded 68.6Af as an offwhite solid, (22.3 mg, 58%)Characterization data matched those
previously reported™ 'H NMR (400 MHz, CDC§) U 7J.=B.8 Hz( 4H), 7.59 (t) = 7.4
Hz, 1H), 7.49 (t) = 7.5 Hz, 2H), 7.06 (s, 1H), 6.95 (@= 8.8 Hz, 2H)**C NMR (CDCl;, 100
MHz) G 197.01, 160.95, 138.39, 133.43, 132.52

ZTripathi, S.; Singh, S. N.; Yadav, L. D. Setrahedron Lett2015,56, 4211.
A5Wang, G-Z.; Li, X.-L.; Dai, J-J.; Xu, H-J.,J. Org.Chem.2014,79, 7220.
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O

(0 o

O

methyl 4-benzoylbenzoate §8.6Ag) was prepared according to thgeneral procedure
Purification by column chromatograpt{gradient of 5%A 20% EtOAc in hexane) afforded
68.6Ag as a white solid, (37.2 mg, 79%haracterization data matched those previously
reported?’®'H NMR (400 MHz, CDC}) U 8J =188 H¢, &8H),7.85 (d,J = 8.6 Hz, 2H),
7.81 (d,J = 7.0 Hz, 2H), 7.63 (t) = 7.4 Hz, 1H), 7.51 (t) = 7.6 Hz, 2H), 3.97 (s] = 6.9 Hz,

3H).®C NMR (CDCl;, 100 MHz) U 196.35, 166.64, 141.

130.10, 129.83, 128.79, 52.79

O

J T

@)

1-(4-benzoylphenyl)ethanl-one ©8.6Ah) was prepared according to the general procedure
Purification by column chromatographgradient of 5%4A 10% EtOAc in hexane) afforded
68.6Ah as a white solid, (33.6 mg, 77%(Eharacerization data matched those previously
reporte?>’*H NMR (400 MHz, CDC}) U 8J =087 Hg, @H), 7.87 (d) = 8.6 Hz, 2H),

7.81 (ddJ = 8.3, 1.3 Hz, 2H), 7.63 (8,= 7.4 Hz, 1H), 7.51 () = 7.6 Hz, 2H), 2.68 (s, 3H}’C

NMR (CDCls, 100 MOMA.24) 196128, 141.68, 139.91, 137.27, 133.32, 130.43, 130.38,
128.82, 128.50, 27.22.

281, X.; Zou, G.,Chem.Commun2015,51, 5089.
ATWang, G-Z.; Li, X.-L.; Dai, J-J.; Xu, H-J.,J. Org.Chem.2014,79, 7220.

6 6
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O

phenyl(4-(trifluoromethyl)phenyl)methanone (68.6Ai) was prepared according to a modified

general procedurd’d(IPr)(cinnamyl)(Cl) % mol%) was used as the catalyst, and the reaction

was stirred for 16 hour®urificationwas done byolumn chromatographyrhe first 5 fractions

were collected using 20% DCM imexane, followeddy a gradient of 5%A 10% EtOAcin

hexane to affor®8.6Ai asa white solid, (32.1 mg, 71%Lharacterization data matched those
previously reported’® 'H NMR (400 MHz, CDC}) U  7J.=8.0 Hz( 2H), 7.82 (dd] = 8.3,

1.3 Hz, 2H), 7.77 (d) = 8.1 Hz, 2H), 7.64 () = 7.4 Hz, 1H), 7.52 (1) = 7.6 Hz, 2H)*C NMR

(CDCls, 100 MHz) 0 195. 85, 141. 009, 137.009, 133
125.71, 125.69 (q, J=3.7 HA23.73 (g, J=272.5)

phenyl(4-(trifluoromethyl)phenyl)methanone (68.6Ga) was preparedccording to the general
procedurePurificationwas done bgolumn chromatographyhe first 5 fractionsverecollected
using 20% DCM inhexane, followedy a gradient of 5% 10% EtOAcin hexane to afford
68.6Ga as a white solid(42.6 mg, 87%)Charactezation data matched that 8A..

#8\Wang, G-Z.; Li, X.-L.; Dai, J-J.; Xu, H-J.,J. Org. Chem2014,79, 7220
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1-(3-benzoylphenyl)ethanl-one ©8.6A])) was prepared according to the general procedure
Purification by column chromatograpl{gradient of 5%A 20% EtOAc in hexane) afforded
68.6A] as a white solid, (40.3 mg, 91%(Eharacterization data matched those previously
reporte?*®*H NMR (400 MHz, CDC§) U 8J=31% H%, &H), 8.19 (dJ = 7.8 Hz, 1H),
7.99 (d,J = 7.7 Hz, 1H), 7.80 (dJ = 7.0 Hz, 2H), 7.61 (q) = 7.7 Hz, 2H), 7.51 () = 7.6 Hz,

2H), 2.65 (s, 3H)®*C NMR (CDCl;, 100 MHz) & 197.61, 196.17,

134.56, 133.21, 132.08, 130.36, 130.02, 129.07, 128.84,.27.07

0]

J

phenyl(o-tolyl)methanone ©8.6Ak) was prepared according tthe general procedure
Purificationwas done bgolumn chromatographyhe first 5 fractionsverecollected using 20%

DCM in hexane, followedy a gradient of 5% 10% EtOAcin hexane to affor®8.6Ak as a
colorless oil, (29.8 mg, 76%Yharacterization ata matched those previously report&dH

NMR (400 MHz, CDC}) U 7 .J8 84, 1.3HE,, 2H), 7.59 (8= 7.4 Hz, 1H), 7.47 (t) =

7.6 Hz, 2H), 7.41 (t) = 8.2 Hz, 1H), 7.32 (tJ = 8.9 Hz, 2H), 7.26 (t) = 7.4 Hz, 1H), 2.35 (s,

3H). **C NMR (CDCls, 100 MHz) O 198. 96, 138. 96, 138.
130.45, 128.84, 128.78, 125.52, 20.30

9 Tripathi, S.; Singh, S. N.; Yadav, L. D. Setrahedron Lett2015,56, 4211.
20 Tripathi, S.; Singh, S. N.; Yadav, L. D. Setrahedron Lett2015,56, 4211
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0]

J

phenyl(o-tolyl)methanone (68.6.a) was prepared according to the general procedure
Purificationwas done bgolumn chromatographyrhe first 5 fractionsverecollected using 20%
DCM in hexane, followedy a gradient of 5%# 10% EtOAcin hexane to afforé#8.6.a as a
colorless 0il(29.1 mg, 75%)Characterization data matched tha68f6Ak .

(2-methoxyphenyl)(phenyl)methanone §8.6Al) was prepared according to the general
procedure Purification by column chromatograplgradient of 594 20% EtOAc in hexane)
afforded 68.6A1 as a white solid, (32.5 mg, 80%{Lharacterization datanatched those
previously reported”**H NMR (400 MHz, CDC}) U 7 =873 H{%, @8H), 7.56 (t) = 7.4

Hz, 1H), 7.501 7.43 (m, 3H), 7.37 (dd] = 7.5, 1.7 Hz, 1H), 7.05 (§,= 7.5 Hz, 1H), 7.01 (d] =

8.4 Hz, 1H), 3.73 (s, 3H)*C NMR (CDCl;, 100 MHz ) ad 196. 78, 157.69,
132.19, 130.15, 129.91, 129.21, 128.54, 120.82, 111.80, 55.93.

O

phenyl(p-tolyllmethanone ©8.6Ca) was prepared according to the general procedure
Purificationwas done bgolumn chromatographyhe first 5 fractionsverecollected using 20%
DCM in hexane, followedy a gradient of 5% 10% EtOAcin hexane to affor$8.6Ca as a

#lKuang, Y.; Wangy., Eur. J. Org. Chem2014,2014 1163.
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white solid, (36.6 mg, 93%)Characterization data matched those previously repdftéd.
NMR (400 MHz, CDCE) U 7J=8.0 Hz( 2H), 7.74 (d] = 8.2 Hz, 2H), 7.59 (1) = 7.4 Hz,
1H), 7.48 (tJ = 7.5 Hz, 2H), 7.29 (d] = 7.9 Hz, 2H), 2.45 (s, 3H}*C NMR (CDCls;, 100 MHz)
¢ 196.83, 143.56, 138.31, 135421499 132.48, 130

0O

T

(3,5dimethylphenyl)(phenyl)methanone 68.6Da) was prepared according to the general
procedurePurificationwas done bgolumn chromatographyhe first 5 fractionsverecollected

using 20% DCM inhexane followed by a gradient of 5%/ 10% EtOAcin hexane to afford
68.@Da as a pale yellow solid, (32.7 mg, 78%haracterization data matched those previously
reported®®® *H NMR (400 MHz, CDC§) U 7J=8712 Hg, @H), 7.59 (t) = 7.4 Hz, 1H),

7.49 (t,J = 7.6 Hz, 2H), 7.41 (s, 2H), 7.21 (s, 1H), 2.39 (s, 6f0.NMR (CDCl;, 100 MHz)
197.50,138.27, 138.06134.41, 132.58, 130.36, 128.54, 128.15, 21.57

o0

(4-fluorophenyl)(phenyl)methanone 68.6£a) was prepared according the general procedure
Purificationwas done bgolumn chromatographyhe first 5 fractionsverecollected using 20%
DCM in hexane, followedy a gradient of 5%# 10% EtOAcin hexane to afforé8.6Ea as a
white solid, (37.4 mg, 94%)Characterizatiordata matched those previously repodedH
NMR (400 MHz, CDC}) 0 7 J8&9, §.4dHd,,2H), 7.78 (df,= 8.4, 1.6 Hz, 2H), 7.60 (t,

#22Kuang, Y.; Wang, Y.Eur. J. Org. Chem2014,2014 1163.
22 7hou, Q.; Wei, S.; Han, WJ, Org. Chem2014,79, 1454

224\Wang, G:Z.; Li, X.-L.: Dai, J-J.; Xu, H:J.,J. Org.Chem2014,79, 7220
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J=7.4Hz, 1H), 7.50 (J = 7.5 Hz, 2H), 7.17 (&) = 8.7 Hz, 2H)*C NMR (CDCls, 100 MHz)
G 195. 58, 260.5BHz),437.85¢134.16 d, J=3.1 Hz), 132.99 (d, J=9.2 Hz), 130.80,
130.20, 128.69, 115.78 (d, J=21.8)

(4-(dimethylamino)phenyl)(phenyl)methanone(68.6a) was prepared according to the general
procedure Purificationby column chromatographigradient of 5%A 20% EtOAc in hexane)
afforded 68.6a as a yellowish solid. (26.9 mg, 60%)Characterization data matched those
previously reported>*H NMR (400 MHz, CDC}) U 7J=789 Hz, #), 7.71 dJ=7.1
Hz, 2H), 7.51 (dJ = 7.3 Hz, 1H), 7.44 (d) = 7.4 Hz, ¥), 6.67 (d,J = 8.9 Hz, 2H), 3.06 (s, ).

%C NMR (100MHz,CDCk) U 195. 47, 153.60, 1 328.336145.17,133. 0"
110.92 40.41.

X
P
N
phenyl(pyridin -3-yl)methanone (68.6)Ja) was prepared according to the general procedure
Purification by column chromatographgrédient of 1094 40% EtOAc in hexaneafforded
68.6Ja as yellowish solid (29.2 mg, 83%Y{haracterization data matched those jmesly
reportec?®'H NMR (400 MHz, CDC§) U 9J =0106 H¢, dH), 8.82 (dd] = 4.9, 1.6 Hz,
1H), 8.13 (dtJ = 7.9, 2.0 Hz, 1H), 7.82 (dd,= 8.1, 1.0 Hz, 2H), 7.64 (§,= 6.8 Hz, 1H), 7.52 (t,

25 GooRenL. J.; Rudolphi, F.; Oppel, C.; Rodriguez, Nngew.Chem. Int. Ed2008,47, 3043
*®Rieke, R. D.; Suh, Y.; Kim, 4., Tetrahedron Lett2005,46, 5961
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J=7.6 Hz, 2H), 7.43 (dd] = 8.2, 4.5 Hz, IH))*C NMR (CDCl;, 100 MHz) U 195. 1
151.23, 137.54, 137.03, 133.50, 130.34, 128.95, 123.70.

\

\

furan-2-yl(phenyl)methanone 68.&Ka) was prepared according to the general procedure
Purification by colum chromatography (gradient of 5% 15% EtOAc in hexane) afforded

68.Ka as a colorless oil, (31.6 mg, 92%haracterization data matched those previously
reported??’*H NMR (400 MHz, CDC}) U 7 .J9 83, 1.3H¥,,2H), 7.71 (dd,= 1.6, 0.7

Hz, 1H), 7.60 (tJ= 7.4 Hz, 1H), 7.50 () = 7.5 Hz, 2H), 7.24 (d] = 2.9 Hz, 1H), 6.60 (dd] =

3.6,1.7Hz, IH®*CNMR (CDCl;, 100 MHz) U 182.89, 152.64, 14
128.79, 120.87, 112.53.

[1,1'-biphenyl]-2-yl(phenyl)methanone (68.6Ma) was prepared according to a modified
general procedure with dioxane as the solvent, run for 16 hours at 1B@Qrificationwas done

by column chromatographyrhe first 5 fractionswere collected using 20% DCM ihexane,
followed by a gradient of 598, 10% EtOAcin hexane. The material was then recrystallized in
hexanes to affor68.6M a as awhite solid, (Z.6 mg, 56%). Characterization data matched those
previously reported®® '"H NMR (400 MHz, CDCE) U 7 J#$8&2, 1.0dHa, 2H), 7.59 (8=

8.2 Hz, 1H), 7.54 7.45 (m, 3H), 7.41 (tJ = 7.4 Hz, 1H), 7.30 7.13 (m, 7H)."*C NMR

#7Kuang, Y.; Wang, Y.Eur. J. Org. Chen2014,2014 1163
#87eng J.; Liu, K. M.; Duan, X. F.Qrg. Lett.2013,15, 5342,
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(CDCls, 100 MHz) 199.12, 141.49, 140.52, 139.31, 137.75, 133.13, 13036940, 130.23,
129.34, 129.11,28.57, 128.40, 127.66, 127.40

0
Ph/\)‘\(>

1,3-diphenylpropan-1-one ©8.6Na) was prepared according to the general procedure
Purification by column chromatographihe first 5 fractionsvere collected using 20% DCM in
hexanefollowed by a gradient of 5% 10% EtOAcin hexane to afforé#8.6Na as a(27.6mg,

66%) Characterization data matched those previously rep&itéd. NMR (400 MHz, CDC})

U 7 .,988.4(Hd, H), 7.57 (tJ = 7.4 Hz, 1H), 7.47 () = 7.6 Hz, 2H), 7.35 7.19 (m, &),

3.33 (t,J= 7.8 Hz, M), 3.09 (tJ= 6.0 Hz, ). ®*C NMR (100 MHz,CDC}) & 199. 55, 14
137.21, 133.39, 128.94, 128.87, 128.77, 128.38, 126.47, 40.79, 30.47.

0]

0

propiophenone (68.60a) was prepared acoding to the general procedurBurificationwas

done bycolumn chromatographyhe first 5 fractionsverecollected using 20% DCM ihexane,
followed by a gradient of 598, 10% EtOAcin hexane to afforé8.60a as acolourless liquid.
(29.6mg, 74%).Characterization data matched those previously repditéd. NMR (400 MHz,

CDCll) U 7J=9%8 HZ, 2H), 7.53 () =7.4 Hz, 1H), 7.44 (1) = 7.5 Hz, 2H), 2.98 (1) =

7.2 Hz, 2H), 1.21 (t, J=7.2 Hz, 3Hy°C NMR (CDCl, 100 MHz) 0 2308, .14,
128.85, 128.29, 32.09, 8.55.

22 Kantam, M. L.; Kishore, R.; Yadav, J.; Sudhakar, M.; VenugopalAdv, Synth. CataR012,354, 663.
%30 anders, B.; Berini, C.; Wang, C.; Navarro, @.,0rg. Chem.2011,76, 1390
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0

00

cyclohexyl(phenyl)methanone (68.6Pa) was prepared according to the general procedure
Purificationwas done bgolumn chromatographyrhe first 5 fractionsverecollected using 20%

DCM in hexane, followedy a gradient of 5% 10% EtOAcin hexane to affor®8.6Pa as a

white solid (15.9 mg, 42%). Characterizatiordata matched those previously repo&dH

NMR (400 MHz, CDC}) U 7 .J€ 5.2, 8.4HE, 2H), 7.55 (8 = 7.3 Hz, 1H), 7.46 (t) =

7.6 Hz, 2H), 3.27 (ttJ = 11.5, 3.2 Hz, 1H), 1.88 (§,= 15.4 Hz, 4H), 1.75 (d] = 12.5 Hz, 1H),

1.571 1.20 (m, 5H).°C NMR (100MHz, CDCk) 4 204. 18, 136.70, 133,
77.68, 7.36, 77.04, 45.95, 29.75, 26.29, 26.19.

0

MeO ll l OMe

bis(4-methoxyphenyl)methanone §8.6-e) was prepared according to the general procedure
Purification by column gradient of 5% 30% EtOAc in hexanafforded 68.6~e as awhite

solid, (38.2 mg, 79%).Characterization data matched those previously rep6itéd. NMR
(400MHz,CDCY) © 7.79 (d, J=8.7 Hz, 4H)®CNEIR@D (d, J
MHz,CDCk) G 194.77, 163.16, 132.54, 131.09, 113.

(4-methoxyphenyl)(4(trifluoromethyl)phenyl)methanone (68.67i) was prepared according to
the general procedur@urificationwas done byolumn chromatographyrhe first 5 fractions

#lKuang, Y.; Wang, Y.Eur. J. Org. Chen2014,2014 1163
#2Kuang, Y.; Wang, Y.Eur. J. Org. Chen2014,2014 1163
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were collected using 20% DCM imexane,followed by a gradient of 5%A 10% EtOAcin
hexane to afford8.6~i as awhite lid, (16.8 mg, 3@0). Characterization data matched those
previously reported®® 'H NMR (400 MHz, CDC}) U  7J.=8.8 Hz( 4H), 7.75 (dJ = 8.2

Hz, 2H), 6.99 (d,) = 8.8Hz, 2H), 3.91 (s, 3H)**C NMR (100MHz,CDCkL) U 194 . 26,
141.53, 133.30 (q, 32.6 Hz), 132.63, 129.79, 129.37, 125.32 &7 Hz), 122.39q, J=274 Hz)
113.82, 55.56.

(4-methoxyphenyl)(4(trifluoromethyl)phenyl)methanone (68.6Ge) was prepared according
to the general procedurBurificationwas done bgolumn chromatographyhe first 5 fractions
were collected using 20% DCM imexane, followedoy a gradient of 5%A 10% EtOAc in
hexane to affor®8.6Ge as awhite solid (54.2 mg, 97%)Characterizatiomlata matched that of
68.6-i.

bis(4-(trifluoromethyl)phenyl)methanone (68.6Gi) was prepared according to the general
procedurePurificationwas done bgolumn chromatographyhe first 5 fractionsverecollected

using 20% DCM inhexane, followedy a gradient of 5%/ 10% EtOAcin hexane to afford
68.6Gi as awhite lid, ( 39.6 mg, 63%).Characterization data matched those pmnesiy
reporte?**'H NMR (400 MHz, CDC}) u 7. 92 (d, J=8.1 Hz%¥C 4H)
NMR (100MHz,CDCk) U4 194. 72, 143BH4),230.57, B6.02,7135.97 @,

3.7 Hz),123.92 (q, J=273.0 Hz)

#3Kuang, Y.; Wang, Y.Eur. J. Org. Chenm2014,2014 1163.
241, Y. Lu, W.; Xue, D.; Wang, C.; Liu, ZT.; Xiao, J.,Synlett 2014,25, 1097.
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Appendix 1: *H and **C NMR spectrafrom Chapter 1

3-phenylhex5-enal(23.4) CDCl;, 400 MHz

| [
| [
|‘ I | |
‘ [ [ [ ]|
I ; | | | }
|
I A IM L
T I T T T T 7T
3 %8 g n s 2 g
T T T T T T T T T T T T T T
13 12 1 10 9 8 7 5 4 0 1 2

6
f1 (ppm)

159

r&oao
;?SDD
;?UUU
;SSUU
:GUDU
3500
:SDDD
;4500
;4000
;BSUU
:3000
2500
:ZDDD
;1500
;IDDD

500

r-a00



(C)Pd(CH)(dcpe)(20.1) CDCls, 400 MHz
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butyl-3-hydroxyoctana({29.5) CDCl, 400 MHz
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Appendix 2: *H and **C NMR spectra from Chapter 2
phenyl 2naphthoate@8.4B). CDChk, 400MHz:
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