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Abstract

Decarboxylative carbagarbon bond formations have emerged as a powerful synthetic tool
within the past ten years. Beginning with the seminal reports from Saegusa and Tsuji in 1980, the
decarboxylative allylation (DcA) of-ketoesters remained relatively uninvestigated until eth
independent reports from Tunge and Stoltz in 2004. As part of the body of work produced during my
tenure under the mentorship of Dr. Tunge, our group in 2011 compiled a comprehensive report
published in Chemical Reviews highlighting the advancementieoDcA reaction. In addition, our
group has also investigated the decarboxylative benzylation (DdBketoesters and the reaction has

shown to be an efficient method for the introduction of benzyl moieties.

The enclosed dissertation thoroughly clisses my contribution to the advancement of
palladiumcatalyzed decarboxylative carbgogarbon bond forming reactions. As previously reported by
the Tunge group, it was realized that, in addition to enolate nucleophiles derived from decarboxylation
of b-ketoesters, various other nucleophiles were accessible via this path. In particular, my work involved
the development of the palladiuratalyzed DcA, DcB, and decarboxylative arylation (DcAr) of
cyanoacetic esters. Palladivratalyzed ionization of all@ind benzyl cyanoacetic esters facilitates loss
of carbon dioxide from cyanoacetate and is believed to allow access to the common intermediacy of
non-stabilized metalated nitriles. In the course of our studies we discovered the DcA reaction to be
regiospedic in &C bond formation and to deliver enriched branched to linear allylation products. In
addition, treatment of benzyl cyanoacetic esters with a palladium catalyst allows for access to newly
benzylated acetonitrile molecules. However, in the castigimethyl cyanoesters choice of palladium
catalyst determines the formation of benzylated and arylated products, representing the first reported

examples for the addition of nitrile anions to-Pebenzyl complexes.
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Chapter I:

Transition metatcatalyzed alkylation and arylation of nitriles
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Cl.1: Synthetic relevance of nitrile functional groups

Nitrile moieties areversatile functional groups in organic synthesis that possess general
synthetic accessibility and impressive reactivityA key feature of nitrile functionalities is
manifest by their abily to be rapidly converted to both amides as wellasboxylic acids via
hydrolysis. Alternativelypartial reduction to imines and further reduction results in amines
(Scheme 1.15* As nucleophiles, nitriles benefit fromating increased nucleophilicity as a

result ofhaving arelatively high pk@ | f dz%31 inDMSD}® In addition to the minimatan

® o} o}
HOH™ o H,O/H
,—' NH, — OH

Scheme 1.1

RSNJ 2FFf NIYRAAQA 27T ( KafAvaldelofaproxifratelydi2ekcaknfold O K
In simplest terms, metalated nitriles are believed to exist in several potentiaigtoations
(Scheme 1.2).Accounting forthe strong electronegativityf the nitrile functionality suggests

that a majority of the anionic charge remains on carbon, favoring resonance struttlire
However, rationéizing the greater electronegativity of nitrogen with respect to that of carbon
would suggest the ketenimin&.3 to be the more thermodynamically favorable resonance

contributor. In addition, both resonance models could exist as ion separated species as

(2]
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suggested byl.1 and 1.3, or as covalent pairs suggested by and1.4. Crystallographic data

adza33Sad I YAYAYFE FY2dzyid 27T -dadarardss hydr@ligeRB OK I NI
‘m®o M ]
R CN < R/\\c\\N@
H
0® 1.1 1.3
)\ base” M
R"CN — ﬂ ﬂ

Scheme 1.2

carbon as represented by.5 and 1.6, which have bond lengthsf 1.38A (Figure 1.%).In
addition, the amount of elongation of thec® triple bond associated with the lithiated and
sodiated comfexes is not consistent with ketenimine formatich® and 1.6°, Figure 1.1). This
result suggests that when lithium and sodium are employed as counteyrstatslization @ the

anion is due solely to an electrostatic interaction between the anibriarbonand theelec

TMEDA \E: /
1158 '\ W //c
\ LI /N_ /=Na/L
H' — /N — \H L_ a|_N |
#7==C=N N=C=-—=« 115 A& I-Na-|—
Ph N/ Ph L4 a- N\
1.38 A SON IR = 2065 cm™ 1'38\é C/ \L AN
TMEDA \\/ L = TMEDA
1.5 1.6

i ull PI1‘ Ph
o @Eﬁ\

Fle /P d\ ’/1.35 A P,Pd = {‘l
I >
@ P . N=C= Tl I- \ 1.16 A
~(Pr), =~ PhPh 454
17 1.20A 1.8

Figure 1.1
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tron withdrawing nitrile Y2 A S & @ CKS2NBGAOI ff @& -carbanioa 02 dzf R

resonate into the nitrile moiety; however this was not observed with nitrdabiized

carbanions untilow-valent, softer transitiormetal'®

counterions were employedL(7 and 1.8,
Figure 1.1}? As a whole, literature precedent suggested that nittilensition meta
complexes have nearly equal propensity @randN- bound coordination” However, elegant
mechanistic studies performed by Hartwig andworkers revealed that the mode of nitrile
coordination could be greatly influenced viareful choice of ligand®*? As shown in Figure
1.1, employment of a more sterically bulky electron rich ligand fadgo®und coordination of

the nitrile as represented by crystallographic data revealing a bond length consistent with
ketenimine formation. In addition, use af less hindered phosphiAgased ligand favors the
formation of theGligated nitrile. Last, another mode of complexation is shown in Figure 1.2,

i K $-CN>coordination was observed when more labile monodentate ligands were utilized

(figure 1.2)"

—N R R
€'_)\|/ ’ll,, aant N T,
M, o g™ PPh,Et Etthp/ \ —nN o Pdy 11 PPh,EL
S— B n

Figure 1.2

Havinga better understanding of the potential modes of reactivity for metallated
nitriles allows for more accurate interpretation of literature precedent and laboratory results.
It is well known that there is an abundance of work detailing the allylic alaplatind arylation

of distabilized nucleophiles (ie. malononitriles, cyanoacetates, ¢ )however the direct

[4]
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functionalization of acetonitrile moieties has received far less investigation. For this reason, the
focus of the remainder of this chapter is to highlighe recent advancements involving the
transition metatcatalyzed alkylation and arylation of carbanidhat are stabilized by a single

nitrile moiety.
Cl.2: Transition metajcatalyzed alkylation of nitriles

The first decarboxylative allylationf @yanoacetic esters was reported by Saegusa in
1980%*° { | S$3dzal Q& aSYAyYylf 62N)] Rbiilizetdl cabanions krfler 35Sy SN
formally neutral conditions.Preliminary studies from Saegusa revealed that treatment of allyl
cyanoacetate with Pd(PBj3 provided a mixture of mono(1.9, eq. 1, Scheme 1.3), and
diallylated (.10, eq. 1, Scheme 1.3) products. It should be noted that thgvaltles of the

conjugae acids of nitrilestabilized carbanions range from-33 in DMSO. Typically lithiated

2 hr, 50 °C, C¢H,

5 mol% Pd(PPhy),
Nc\)Lo . NC NC\C/ (1)
/

1.9, 69% 1.10, 16%

0 X, 5mMmol% Pd,dbaeCHCI; N
o 3 hr, 100 °C, dioxane

1.11, 76% 1.12, 21%

o ﬁ 5 mol% Pd,dbaseCHCI, X
NC

o 10 mol% dppe . NC NC_ _H 3)
1 hr, 100 °C, dioxane

1.13, 63% 1.14, 24%

Scheme 1.3

(3]



aminebases or hydroxide and heat are required to generate nitrile anions. However under the
conditions reported by Saegusa and later T&ujijtrile-stabilzedcarbanions were formed via
decarboxylation. In a similar fashion, Tsuji reported the decarboxylative coupling of tertiary allyl
cyanoacetates (eq. 2, Scheme 1.3). Despite obtaining 76% of the target monoallyated product,
Tsuji obtained 21% of the prototed byproductl1.12 (Scheme 1.3) as well. In an effort to
circumvent the protonation product, Tsuji and coworkers reported the decarboxylative
allylation of tertiary cyanoacetic esters employing.dfth; and dppe (eq. 3, Scheme3)L?®
Despite modification of the substrate and reaction conditions, a mixture of completing
allylation and protonation products were obtained. A proposed catalytic cycle for the
decarboxylative coupling of tniles is as follows (Scheme 1.4): treatment of allyl cyanoacetate
1.15with a palladium (0) catalyst results in ionization of the allyl ester moiety revealing both
the electrophilic palladium -allyl complex1.16 and the prenucleophile nitrile carboxylat
species. Loss of €Q@enerates the nitrilestabiized carbanion nucleophil&.17 which upon

recombination with the P4 -allyl complex regenerates the Pchtalyst anddelivers the allyl

> P
NC L,Pd(0) NC%‘\O
1.18 1.15

NC i
]
AL K o
7 N L gd(ll)
A l\l/
v 1.16

Cco,

Scheme 1.4
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ated product1.18 It should be mentioned that this is believed to be the mechanism for the
decarboxylative coupling of quaternary nitriles. However, if there is an accessible proton in the
hill2aAdA2y 2N O-pogitioh AsTsAgdested (in2 SchigrieS1.5,h literatprecedent

suggests that €C bond formation takes place before loss 0b&®’

Treatment of1.19 with Pd(PPkK)4 promotes the decarboxylative allylation of a vinyl
anion, however the reaction likely proceeds via proton transfer from the vinyligous carbon to
the carboxylate 1.20- 1.21, Scheme 1.5). Exposure of the allyl anlo?l to the palladium™ -
allyl complex likely generates intermediate22 which can then undergo decarboxylative
protonation to deliver the observed allylated produtt23 (Scheme 1.5)’ Of course it is
certainly S+ aA06tS GKFG €&t I-catbéhywhidh lcqul henLdinderdds

sigmatropic rearrangement to generate intermedidte22®

o ﬁ A
NC o 5 mol% Pd(PPh,), NC
| 2hr, 50 °C, CeHg |

1.19, 63 % 1.23,63 %
l T/r Co,
i (o) o | o | o
NC NC L, Pd(ll)
o® OH "l NC X0
I @ S i
= = . ~H
1.3
©1.20 1.21 B 1.22

Scheme 1.5
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Recently, Yamamoto anaoworkers reported a palladiugecatalyzed interceptive
decaboxylative allylation with benzigene malononitrile moieties (Scheme 1.8). Treatment
of allyl cyanoacetate witha BINAP ligated palladium catalyst in presence of benzylidene
malononitrile resulted in insertion of the Michael acceptor between the nisiigbilized
carbanion and the electrophilic Pdallyl complexresulting in the formation of..26 (Scheme
1.6). As shown in Scheme 1.6, loss of @@eals two equilibrating intermediates, the Pd(ll)
f A 3| -&ll, Abound keteniminel.24%*! or the solvent separated Fd-allyl complex and
nitrile anion as suggested by.25* Subsequent -nucleophilic addition of acetonitrile to
ethylidene malononitrile generates the ion pair suggested I6 which combined to form the
i -acetonitrileh -allylated product (Scheme 1.6). A brief investigation of the ethylidene
malonmitrile scope revealedhat both electron rich (entries 1 and 2, Table 1.1) as well as

polyaromatic (entry 4), heteroaromatic, and alkybietieswere toleratd under thereaction

oN CN__  5mol% Pdydba,  CN /
20 mol% BINAP
/_< * 0o >
PHh CN THF, rt PH ¢V

-cozl Pd(0)

_ y _ 1 -Pd(0)
ooy L
P N=c=(R CN (P\ _)>

Pd
LT[‘ Ph/=< CN P;N
—_—
P ®_> R o
<P/P°' ) A Phs TN
ONF -~ 126 "

1.25

Scheme 1.6
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conditionsnitrile scope revealed that both electromch (entries 1 and 2, Table 1.1) as well as
polyaromatic (entry 4), heteroaromatic, and alkyl substituents were tolerated under the
reaction conditions providing products in good yield. However, the reaction employing the
electron deficient benzylidene n@nonitrile was problematic, resulting in only 35% yield (entry

3, Table 1.1).

Table 1.1:Interceptive decarboxylative coupling of allyl cyanoacetate

N CN__ 5mol% Pdydba;  CN /
/=< + /I/i /l/ 20 mol% BINAP=
R con 0 0° THF, rt AN
Entry R Time Yield
(1) 4-Me-C¢H, 3.5 76
(2) 3-MeO-CgH, 4.0 68
(3) 4-Cl-CgH, 6 35
(4) 2-naphthyl 3 83
(5) 2-thienyl 4.5 70
(6) cyclopropyl 4.5 75

In addition to a report from Recio and Tunge for the palladjoatalyzed
decarboxylative allylation of nitriles in 2089 Grenning and Tunge reported an alternative
method for the allylation of nitriles in 2011 (Scheme £%)The method involved theetro-

Claisen activation of phenylacetitnle carbanions followed by palladiutnatalyzed allylation.

As shown in Scheme 1.7, broad substrate scope was shown via the deacylative allylation (DaA)
of aryl, alkyl 1.27), diary (.28), and aryl, allyl1(.29 cyanoacetone compounds (eq. 1, Scheme
1.7). The authors propose that treatment of the acyl nitrile compounds with allyl alkoxide

moieties induces the retr&laisen formation of a nucleophilic nitrile carbanion and an allyl

(9]



acetate (X= Me, Scheme 1.7) or carbonate (X = OEt, Scheme 1.7) spaciesam undergo a
subsequent TsujTrost allylation upon exposure to palladium (eq. 2, Schemé>¥).The
bimolecular deacylative allylation showcases the versatility of the reaction via the facile
activation of both pronucleophilic and proelectrophilic coupling partners. As shown in Table

M®H I -b 2 i Kf -8yl phgriglacetonitriles smoothly undergo allytat ia retro-Claisen

o
NC
KX
CH3| Ar R
S 1.27
o o Retro-Claisen N
ch)j\x Pd(0), ArBr_ NC%X Allylation _ NC )
Ar Ar Ar R\/\/ONa Ar R
~ 1.28 X = Me or OR 1.30
(o)
Pd(0)
/\/OAc NC X
Ar
1.29 \
(o)
OH Pd(0)
NC%L . NC =
X K/\R Base R (2
R R (o) R R
OJLX
Base NC7\@ I\/\ Pd(0)
R R Tsuji-Trost

In situ Activation

Scheme 1.7

activation fromallyl alcohol. It should also be noted that heteroaromatic, polyaromatic, and
electron rich aromatic (not shown) nitriles were allylated in good yield. In addition, the
reaction scope was extended to include allyl alcohol moieties that provide linear and branched

products (Table 1.2). What is particularly interesting is the ratio of linear to branched

[10]



selectivities observed when employing cinnamyl alcdh8band prenyl alcohbl.37andm ®o0 T Q
(Table 1.2). When cinnamyl alcohol was utilized, the linear product was obtainkciesty
(1.35 Table 1.2). However, when switching to the prenyl moiety, a 1:1 mixture of linear and
branched products was observed. This result likalggests that the DaA involving the
cinnamyl alcohol proceeds via an outgghere mechanism (ie. sodiated nitrile) generating the
linear product via nucleophilic attack at the least hindered position of the electroffifteThe
selectivity observed withhe reaction utilizing the prenyl alcohol suggests theiatatl nitrile
potentially undegoes a transmetalation to the palladated nitrif&3* The transmetalation
facilitates competing outerand innersphere mechanisms for¢C bond formation. This mode

of reactivity will be discussed in depth chapter 2 (See section Cll.4). The Dwthod has

proven to be an efficient protocol for obtaining 1,6 heptadiene nitfiegstrates that have

Table 1.2: Deacylative allylation of cyanoacetone derivatives

(o)
NC HO- %  Pd(PPh;),, NaH
Ar DMSO, .5 - 3h ;
N\ R! HO/\/\ R2 rt » 60 °C Ar 5 R

R'=PhorH HO"\F R'=Ph  HO~ PR

NC Z NC N N
= PH | PH PH
LN N ! \_pp, \_pp
1.3192% 1.32 74% 1.35,3h,81%  1.36,3 h, 70%
NC ~ NC ~ NC _A_ NC =
Pr?q Pr?q . PH PH
\ Pr \ Ph \ Ph 1.37 \ Ph
1.33 94% 1.3492% | 71%, 60:40 I:b

[11]



broad application in cycloisomerization reactions. Palladicetalyzed allylic alkylation of the

nitrile ketones followed by DaA with various allyl alkoxide moieties provided the 1,6 heptadiene

products.
o o
HO
1.1 eq. OiP
iPr Pd(PPhy), o Mea s pro
2 NaH . Pd(PPh3), 2 eq. NaH, THF
rf) 65°A 100 °C 5 min., rt 12h
MeG OMe 60°C 73% MeO OMe 99% MeO OMe
1.38 100°C 81% 1.39 1.40
Scheme 1.8

In additon to utilizing the cyanoacetone derivatives, Grenning and Tunge were able to
extend the DaA method the more accessible cyanoesditet$(Table 1.3). As showcased by the
bifurcated approach to the synthesis &f39 which is an intermediate in the synthesof
GSNI LI YAt @Al *dtSHodby Gbted thaNtRelage@itfilebestet.40, Scheme
1.) is synthesized vialHNJi 4°/a@i@ién of isopropyl cyanoacetate followed by alkylation.
This synthetic modification was seen as an improvement over the needed acylation of
phenylacetonitriles required to obtain the cyanoacetone starting matekidB (Scheme 1.8).

As suggsted in Scheme 1.8, retfGlaisen allylation of.40looks to be the optimal method for
obtaining the allylated nitrile precursat.39. In addition to the synthesis of precursbr39,
Table 1.3 details the scope of the rei@aisen allylation from ethydnd isopropyl cyano
acetates. As shown diary(1.43 1.44, 1.46, 1.47, 1.48), and aryl, allyl (42 and 1.45
cyanoacetates smoothly undergo¢© bond formation via actation from allyl alkoxide

derivatives.

[12]



Table 1.3: Deacylative allylation of ethgihd isopropyl cyanoacetate

o]

NC
NC%LOR Ho/\/\m Pd(PPh;),, NaH . WR?,
Ph R! R2 aTHF or °DMSO Ph R! R2
1.41 30 min., rt

R = OEt, or OiPr

K o ge

1.42 75%? 1.43 99%? 1.44 99%7

NC = NCW NCW\PF NCW
Pl‘?q\ Ph Ph Ph Ph Ph Ph

1.45 85%° 1.46 99%"” 1.47 86%” (>20:1 I:b) 1.48 62 %"

Last, given that the decarboxylative allylation of phenylacetonitriies has been

d24,26,33

reporte and is the focus of the next chapter; it was feasible to speculate that rather than

a retro-Claisen allylation reactive pathwapath A eq. 1, Scheme 1.9), teansesterification

followed by decarboxylative allylation pathway was responsible {&@t©nd formation path B

(¢]

PR

o) path A NC7@ 0~ NOEt Pd(0)

NC*LOEt PR K NC _
PH R, X

G (0] Ph R
NaO AN
Ph R + NaOEt
(o]
OH
NC a NC
o > N (2)
Ph NaH, DMSO, rt, 15 min. Ph
N 149 then 0.5 M HCI 1.50 81%

Scheme 1.9

[13]



ed. 1, Scheme 1.9). A simple control reaction was performedetermine which reaction
pathway was opertive (eq. 2, Scheme 1.). Treant of 1.49with allyl alkoxide in absence of
palladium revealed only the protonated allyl phenylacetonitfil0. This result confirmed that
retro-Claisen activatiorp@th A) was indeed the path todC bond fomation and that the pkof

phenylacetonitrile is lower than ethoxide in DM8D.

Hartwig and coworkers also reported the allylation of nitriles, however did so via a
slightly different reactive manifold (Scheme 1.10).Taking advantage of the lower pkf
phenylacetonitrile, expagre to a palladium (0) catalyst generates a nitgtabiized carbanion.

As shown in Scheme 1.10 treatment oftrdluoromethyl phenylacetonitrile with 1,3
cyclohexadiene in the presence of dicyclohexylphosphinopropane (DCyPP) ligated CpPd(allyl)
lead to formation of the diallylated product (eq. 1, Scheme 1.10). In addition, subjecting
phenylacetonitrile and 2;8limethylbutadiene to identicakeaction conditions resulted in a

mixture of mone and diallylated products. Even margeresting, is the obseed ratio of

5 mol% CpPd(allyl)
5 mol% DCyPP _ CN (1)
ME

Ar
94%
5 mol% CpPd(allyl) \ \ /
o CN 5mol% DCyPP @)
DME CN CN CN
| Ph Ph Ph |
v
48 : 52 91%

Scheme 1.10

[14]



linear and branched products. This result provided another potential example of competing
inner- and outersphere €C bond forming mechanisms (see section Cit#).The reaction is
proposed to proceed via the catalytic cycle in Scheme 1.11. Exposthre Bfi(0) catalyst to

the phenylacetonitrile derivative generates a nitrdabilized @rbanion and a palladium
hydride species. Regioselective hydropalladation allows fof Rdlyl formation as suggested

by 1.51 Nucleophilic attack of the Pdallyl complex produces the product.52 and

regenerates the palladium catalyst.

L
CN ( Pd(0) N
P~ L (o3
R' Ar k
1.52 R" Ar
Rll L
L. ® N
( o _Pd—H
v L @”
ON C

Scheme 1.11

In a different reactive manifold, Fleming and coworkers developed a hatogetal
SEOK I y 3 $halositkilésKas dn alternative to the traditional use of amide base for the
generation of metalated nitrile¢Scheme 1.12%°° As shown in Scheme 1.12, Fleming takes
advantage ofin extremely fast halogeymetal exchange to obtain the magnesiated nitdl&4;
the process likely proceeds via bromate intermediat83which upon collapse and exposure to
the electrophile generatethe quaternarized nitrile product. A brief look atettscope of the

reaction revealed that the method was quite efficient for the allylation of nitriles as shown in

[15]



{ OKSYS wmdmo dhromdhittesaSisprdpy! Fraghesium bromide and allyl bromide

either sequentially, om situlead to the formatiorof the allylated nitriles (el and 2 scheme

BrM
r g®
1 1@ 1 1 3
R xBr i-PrMgBr RXBr R! MgBr]| g3y R ><R
R2”SCN .78 °C THF | RZ“>CN CN R2” “CN
1.53 1.54

Scheme 1.12

1.13). The h-chloronitriles worked more efficiently when butyl lithium was employed. In
addition, incorporating cinnamyl bromide into the reaction conditions lead to the formation of

cinnamylated nitriles (eq. 4, Scheme 1.13). It should also be noted that tlae fireeluct was

NC i-PrMgBr i-PrMgBr CN
Br Br. Ph
©)<Br N L m 72%(1) | OLBr it OL\_:z%M)
i-PrMgBr :-PngB/r i
CN Br CN . F CN
OLBr ~X OL\; 2%(2) Br L OL\ 70%(5)
N\
BuLi MeZCuLl
CN pgr CN
OLm hith et 72% (3) OLBr —. OL\\ 73%(6)
Scheme 1.13

formed exclusively. Another interesting example was the regioselectivity observed via
modification of the metalating reagentTreatment of cyclohexyl bromonitrile with isopropyl
magnesium bronde and propargyl bromide lead to thgZSalkylation product (eq. 5, Scheme
1.13). However, simple modification of the reaction conditions withh@®4g.i reagent resulted

[16]



inthe gH Q Ff 1@t A2y LINRPRdzOUO 6Sljdcs { OKSMie mMmdmMoO U
regiochemistry for the alkylation can be attributed to the precoordination of the cuprate with

the alkynyl moiety of the propargyl bromide. In addition, the coordination allows for a more
classical reductive elimination of thébound cuprate and allenyl moiety. In contrast, the

magnesiated nitrile reacts via a more direct displacement mechanism.
Cl.3: Transition metajcatalyzed arylation of nitriles

Ly 1SSLAY3 ¢ Ahnlnitriiek Su adeh ®workeFs reported auple of
examples of nicketatalyzed Hiyama coupling with an aryl trifluorosilane (Scheme 12 17ie
NBI OGA2Y NBIdZANBR I ¢A(OKQ#A 30 MiBiéphetrihe, NBBMDI Sy (i &
as base and CsF to activateetarylsilane. The reaction was performed in DMA at 60 °C. As
aK2oy Ay { OK Sbrogo m ¢ RchbronifriksSwere converted to tharylated
products in good yield. It should also be noted that in a similar reactive manifold, the Lei group

reported a nickeOl G f @1 SR { dz dzl A  (-BrdodSnitri@Nand aryl eonizlJ A y 3

acids*
NiCl, - glyme (10%)
NCY . S__@ Norephedrine (15%) @_(N
3 1 . % %
X . LiHMDS (12%), H,0 (8/)>
X=Br or CI CsF (3.8 eq) X =Br 76%
DMA, 60 °C X =Cl 88%
Scheme 1.14
LY HnnuX GKS | I NI ¢-arfatioh NfPadetahitiBmaeted'S Rp 6 KS b

until this point, carbanions stabilized by a single nitrile moiety were difftouftinctionalize as

[17]



a result of their high pK Thsinherent propery of nitriles suggested that in order to develop a
catalytic arylation of nitriles, a strong base would be required in addition to a ligand that could
facilitate reductive eliminatin. Because the nitrile moiety is strongly electron withdrawing it
was suggested that the reductive elimination was going to be difficult. Indeed, as discussed in
the introductory paragraph Hartwig and coworkers were able to determine that electron rich
bulky ligands such as BINAP &ed-butyl phosphine were competent for catalytic arylation.

As shown in Scheme 1.15, subjecting various nitriles to either a BINAPBu)Higated

Y Y
NC\rR' 5 Z|=\ Cond A: BINAP/Pd(OAc), NC / | A\
r Cond B: P(t-Bu), / Pd(dba .
X= Br or Cl NaN(SiMe,), 70-100 °C

Ph
v Xy~ “CN N CN
= Y

Y=4-OMe 85% Y=4-OMe 85%

t
Y=4-CN 99% Bu g9 Y=4-F  99%
1.55 endo/exo 2:1 1.57
1.56
Et Ph Et CN Ph
cond B: 69% diarylation diarylation
1.58 cond B: 69% cond B: 62%
1.59 1.60
Scheme 1.15

palladium catalyst in thepresence of a strong base and heat provided moaaed diarylated
nitriles Scheme 1.16 A brief overview of the reaction scope revealed that dimethyl

acetonitrile readily underwent arylation; however the vyields suggest that electron poor

[18]



aromatic coupling partners provide optimal conversioh.§5 Scheme 1.15). The tertiary
norbornane nitrile was also converted to the arylation product in 69% vyield and with a 2:1
endo/exoratio. It should also be noted that use of butyronitrile and acetonitrdguired a
modification in the reaction conditions to the tFBu) ligated palladium catalyst. Despite this
modification, the major products were diarylatiptikely stemming from the fact that the
phenylacetonitrile intermediate is more activated (reduceld,) toward arylation. In addition

G2 G0KA& NBLRNIS Al aKz2dzZ R 0SS y20SR dilaton 6 KS =
of nitriles using triaminophosphine baseiBYNCHCH)sN along with essentially identical

catalyst conditions employed Wyartwig*? Recently, Fleming and coworkers also reported the

hf NBEFGAR2ZY 2F QIESNRYAGNRES akK2gO0FaiAy3a (GKS dz

the conditions reported by Hartwit}.

In a follow up to their seminal report, Hartwig and coworkers @&ddrthe large amounts
of diarylation observed with butyronitrile and acetonitrile derivativdssg@ and 1.60, Scheme
1.15) via attenuation of the nucleophilic nitrile with trimethylsilaffe As shown in Table 1.4,
treatment of various substituted and unsubstituted trimethylsilyl acetonitriles with appropriate
catalytic conditions indeed affded monosubstituted arylated products. In addition, both
tertiary and quaternary nitriles were readily obtained via appropriate reaction conditions. As
suggested by Hartwig, the circumvention of the large amounts of diarylation and
homodimerization is kely due to the fact that silicon cyanoalkyl reagents are less basic than
their alkali metal surrogates resulting in higher functional group tolerance. A brief overview of
the reaction scope reveals that electron deficient aryl bromides meaglily undego C;C bond

formation, however electron rich aromatics are also converted in good yield aslw@&l| Table

[19]



1.4). In addition, ortho substitution does not look to have a large influence on product
formation as represented b%.64and 1.67. The propionttle is also smoothly arylated, albeit

with slightly reduced yields. The loss in yield is potentidiyg to the thermodynamic
FIL@2NIoATAGE 2F F2NXNI (A 2nhydrice Blimindich .20 &NBge t O2Y

Last, the tertiary alkytitriles were arylated with good yield$.63 1.66, 1.69).

Table 1.4. Mild palladiurrcatalyzed selective monoarylation of nitriles

1 2 1 2
R\R®  2mol% PdiL 0.5 eq ZnF, "")4"
~ Ar” “CN

ArBr 4
TMS™ "CN DMF, 90C
R'=R?=H R'=Me, R2=H R'=R?=cyclohexyl
CN ! CN !
Y 1] 1]
©/\ Y : CN
1.61 : 1.62 © 'Bu
Y=4-NMe, 83%° | Y=4-OMe 71%° ! 1.63 62%?
Y=4-CF; 99%7 ' Y=4-CN 82%? !
CN ! CN |
' ' CN
. ' MeO
1.64 69%"° ! 1.65 60%" ! 1.66 77%2
CN .
: CCCN : CN
' Cy 1 MeO
1.67 84%° ! 1.68 64%" ! 1.69 84%°

 Pd,dbag/Xantphos ? Pd,dba;/P(t-Bu); ¢ Pdydbas/PhP(t-Bu);

Recently, Liu reported the palladivoatalyzed decarboxylative coupling of potassium
and sodium cyanoacetate salts with aryl halides (Scheme $>18he reaction involves the use
of Pd(allylxCh and Xantphos ligand at elevated temperature. It should be noted that this

reaction is extremely robust and the scope of the reaction is impressively large. This method

[20]



was showcased via application to a gram scale synthesis of flurbiprofen, a nonateaotd
inflammatory drug. Decarboxylative coupling of the cyanocarboxylate and aryl halide afforded
the phenylacetonitrilel.70 in nearly quantitative yield. Subsequent hydrolysis of the nitrile
moiety and acidification provided thérug flurbiprofen. In the same year, Kwong reported a
very similar protocol for the decarboxylative diarylation of potassium and sodium
cyanoacetate§? The first arylation is initiated under conditions reported by Hartwig and a

subsequent decarboxylation dditates the second arylation.

Br
Ph” ; o
0.5 mol % [Pd,(allyl),Cl,]
F

1. NaOH, H,0, EtOH

1.5 mol% Xant-Phos CN Reflux, 5h COOH
10 mmol > >
140 °C, 3h Ph 2. H,S0, Ph
1 F F

NC COOK 1.70 1.71

12 mmol 95% 82%

flurbiprofen
Scheme 1.16

The examples above discuss the recent advancements rmaadving the transition
metalccatalyzed alkylation and arylation of nitriles. It is important to note, that there is
another impor@ant class of reactions that involve the transitiometal¢catalyzed activation of
nitriles toward nucleophilic additions to carbonyl compounds. These methods involve the use

of Cu?™° Rul***%0 Rh136%63 %4 and even lanthanide catalyst®?%6>%’
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Chapter II.

Regiospecific Decarboxylative Allylation of Nitriles
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Cll.1:Introduction to the decarboxylative allylatioaaction

Recently, transition metatatalyzed decarboxylative carbgrarbon bond forming
reactions have become powerfsnthetic tools for organic chemist§. A specific subset of

this class of reactions was reported by Saegasal Tsuji’in 1980. The reaction involved the

palladiumOF G f 8T SR RSOI ND2E& € | (i Akéiddserl subistiated @ 2,y 650

Scheme 2.191° This methodology was likely inspired by tAsujiTrost reaction, which
involves treatment of allyl acetate with a palladium catalyst in the presengaridus activated
nucleophiles resulting in the production of new carbqoarbon bonds*** The TsujiTrost
reaction proceeds via formation of a highly electrophilie”Pallyl complexX2.1 generated upon

ionization of allyl acete with a palladium catalyst Subsequent nucleophilic attack of the

O O ﬁ L,Pd cat /ﬁ\j (1)
AN =S

Cco,

(o)
X Nu-H
)\ j L Pd cat L@Pﬂ Base" M+ j )I\OM (2)
07 "0” -L,Pdcat |g -L,Pd cat Nu
NP | [y Pld(") J-and
XHF

21

Scheme 2.1

electrophilic specie&.1results in GC bond formation generating newly allylated products (eq.
2, Scheme 2.1). In an analogous reactive manifold, a simplified catalytic cycle for the DcA
reaction proceeds allows? treatment of allyl ester substrat2.2 with a palladiim (0) catalyst

results in ionization of the allyl ester moietynveiling both the palladiur -allyl complex2.3
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Scheme 2.2

and the prenucleophilic carboxylate species (EWG=electron withdrawing group). Loss of CO
generateghe carbamon nucleophile2.4 which upon recombination with the Pd-allyl complex
regenerates the Pd(0) catalyst and delivers the allylated prod2i& To this end, it is now
understood that decarboxylation is largely dependent upon thggiKhe conjugate acid of the
ensuing carbaniofi. In essence, the ability of the EWG group to stabilize anionic charge
through resonance or inductive effects determines the eaéd which CQis released. This
reactivity represents a major difference between the decarboxylative allylation method and the
TsujiTrost reaction. Traditionally, Tsdjirost reactions are performed with -dtabilized
nucleophiles (N\tH = malonate esters, acetylacetone, malononitriles, . 2, Scheme 2.1)
and requirestrongbases for nucleophiles with pkvalues above 16 (ie. enolates#KH 1 Und
contrast, the DcAnethod allowed for accessirgnolate nucleophiles in the absence of base via
taking advantage of the thermodynamic favorability of loss of EQIR Y -kéto/carboxylate
(2.3- 2.4 EWG = C(O)Bcheme 2.2J. Much of the work reported by Saegusa and Tsuiji

I R R NXB &alydakon bf enolates (EWG= C(OJE)> however many other electron
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withdrawing groups (EWG) are now known to facilitate decarboxylation upon ionizatiore of th

allyl ester moiety (Scheme 2.3).

P

o Ph
_LnPd(0)_ j\ LnPd(0) 4)
/0 “75°C 110 °C NO,
Ph
j X
Phozs% LnPd(0) PhOZSQ @ 5 Led0) [
Bn Bn 95°C Bn Bn ; 80°C
Ph_ _Ph :
o |
\Nﬁ j LnPd(0) Y (3) E \j LnPd(0) ~ (6)
(0] 25°C E 47%1\ 25°C

Ar

Scheme 2.3

Ly FRRAGAZY G2 7FdzNI KS NJ-ke®asBrs 2ty Buyige graup G K S
has also developed thed® of various other nucleophiles (Scheme 2.3Phenyl propiolate
esters were competent substrates for DcA as exhibited by Rayabarapu, suggesting sp
hybridized carbanions were efficient nucleophiles fotCCbond formatiorf? 2 S| @S NI &
O2y GNROdzi A2y Syl Asulbrigl carfarfons|(dqf 2 Sthénde 2%8). THasF b

SPSt2LIYSyid ¢6la arAayAFAOLYydG o0SOldzaS Fylf232d

¢

example of the decarboxylative generation of carbanions being stabilized solely by weducti
effects?® Waetzig reported the facile DcA obth nitroaromatic as well as heteroaromatic allyl

esters (eq. 4, eq. 5, Scheme 2%} The latter reaction represents the upper limit in terms of

the stability of the carbanion @2 ¥ LA O2f AyS F op0 204 tshguBlR FNRY

be note that the highly basic picolinic anion was generated at relatively low temperatures and
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under formally neutral conditionsln addition, Burger and Grennin® & K 2 6 SR -iniink | G b
carbanions as well as highly reactive, somewhatbfamatic, nitronate carbanions were
efficiently allylated via decarboxylative coupling (eq. 3 and eq. 6, Scheme 2.3)ditiorato

the above stabilizeducleophiles, nitrile stabilized carbanions are coveted nucleophiles that are
difficult to generate i absence of amide basé%® Before 2009, only two examples for the
palladiumcatalyzed decarboxylative allylation of nitriles had been repofted. Moreover,
there are only a few examples in the literature for the transition metthalyzed
decarboxylative generation of nitrilstabilized carbanion®>*?* As an alternative method for
the allylation of metalated nitriles, Grenning and Tunge reported the palladiatalyzed
deacylative allylation of nitrile¥ Fleming and Knochel reported that similar allylated products
FNB 260GFAYSR TNRY -BaNdifilgst*NIhe N&&ilsex®y wilkideskeriieRtheh

palladiumcatalyzed decarboxylative allylation of nitrile stabilized carbantons.
Cl.2:5SOF ND2E&ft | GA DS -hitfild carbahicnd 2y 2F GSNI AL NB b

In 1980, Saegusa reported a single example of the palladatalyzed decarboxylative
allylation of cyanoacetic esters (eq. 1, Scheme 2.8aegusa employed Pd(RRhas the
catalyst to obtain thetarget product 2.6 in 69% vyield in addition to 16% formation of the
diallylated compound2.7. In 1987, Tsuji reported the decarboxylative allylation of tertiary
cyanoacetic esters with a triphenylphosphine modified palladium catalyst in which he obtained
the dlylated product2.8in 76% yield in addition to 16% of the protonation proddc (eq. 2,
Scheme 2.4)° The abovditerature precedent suggested that competing tiidtion as welbs

LINPG2YFGA2Y LINRPRdAzOG & Quotef cBntaidiyy subBi®tésf SVithl thish O & A
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knowledge in hand, studies to determine catalytic conditions for the DcA of tertiary allyl
cyanoacetates that circumvented the formation of both the diallylatad well as the

protonation products were undertaken.

2 hr, 50 oC, CGHG

5 mol% Pd(PPhy),
Nc\)Lo . NC NC\C/ (1)
/

2.6, 69% 2.7,16%

0 X\, 5mol% Pd,dbazeCHCI; X
NC 10mol% PPh; e NC\/\) (2)
o 3 hr, 100 °C, dioxane

2.8,76% 2.9, 21%

Scheme 2.4

{FS3dzAl Q& yR ¢adz2iAQa NDofittet conjugate detioSthel G K I
nitrile carbanion generated via decarboxylation was leading to fownabf the protonated
product2.9 (Scheme 2.4). Known p¥alues for alkysubstituted acetonitrile.10range from
30-33 in DM®, however addition of a phengl dzo & G A G dzSy G o6AS® oSyi et O
nitrile pk, G 2 F2.13 8chete 2.57%° C2 NJ { K A &pheNyb tyanaayelic esters were
chosen initially as test substrates for DcA dfile stabilized carbanionsh-Phenyl allykcyano

acetate2.12A & LINB LJ NB R T NP Y-phenyl@yarhoacli acldAvitalalfydetgted 2 F b

NC_ _H pK,~ 32

H pK, ~ 22

210 2.1

Scheme 2.5
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alcohol?® h-Phenyl cyanoacetic acigl.13 is prepared \a lithiation of benzyl cyanid€.11
followed by quenching with carbon dioxide and acid (Scheme?2.Biterature precedent
suggests that Pd(PBh and various other ligated palladium (0) sources would be effective
catalyss for ionization of allyl cyanoacetic est&.12 (2.2- 2.3, Scheme 2.2J1%%% As
detailed in Tal@ 2.1, Preliminary results for the DcA of es2et2 utilizing a catalytic amount of

Pd(PPh)4 in toluene at 100 °C generated the meablylated produc2.14while circumventing

Ncp BuLi NC DCC/DMAP NC
_— - >
then, CO allyl alcohol
H » €Oz y

HCI 0% OH o o \F
2.11 2.13 212

Scheme 2.6

formation ofthe diallylated produc®.15 However, the competing protonation produ2il6is
observed in equal amounts (entry 1, Table 2.1). A change in solvent from toluene to methylene
chloride only served to introduce an equal amount of diallylated product (ehtiyable 2.1). A
switch in the source of palladium from Pd(BRIo Pd(dba) with triphenylphosphine as ligand
prevents formation of the monoallylation product; instead protonation was the major product
in addition to a minimal amount of the diallylatecompound?2.15 (entry 3, Table 2.1).
Currently, it is not clear why the use of Pd(PPtelivers €C bond formation while employing

the precatalyst Pgdba) and triphenylphosphine doesot deliver the monoallylated product

2.14. Lack of C bond formé&on in the latter examplesuggests the @ive palladiumcatalyst
species forming in solution is dependent upon the initial source of palladium. A screen with a

series of bidentate ligands and precatalystdiibs; resulted in the production ofnonoallylated
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Table 2.1: Decarboxylative allylation of phenylacetonitrile

0 X N
NC\HLO 5mol%Pd. _ NC__JNC_~D NC__H
10 mol % Ligand + + \r
Ph Ph Ph

o Ph
212 solvent, 100 °C
Entry Pd source ligand solvent 214 @ 215 : 216
(1) Pd(PPhj), toluene 65 - 35
(2) Pd(PPh;), CH,Cl, 40 30 30
(3) Pd,(dba); PPh, toluene - 32 68
(4) Pd,(dba); dppf toluene 69 - 31
(5) Pd,(dba); rac-binap toluene 72 - 28
(6) Pd,(dba); dppe toluene 70 - 30
@*Pph Oe —/\
Fe 2 PPh, Ph,F  PPh,
<5-PPh; PPh,
OO dppe
dppf rac-BINAP

product2.14in addition to complete circumvention of the diallylated prodcl5 (entries 45,

Table 2.10). Despite the various reaction atinds attempted, inhibiting the formation of the
protonated product2.166 I & Y S@SNJ | OKA S @ $enybnitrile Subsirates. TheS NI A |
highest product selectivity was observed wrdc-BINAP as ligand resulting in a 2.5 : 1 ratio of

monoallylatedto protonated products (entry 5, Table 2.10)

To be certain that protonation was not a result of the test substrate chosen, both
cyclohexenyll y RY 8 (i K & f-ghdnyl &yanoaltetates which are converted to produgits?
and 2.18respectively (Table 2.2)vere subjected to the identical reaction conditions in Table
2.1. Despite modification of the substrates, similar product distributions were observed in
which the diallylation products were completely eliminated however the competing

protonation product @rsisted. Previous experiments have shown (ClIlI.4) that the qualitative
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Table 2.2DcA of tertiary cyanoacetic esters containing substituted allyl moieties

R
NG Q@ f" ") cond. A": 5 mol% Pd(PPh,), NG N Ne NC. H
%OY cond. B": 5 mol% Pd,dba; N R \r
Ph R 10 mol% rac-BINAP Ph R Ph Ph
Entry product conditions R mono- : di- : protonated
(1) A H <5 - >95
NC
(2) B H 50 - 50
Ph R
217
(3) NC A Me 45 10 45
(4) Ph R B Me 50 - 50
2.18

“toluene, 100 °C

rate of decarboxylation directly correlate to the ptf the carbanion that is formed. It is also

known that the rate of ionization of more sterically hindered allyl acetate moieties is slower

with respect to unsubstituted allyl acetatd. Current literature precedent sgests,
mechanistically, that protonation and;C bond formation occur via the same reactive pathway
(Scheme 2.7%* Both products are derived from carboxyla19 which is obtained from
palladiumOl G I f 8T SR  Aphghwl lallylickaBogicet#€¥12 h Carloxylate 2.19 is in

SljdzA £ A 6 NA dzY @A -ddNdEcicabbxylic hic. P08 ExBd¥dresoh carBoxylic acid

2.20to the Pd™ -allyl electrophile Path A { OKSYS H®T 0 S| Rallylatddz GKS
carboxylic aci®.21 At this point, palladim-catalyzed decarboxylation &.21 would lead to

the target moneallylated product2.22® | 26 SOSNE LINR4Ely?aied carbidxyica T S NJ 7
acid2.214 2 -prétio carboxylate2.193 S y' S Ndproti® darbbxylic aci@.23 (Path B Scheme

2.7). Analogoust®Path A 2EARIF GA GBS I RRAGAZ2Y -Pratio datbdxflid RA dzY

acid2.23as suggested b¥.24and subsequent loss of gfdllowed byreductive elimination
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o H
NC L,Pd(0) NC =

o
Ph Ph
2.12 2.22
co,
L,Pd(0) L,Pd(0)
- 7 PathA
D
o o Land(u) o
U
Nc\’gl\o@ che)kOH X+ NC oH
Ho S \
Ph Ph Lpgo) Ph
L 219 2.20 nPd(0) N
o 2.21
NC
Path B OH
Ph
X
2.21
o L,Pd(0) o v H
Nc\ngOH . NC 0O-Pd-H H
Ph Ph co, Ph
2.23 2.24 LaPd(0) 5 55
Scheme 2.7
delivers theprotonated product2.25(Scheme 2.7 Ly | RRAGA 2y { rotdnk S LINB &

substrates with allyl moieties containing acidic protons are also problem2i6 (Scheme
2.8)8 lonization of the cyclohexenyl acetate moiety of este26 generates Pd -allyl complex
2.27 which is susceptible to elimination, generating cyclohexadigh28 and h-protio
carboxylic acid2.23 (Scheme 2.8). Compourd23 can then go on to form the protonation
product 2.25 as shown in Schem@.7 (2.24 2.25 Scheme 2.7). It was evident that
circumventing the competitive formation of the protonation product is difficFor this reason,

development of the DcA of tertiary cyanoacetic esters was abandoned for the investigation into
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the DcA of quaternary cyanoacetic esters. The following section will detail the development of

the palladiumcatalyzed decarboxylative glihtion of quaternary allyl cyanoacetatés.

(0] /@ (o)
NCW)LO L,Pd(0) NC\’%_II\O \O -L Pd(O) @ ngOH
Ph Ph

L Pd(II)
2.26 2.19 2.27 2.2 2.23

Scheme 2.8
CII.3: Decarboxylative allylation of quaternary nitriles

Decarboxydli A @S |ttt GA2y 27F | f-prétié sulStidents2is OS G I
problematic due to competing formation of the protonated produ2t25 Scheme 2.7 In
FGAOGSYLIWG G2 NBY2@S GKS a2dz2NOS 27F LitNRijialyll GA2Yy >
cyanoacetate2.29 was catalyzed by diphenylphosphinoethane (dpiggted palladium in
toluene at 100 °C and the produ@30 was obtained in 63% yield, however 24% of the

protonated specie€.31was also observed (Scheme 23Buccessful development of this

o ﬁ 5 mol% Pd,dbageCHCI, X
NC o 10 mol% dppe N NC NC_ _H
1 hr, 100 °C, dioxane &

2.29 2.30, 63 2.31,24

Scheme2.9

methodology will allow for the generation of nitrigabilized anions (conjugate acid K o-n

%15,30,42,43

33Y° under formally neutral condition’ In addition, the method allows for the
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functionalization of all carbon quaternary centers as well as the incorporation of nitrogen via

carba based nucleophiles.

Building on the proof of concept set forth by Tsgjidentification of a competent
palladium catalyst as well as reaction conditions selective €@ lbnd formation is described.
¢ K S -dibeh2yl, allyl cyanoacetate substra2e32 (Table 2.3) was prepared via dialkylation of
the allyl cyanoacetate obtained from Steglicoupling of cyanoacetic acid and allyl alcohol (see
appendix Af? The data combined in Table 2.3 was acquired via analysis of ¢HIdVR
spectra®’ The preliminary results suggested that bidentéigated palladium catalysts were
more selective toward € bond formationZ.33 Table 2.3) with toluene employed as solvent.
The data also reveadl that monodentate Pd(PRJa as well as the use of PPmodified
precatalyst Pgldba) provided only the protonation producR.34 (entries 13, Table 2.3) in
thoroughly dried toluené>** A series of bidentate phosphine ligands with differing bite angles
as well as electronic properties were screened usingd®ad) as precatalyst in toluene at 100
°C (entries 4, Table 2.3f" Both diphosphinoferrocene (dppf) and diphosphinoethane
(dppe)® were more seadctive toward allylation however did not successfully circumvent
formation of the protonation product. In contrast, theracemicbinaphthylphosphino rac
BINAP) ligated palladium catalyst smoothly converted the €312 to the allylated product
2.33in addition to completely suppressing the formation of the protonated prod2&4 (entry
6, Table 2.3). Currently, it is not well understood exactly howr#teBINAP ligand is able to
circumvent formation of the protonated product. Nevertheless this obagown is consistent
with use of arac-BINAP ligated palladium catalyst to prevent the formation of protonated

LINR RdzO G & A sulfanf &ter§’0! 2 F h
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Table 2.3: Circumventing protonation in the decarboxylative coupling of nitriles

o) ﬁ A
NC N0~ 5mol%Pd Nes . NC M
Q 10 mol % Ligand Q Q
& - O O

2.32

Entry Pd source ligand 2.33 2.34
a Pd(PPh;), - -
(2) Pd(PPh;), <5 >95
(3) Pd,(dba); PPh; <5 >95
(4) Pd,(dba); dppf 50 50
(5) Pd,(dba); dppe 61 39
(6) Pd,(dba); rac-BINAP >95 <5

" reaction performed in CH,CI, at 50 °C

L —

Ph,F PPh
. _PPh PPh; ’ ’
@’ 2 OO dppe

dppf rac-BINAP

Having establishing that theac-BINAP ligand promotescC bond formation in the
Fo&aSyO0S 2F RSOINDB2E&f | (A S8isubkiii®di &ghbaitetaey 5 (G KS
disclosed®’ Literature precedent suggests that upon ionization of the allyl acetate moiety, the
facility of decarboxylation is dependent up the ,p#f the conjugate acid of the ensuing
carbanion®*” C2 NJ (KA & NBI aphefyl cydnoace@tbshvwiere syatiesizeile
Scheme 2.6) and quaternarized via alkylation (Table®24)a RSLIAOGSR Ay ¢l o6f
LIK S y ankethyl cyanoacetate containing an unsubstituted allyl moiety is converted to the
allylated product2.35in 80% vyield at 25 °C. It should be noted that this reaction is performed

at room temperature, whicnd f 2 6 SNJ 0 KIFy (GKS wmnn c/ -diNdsdyldzAi NS R

cyanoacetate2.32 (Table 2.3). This observation supports the argument that decarboxylation
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correlates with the pKof the conjugate acid of the forming carbanion and suggests loss 0f CO

21

is rateclimiting.”* ht K S y -@nétly| cyanacetate substrates containing substituted allyl

Table 2.4: Decarboxyltive coupling of nitriles

O Y 2.5mol % Pd,dba, "
NC%LO Z 5 mol % rac-BINAP_ NC Z
R! R2 Toluene, 90 °C R!' R2 R3
2.35, 80%? 2.36, 75%2 2.37, 75%" 2.40, 85%
NC =
NC P NG P
2.38, 711% 2.39, 75% Q
2.33, 85%

3reaction performed at 25 °C. PPd(PPh), at 25 °C.

moieties also undergo C bond formation Z.36, Table 2.4), however obtaining the
cyclohexenyl nitrile2.37 required a change in catalyst from the bidentatac-BINAP ligated

palladium to monodentate Pd(PPh** Use of the raBINAP modified palladium catalyst

resulted in a 50:50 mixture of the allylated produ&B87 and the protonation productZ.28

{ OKSYS Hody O d -phgnyllcyandacétatesyisil @ S & X S h ydadkybayNJ 2 F b
Oely2lO0SiGlIi1Sa 6SNB LINBLI NSR |yR &adzon2SOaSR (2
0 Sy 1 néthyl altylated nitrile2.38is generated in 71% yield along with the more sterically

Sy OdzYy 0 SONSS/R @dbpkopylallylated nitrile 2.39, which is obtained in 75% yield. It

should be noted that allylated product®.38 2.39 and 2.33 form via a nitrile stabilized
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carbanion in which the conjugate acid has a y#ue of 32°** This isan increase of 10 orders

of magrh G dzZRS  F Nienyl riteSa G 6 Af AT SR Ol Nb I ytARF e fox{ OK S
acetophenone allyl cymacetate undergoes C bond formation smoothly to producg.40

with minimal evidence of the protonation produ@41 (figure 2.1). This result is interesting
given that the pKof the conjugate acid of the carbanion generated via decarboxylation is 22,
whereas the pKof the h-acetophenone protons is 24 (figure 23%° This observation suggest
thati KS 5 O{disuBstituted Allyl cyanoacetates provided the products of regiospedifi: C
bond formation. The regiospecificity of the DcA can be investigated via performing the reaction
in the presence of protons containing p¥alues lower (ie more atic) than the pKof the
conjugate acid of the carbanion formed via decarboxylaffonif indeed the reaction is
regiospecific, @C bond fomation takes place at the site of decarboxylatidkmétic, Scheme
2.10) and there will be no equilibration to titbermodynamiccarbanion (Scheme 2.10). The

development of regiospecific decarboxylative coupling of nitriles is detailed.

NC H<_pKa~22

~— pK, ~ 24

2.41

Figure 2.1
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R H
_— —_—
H -CO; H
EWG H EWG EWG"©"H
R' = allyl kinetic thermodynamic

Scheme 2.10

In order to investigate the regiospecificity of the DcA reaction, a series of substrates
containing protons with pKvalues lower than the pkof the conjugate ad of the nitrile
stabilized carbanion formed via decarboxylation were synthesized (Scheme 2.11, see appendix
B). Allyl cyanoacetates containing aryl keto2e4® pKs=24, figure 2.2), alkyl ketone2.43
pKs=26, figure 2.2), and ester2{@d4 pKs=29, figure 2.2) functionalities would satisfy this

requirement protonated nucleophilepk.=32, figure2.2)3#3 A brief screen of reaction

y~— PKa~32°
NC O/\/ nc) o/\/ nc O/\/ NC R
H
° EWG
242 2.43 2.44 Protonated
pK, ~ 242 pK, ~ 262 pK, ~ 292 Nucleophile
2 in DMSO
Figure 2.2

conditions for the regiospecific decarboxylative coupling of nitriles revealed thatatiBINAP
ligated palladium catalyst was competent at promotingC@ond formation and minimizing the
amount of observed protonation product ( entries 1 and 3, Table 2.5yhe DcAreaction
suffers a notieable deterioration of selectivity as the pKf the acidic protons2.44 pk;=29

- 2.43pk,=26, figure 2.2) decreases (entry 13, Table 2.2§**° Monodentate Pd(PPj also
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Table 2.5: Screen of conditierior regiospecific decarboxylative coupling of nitriles

o
°
N;ﬁ‘\o/\/ |igan§a1t;a2/n:r:1/;| cat. N}E\/ NC__H
EWG toluene, 100 °C g EWG ° )[EWG
Entry EWG Cat. ligand allylation protonation
(1) ;;\n/o\/ Pd,dba; BINAP 88 : 12
2 O Pd(PPh;), 50 50
(3) }f Pd,dba; BINAP 75 : 25
(4) 1.]/\ Pd(PPhj), 50 : 50

delivered allylated nitriles, however favored formation of equal amounts of the protonated
products (entries 2 and 4, Table 2.5). Having identified a palladiunysttal series of allyl
cyanoacetates with tethered ketone and ester functionalities were subjected to the reaction
conditions to further investigate the scope of regiospecific decarboxylative coupling of nitriles.
As detailed in Table 2.6, produ@s46 and 2.47 containing ketone and ester substituents are
Fffefll GdSR Ay T1Tm: @AStRO® [-dlaget®phanand Functipkaftiesa dzo a o
was converted to produc2.44 in 83% yield, however interchanging a single acetophenone with
a benzyl subdtiient caused a 20% reduction in yi€2d45. Furthermore, increasing the steric
demand of the nitrilestabilized carbanion resulted in a 53% yield of the prodld® (Table

2.6). It should be noted that analysis of the crdéteNMRspectrafor compounds2.45, 2.48,

and 2.49 suggests a higher yielding reaction, however the protonated and allylated products
possessimilarpolarity on silica gel; so an abundance of the product is lost during purification.

Based on preliminary results that suggested a regiospecific allylation of nitriles observed in

Table 2.6, the limits of regiospecifig€bond formation were further investigated to gain some
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insight into the mechanism of the reaction. The investigatotailed preparation of an allyl

cyanoacetate substrateith a tethered malonate functionality2(50, Table 2.7) Preliminary

Table 2.6: Regiospecific DcA of Nitriles

o

2.5 mol % Pd,dbaj
Nyj\o/\/ 5 mol % rac-BINAP_ NW
EWG R Toluene,90 °C EWG R

&% 3o P

2.44 83% 2.45,63% 2.46, 74%
NC
OW oyjﬁ/ O
0] \—0
2.47,74% 2.48, 65% 2.49, 53%

results showed formation of a 1:1 ratio oégioisomers2.51 and 2.52 (Table 2.7). However,
increasing the concentration and temperature of the reaction as well as mixing the precatalyst
Pd)(dbal and rac-BINAP ligand prior to addition of the substrate delivers exclusively the
product of regiospeific G;C bond formation4.51, Table 2.7).Scalingup the reaction resulted

in exclusive formation c2.51in 72 % yield (eq. 1, Scheme 2.11). It should also be noted that
neither the 2.52 nor the protonation product2.53 was observed inthe crude 'H NMR
spectrum Given the 15 orders of magnitude between the acidity of protdpand Hy (2.53

eq. 1, Schem@.117%%* the resultsuggests tha€cC bond formation is faster than equilibration
between kinetic and thermodynamic carbanions formed via decarboxylation (eq. 2, Scheme

2.11).However the observed regiospecificity of the DcA and the lack of thetynamically
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Table 2.7 Further investigatiointo the regiospecific decarboxylative coupling of nitriles

o
NC o0 \F catalyst 5 mol% NC P~ NC__H
ligand 1eq/ mmol cat. ﬂg\/
EtO,C~ “CO,Et toluene, 90 °C B EtO,C CO,Et ‘- EtO,C CO,Et
2.50 2.51 2.52
entry catalyst ligand [M] regiospecific regioselective
1) Pd,dbaj BINAP .05 50 : 50
(2)>° Pd,dba; BINAP 15 >95 : <5

4reaction performed at 110 ‘c bpremixed catalyst prior to addition of allyl cyanoacetate

j NG P =~ pK, ~ 31
Pd(O) :t\/ ji/‘ j\/ )
Et0,C” [ ~CO,Et €O, Et0,C” [ ~CO,Et EtOzC EtO.C7 H~—pK, ~ 16

EtO,C
2.51,72 % 2.52, <5% 2.53,<5%
® Pd H
NC _ | NC_o_R NC_[_R
.
X< slower (2)

- H p—
Et0,C” | ~CO,Et faster EWG™\-\ o EWG S EWG

2.51 kinetic thermodynamic

Scheme 2.11

favorable anion equilibration suggests an alternative reaction pathwayd@ribnd érmation

may be operative. From an application perspective, the likelihood of obtaining the allylated
nitrile 2.51 from diester 2.53 via classical basmediated methodologies would likely be
kinetically and thermodynamically impossife.The following section will detail the
mechanistic studies undertaken to elucidate the mechanism of the decarboxylative coupling of

nitriles 3’
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Cll.4: Mechanistic studies for elucidation of the decarboxylative coupling of nitriles

At this point, what has been determined for the decarboxykatcoupling of nitriles is
that G;C bond formation is regiospecific, suggesting that allylationsgikace at the carbon
from which CQ@is released (Scheme 2.11 and Table 2.6). In addition, pallazitatyzed
decarboxylative €C bond formation outompetes a thermodynamically favorable proton
transfer (Scheme 2.11). To begin formulating a mechanistic hypothesis that includes the
previous observationsa series of control experiments were performed to identify the role of
palladium in decarboxylationThe control experiments depicted in Table 2.8 suggest that the
decarboxylation of cyanoacetic acid is catalyzed by palladium (I1) a¢éfat&xposure of the
cyanoacéc acid 2.54 to triethylamine in the absence of palladium catalyst for 15 hours at
temperatures elevated above the normal reaction conditions does not convert any of the
carboxylate to the protonated nitril2.55 (entry 1, Table 2.8). The combination of palladium
acetate and triethylamine rapidly consumed the cyanoacetic &84 generating the
decarboxylative protonation producR.55 (entry 2, Table2.8) within 5 hours. When the

reactionwas performed with pddium catalyst in the absence of triethylamine the cyanoacetic

Table 2.8 Palladiurtatalyzed decarboxylation

(0]
0,
Nc%&o“ Smol%base  NCL_H
Me Me - Me Me
2.54 2.55
entry catalyst base temp (°C) time (h) conversion (%)
(1) none Et;N 115 15 <5
(2) Pd(OAc), Et;N 80 5 >95
(3) Pd(OAc), none 80 5 55
(4) Pd(OAc), none 80 18 >95



acid was converted to the produ@55, albeit at a slower reaction rate (entries 3 and 4, Table
2.8). Moreove, these observations were in agreement with mechanistic studies performed by
Darensbourg suggesting that metatrile complexation was required for decarboxylation of

cyanoacetic acid?*®

Amongst a myriad of potential reactive pathways felChond formation, the data
acqured to this point suggestedwo feasible reaction pathways for the decarlytative
coupling of nitriles. Exposure 8f56to the Pd(0) catalyst induces ionization of the allyl acetate

moiety generating the cyanoacetate Pd{ltallyl complexX2.57(Scheme 2.12)Subsequent

o \ B /\ = — A
NC j ||=d /I\
%LO h ® Pd
R R N - ON - . A
N
2.56 N X N
Path A C%‘/R CYR \CQ
lPd(O) / - R L R _ R R
/f 2.58 2.59 2.60
@®
“pd
N o

\%C%L Path C
0®©

NSO N 13,3] N
e > Cs_R =~ N
oe ﬁ/ Sc
R R R
R R
2.61 2.62 2.60

Scheme 2.12

Pd(Il) catalyzed decarboxylatioi*® produced the Nigated Pd(IF -allyl complex2.58 or
solvated ion pai2.59 which can recombine via the more traditional direct allylation reactive
manifold to form2.60 (path A, Scheme 2.123J. Alternatively, reductive elimination of the
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palladium catalyst fron2.57 generates theN-allyl cyanoacetate?.61 (path B Sheme 2.12).
Decarboxylative neutralization a2.61 generates Mallyl ketenimine 2.62 which can then
undergo [3,3] sigmatropic rearrangement to deliver the allylated niile0 (path B, Scheme
2.12). Studies performed by Walteshowthat N-allyl ketenmines undergo [3,3] sigmatropic
NEF NN yISYSyd i NP 2-dylaied phedglacktaniddesS(Schietne ZB)NY b
The regiospecificity of the decarboxylativeupling is rationalized via pathway B, however does
not account for the increased amounts of protonation observed with other ligands (Table 2.3).
The large amount of protonation observed is rationalized via path A due to the formation of
more basidntermediates. Furthermore, it feasible thatboth path A and Path B are operative
via decarboxylation and reductive elimination of tpalladium catalyst fron2.59 generating

the N-allyl ketenimine2.62 (path C, Scheme 2.12). To investigate the feasilmfi N-allylation

prior to @C bond formatiorf>*®

a series of cyanoacetate substrates with substituted allyl
moieties capable of generating linear and branched products were subjected to the conditions

for the decarboxylative coupling of nitriles.

o (1/2) triphosgene _N
Ph\)LN o~  3EtN P
H rt, 78% _

-}

Scheme 2.13
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The aigin of the regiospecificdC bond formation observed with the DcA of nitriles was
investigated via the synthesis of allyl cyanoacetates capable of producing linear and branched
products (Scheme 2.15). Crotyl and cinnamyl functionalized cyanoacetis estsx subjected
to the conditions for the decarboxylative coupling of nitriles. In order to fully appreciate the
linear to branched selectivities observed in the DcA of nitriles, it should be noted that literature
reported values for the linear to brancteselectivities associated with DcA of ketones are in
excess of 95 : 5, favoring formation of the linear product (Scheme 2.$4)ective formation of
the linear allylation product stems from the nucleophile approaching the least sterically
hindered carbon of the Rd-allyl complex (path A, Scheme 2.%2). 2 (i K -LIKSy-@dthylh
crotyl cyanoacetate este2.636 { OKSYS H ®mp 0-LIK 8 y-&@dB¥l'tinnamyl ediek S b
2.66 (Scheme 2.15) are converted to the respective products in nearly a 1:1 ratio of linear to
branched isomers. Taking into account that with the DcA of ketones (Scheme 2.14) the
branched product is not observed B NMRspectra; With respect the DcA of niles, the

increased selectivity for the formation of the branched isoni6%and2.68 Scheme 2.15)

[ @Td
o 0oy AN 0 XX 0 X
L.Pd cat A B -L,Pd cat
/l%o COi linear R branched
R R 2 \)\R R R R R
- oo - >95 <5
linear branched
Scheme 2.14
suggests thaan alternative reaction pathway for allylation is operatffé’ h-h.5 A I £ ft 8f | y R

h-dibenzyl cinnamyl cyanoacetat@$69and2.72(Scheme 2.15) were also subjected to the-
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BINAPligated palladium catalyst in toluene at 90 °C which resulted in increased formation of

the branched isomeR.71and2.74(Scheme 2.15)This observation is consistent with studies

linear branched linear branched
Me Me ' Ph Ph
i 5 v ) ne L e ] 5 ‘ve ) e
69% e 0" "73%
Ph Me Ph Me Ph Me : R R R R R R
2.63 2.64 2.65 2.69, R = allyl 2.70 2.71
1.6 : 1 . 1 : >9
Ph Ph Ph Ph
i 5 o) me Ll ne K 5 o) ne_
NC Pd cat.* NC NC ' NC Pd cat.* NC NC
(0] 65% Ph (o] 62% Ph
Ph Me Ph Me Ph Me I Bn Bn Bn Bn Bn Bn
2.66 2.67 2.68 : 2.72 2.73 2.74
1.5 : 1 | 1 : 5

*5 mol% Pd,(dba)s, 10 mol% rac-BINAP, toluene 90 °C, and 1:1 dr in all exampes
Scheme 2.15

Ay @2t GOAy 3 -picdirc ciBn@nhyl egtéfsinhwhich the pyridine nitrogen is proposed to
add to the leasthindered positior™ of the Pd -allyl complex generating thé\-allylated
iminium intermediate2.75 (Scheme 2.16). Subsequent decarboxylation and-Egshatropic
rearrangemat delivered exclusively the branched prodac?6(Scheme 2.16). With respect to
the decarboxylative coupling &.72 (Scheme 2.15), it should be noted that similar linear to

ONI yOKSR a8t SOGADAGASA Iphadyl) lalysuiuRdciahoagba® S Y LI
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X o
N o | N o X X
| _ N o® | P o) | ™ | P
N O PdL, ® Pd(0) &N (o} N [3,31 °N
/Pd co. k/\ -
& -CO, Ph X Ph
| | 2.76
Ph Ph Ph
2.75
Scheme 2.16

2.77(Scheme 2.17). This result suggests the reaction takes place via the common intermediate
A (Scheme 2.17) and upon ionization of the allyl acetate moietg, libnd formation takes

place via the same reactive pathw?y.

Ph

NC>(U\0 o A AN
Bn Bn Pd cat. |NC °© oPd -L,Pdcat NC NC
2.72 D ’ o~ N Ph

Bn Bn \/\Ph COZ Bn Bn Bn Bn

o) j A 2.73 2.74

N .

C*ko on 1 .5
Bn Bn

2,77

Scheme 2.17

Compiling all of the data to this point suggests competing kinstadlylation andG
allylation pathways for the decarboxylative coupling of nitrff&%. Regiospecific € bond
formation entails allylation of the kinetic carbanion generated via decarboxylation (eq 1.,
Scheme 2.11). Based on previous experiments (Scheme 2.17) it is likely that &ctikiere
pathways originate from ion paik (Scheme 2.18).The relatively low selectivities observed for

GKS fAYSIEN I YR 0 NhefiydéyaBacetates stiggésis & 2nifiima? @nerdetic
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preference forGallylation overN-allylation. Inaddition to the linear to branched allylation

aSt SOGADGAGASAIT G K-PherylRibSiRentimakes thef ahiondessikely i KeS b
coordinated to the metal center; as suggested by com@eé9 (Scheme, 2.12) favoring an
outer-sphere Gallylaton pathway® ¢ KA & A& y2i (KS -Otiakd nitdldsii K f S &
LYONBIaSR aStSOdlAgAaGe (261 NR FT2NN¥I Gx#dky2 ¥ GKS
nitrile-stabilized carbanions favor the kineti¢allylation pathway. At this point, one of two

potential mechanisms is operative. Immediate reductive elimination of the palladium catalyst
generates the Mllyl ketenimine 2.78 (Scheme 2.18) which can then undergo a [3,3]
sigmatropic rearrangement to deliver theanched product. However, danner-sphere attack

involving Pd(IHigated " -allyl, N-bound ketenimine comple®.79 may also be responsible for

the formation of the branched product (Scheme 2.18). The wspdiere mechanistic rationale

is in accordance with studies reported by Stattzolving the palladiurrcatalyzeddecarbox

B RZ 7 RZ
R? P_® {
Pd—
o % Pd cat. (p/ ) R C-allylation - N%\C
NC )\ outer-sphere B
o ~.C attack R R
R R L ONT
A
J N-allylation
7\
R2 P\ /P
A
Pd
N% N ,‘(\/ Ni) inner-sphere NS N
N N
C Rzﬂ CYR or g (\ attack . C R?
R R \ Je f;z R R
R” R
2,78 2.79

Scheme 2.18
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ylative coupling of ketone%:>? In addition,studies performe by Gen

ning and Tunge revealed

that treatment of cyanoketone2.80 with cinnamyl alcohol in the presence of NaH and

Pd(PPh)4 lead to exclusive formation of the linear allylation prodi81 (eq. 2, Scheme

2.19)* This result suggests that the sodiated ketenimine likely undergoes an-spiere

addition to the Pd -allyl complexresulting in exclusive formation

of the linear prodi8l

(eq. 2, Scheme 2.19Kowever, the use of theac-BINAP ligated palladiwmatalyst resulted in

the formation of equal amounts dinear and branched productiggesting that aner-sphae

Ph Ph
N
o 5 2.5 mol % Pd,dba, N oS
NC\’JI\O 5mo|%rac-BINAP= NC NC
Ph"e Toluene, 90 °C PH Me PH Me
—~ 2.67 2.68
_ P P _ 1.5 1
\ 7
Pd
N)
(N
C/‘
I en

inner-sphere

attack Ph
o N N
Nc\gl\ 5 mol % Pd(PPh;), NC NC p
PhA"yl NaH,/I:ES/O,\GO °C Ph allyl Ph allyl
2.80 HO Z “Ph 2.81 2.82
>95 <5
[ Ph _eOAc
®O Pd@A
Na N
N
\CYR
_ R -

outer-sphere

Scheme 2.19
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reaction pathway is operative as wédig. 1, Scheme 2.19).

In summary, development of the palladivoatalyzed decarboxylative allylation of
nitriles has been detailed. ®method allows for the generation of nitritabilized carbanions
under formally neutral reaction conditions. The reaction is regiospecific in carddron bond
formation due to rapid allylation of the kinetic anion generated via palladivcdtBlyzd
decarboxylation. As a result, this method allows for the generation of allylated products not
accessibleia classical basmediated metlodologies. The nitrikstabilized carbanions exhibit a
heightened selectivity toward the formation of branchedykdtion products. This heightened
selectivity in addition to the regiospecificity ofbond formation suggests that palladium
catalyzed decarboxylative coupling of nitriles proceeds via a competing reaction pathway. All
experiments suggest that lineao branched selectivities are dependent upon the stability of

the nitrile stabilized carbanion that is formed via decarboxylation.
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Appendix A
General Experimental:

All reactions were run in flamdried glassware under Ar atmosphere using standard Schlenk
techniques. CH2CI2 and Toluene were dried over activated alumina, and further distilled over
sodium. THF was dried over sodium ie firesence of benzophenone indicator. Commercially
available reagents were used without additional purification unless otherwise stated.
Compound purification was effected by flash chromatography using 230x400 mesh, 60 A
porosity, silica obtained from Saeht Technologies!H NMR and®*C NMR spectra were
obtained on a BrukeAVIll 500spectrometer and referenced to residual protio solvent signals
(most spectra were taken usingdaal 13C/1H cryoprobe Structural assignments are based on

'H, 3C, DERT35, COSY, HSQC and IR spectroscopies. Mass spectrometric analyses were run

using either El or ESI techniques.

{ & y (i KS &shbatitutedFcyahoacetic acids? -phenyl, cyanoacetic acid Synthesis of -

phenyl, cyanoacetic acid A 200 mL flame dried schlerd&dk with stir bar under Ar, filled with

dry THF (100mL), was charged with commercially available benzyl cyanide (31.0 mmol, 3.6mL)
(commercially available propionitrile, or isovaleronitrile would be substituted for benzyl cyanide
for the synthesis of th@ther acids) via syringe, andBuLi (18.5 mL, solution 1.6 M/Hex from
Aldrich) was added dropwise over 10 minutes at room temperature. The solution was then

placed in a dry ice /acetone bath and solid,{@yice, small amount) was added carefully. The

Y Weaver, J. D.; Tunge, J. Arg. Lett 2008 10, 4657.
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solution was stirred a{78°C for 1 hr. The reaction was then quenched with Nag{€furated

in HO, 125 mL) and gD (50 mL). The aqueous layer was isolated and ice cold EtOAc (100 mL)
was added. 12M HCI was then added until pH of 2 (pH paper) Wwassad. The organic layer

was separated, dried over Mga@nd reduced on rotary evaporator to yield a yellowish oil.

The oil was then azeotroped with Ckl&hd a white solid (3.89g, 75%) formed, and taken on as

is without purification,2-cyano-2-phenylacetic acid *H NMR (500 MHz, CR&I + T dnn o6 Y X
7.38¢ 7.33 (m, 3H), 4.91 (s, 1H), 4.68 (s, 1¥%: NMR (126 MHz, CRCl { ™ c RPHI.DH w/ h
6lidzEkid ' NI /03X MHPPoH O! NI /03X MHydPno O! N /00X

were convertel to the corresponding allyl esters by standard DCC/DMAP codpling,

DSYSNI f LINE OSRdzNB & -disubdtitutédicy@noacetiy sl &si@rd:a 2 F h X
Procedure A (synthesis ofi-aryl substrate$: Synthesis ofbut-3-en-2-yl 2-cyano2-
phenylpropanoate(2€e): To a solution of bu8-en-2-yl 2-cyane2-phenylpropanoate (0.90g, 4.2
mmol) in dry THF (0.5 M) under argon was added NaH (0.10g, 4.2 mmol). When solution
became homogeneous Mel (0.6g, 4.2 mmol) was added dropwise via syringe. After 4hr, water
was alded to the reaction mixture and the resulting mixture was extracted wit®Eand dried

over MgSQ@ The organic layer was concentrated via rotary evaporator, and the resulting
residue was purified by flash chromatography over silica wit®fEtexanes (B). Fractions

reduced to a clear oil, .723g, 75%.

2 Neises, B., Steglich, WAngew. Chem. Int. Ed. Endl978 17, 522.
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Procedure B (synthés dialkyl substrates}  Synthesis ofallyl 2-benzyt2-cyano3-
phenylpropanoate(lad Y ¢ 2 | &yafodeétis allyl es®(0.2y, 1.6 mmol) in DMF (0.5
M) was added ¥CQ (2199, 15.9 mmol) and stirred vigorously. Then benzyl bromide (1.36g,
8.0 mmol) was added and the reaction was allowed to proceed for more than 24 hrs. The
reaction was then subjected to a water workup, extracted with EtOAc, and dried over,MgSO
The prodict was then purified via silica chromatography with EtOAc/Hexanes (0.5:9.5) as

eluent, and reduced via rotary evaporator to clear colorless oil, .270g, 56%.

Representative procedure for decarboxylative allylationg:o a flame dried Schlenk flask with

stir bar under argon was addedc-BINAP (0.014g, 0.023 mmol),,&la; (0.010g, 0.011 mmol),

and toluene (.05M). The mixture was then greated at 90°C (except folf, realized via 5 mol

% Pd(PPjy) for 5 minutes (Note: when ligand and catalyst wea pre-mixed and heated,
some of the isomerization product was observed, see Scheme 2, in paper). The reaction was
then charged with2-allyl 1,1-diethyl 2-cyanopropanel,l,2tricarboxylate (1n) (.135g, 0.45
mmol) via syringe under argon. Following profehlenk technique, the reaction progress was
monitored by TLC for consumption of starting material. The reaction was allowed to proceed at
110 °C for 17hr. Upon consumption of starting material, the reaction solution was
concentrated via rotary evaporan and the residue was purified via flash chromatography
over silica gel (column 23.5 cm x 2cm) withhC#hexanes (1:4). TLC of fractions in
EtO/Hexanes (1:5) gave an rf ~ 0.18. Fractions reducedietiyl 2-(2-cyanopent4-en-2-

yl)malonate (2n), clearoil, 0.082g, 72%.
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Characterizationof allylated nitriles

NC =

W,
O

2,2-dibenzyt4-pentenenitrile (2.33): Clear oil, purified over silica,@fHexanes (0.1:9.9).

'H NMR(500 MHz, CD@l  { ¢ 7.25HdiJ= 4.29, 2.95 Han-Ar 4H), 7.22 (d]= 5.9 Hzp-, p-
Ar 6H), 5.85 (m, 1H, @BH=CH), 5.24¢ 5.18 (dd, 1HJ= 10, 1.1 Hz, CHEand, 5.14 (dd, 1HJ
=17.0, 1.5 Hz, CHH&G9, 2.85¢ 2.72 (dd, 4HJ= 15, 20 Hz, fulCHCarquay), 2.22 (d, 2H)=7.2
Hz, GualCHCH=C}j.

%C NMR(126 MHz, CDI  + Mo p @, 1321p (RBACH), 1BONUM-Ar CH), 128.4 ¢-Ar
CH), 127.4§-ArCH), 1223 (R b 0 S M H GHYp42.® (RAHCECH), 42.8 (2 ROH,CsHe),
40.4 (quatO.

IR(CHCb) max 3029, 2920, 2233, 1645,1602, 1496, 1456, 923, 756, 702.

HRMScalcd for [M+] 261.1517, found 262.1574.

NC =

2-Methyl-2-phenyt4-pentenenitrile (2.35:® Clear oil, purified over silica, £/Hexanes
(0.3:9.7).
'H NMR(500 MHz, CD§l ¢ 7.86n(m, Ar 2H), 7.3¢ 7.30 (m, Ar 2H), 7.2 7.22 (m, Ar

1H), 5.64m,1H, ChCH=CH), 5.10 (dd, 1HJ= 2.6, 1.4 Hz, 1H, CHung, 5.09¢ 5.06 (dd, 1H,

3 Walters, M. A; Hoem, A. B.; McDonough, C. SI. Org. Chem19%, 61, 55-62.
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JF10, 1.5 Hz, CHHgi), 2.622.54 (dd, 2HJ = 13.9, 1.2 Hz, (GC+HLCH=C}), 1.65 (s, 3H,
CauatCH).

13C NMR(126 MHz, CDGl ¢+ ™ o ¢ &9, 134.58dBREECH), 12818 (-Ar CH), 127.8-Ar
CH), 125.5 p-Ar(H), 123.1 (R b 0 = ™ H GH),M6.3(ROH,), 42.1 (quatQ), 26.5 (Hy).

IR(CHChE) max: 3080, 2981, 2235, 1641,1600, 1494, 1446, 995, 925, 763, 698.

NC

2,4-dimethyl-2-phenyk4-pentenenitrile (2.36): Clear oil, purified over silica, Et/Hexanes,

(1.2:8.8).

'H NMR(500 MHz, CDgll  + T ®nJ¥ 1.8, R REa-Ar-H)27.33 (d, 2H)= 1.5 Hzp-Ar-H),
7.24 (dd, 1HJ= 2.01, 2.01 Hp-Ar-H) 4.84 (d, 1HJ= 1.5 Hz, CCH)C=Chyan), 4.68 (d, 1HJ
= 0.9 Hz, GCH)C=Che), 2.56 (d, 2H)= 6.05 Hz, &LaCHx(CH)C=CHh), 1.68 (s, 3H, faTHa),

1.52 (s, 3H, G¥OHs)C=CHh).

3C NMR(126 MHz, CDGl  + ™ n 51 ©G), 146.0 @glatividyl (CHNG=CH) 129.1 (RC=CH),
127.8 (-Ar H), 125.7 ¢, pAr H), 1235 (R buv =X M MOsCHLY, 498w

(RICH:RvinyimethyilC=CH), 41.5 (quatQ), 27.7 (Ruat c), 23.4 (Rinyl cHs).
IR(CHCbL) max: 3078, 2981, 2939, 2235, 1645, 1600, 1494, 1446, 1379, 900, 765, 732.

HRMScalcd for[M+H] 186.1283, found 186.1319.
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2-(cyclohex2-enyl)-2-phenylpropanenitrile (2.37): Clear Oil, purified over silica, ,8{Hex,
(1.5:8.5).

'H NMR(500 MHz, CD@l H RA | & ( S NB3 NS NEn-PhH), 7.34g 129 (m, 4Ho-
PhH), 7.27¢ 7.21 (m, 2H,p-PhH), 5.88 (m, 1H, Y:,@HEECHR,, ), 5.80¢ 5.70 (m, 1H, X:
RCHCE=CHR,g), 5.62 (ddt, 1HJ= 10.3, 3.8, 2.0 Hz, Y2GMCH=MRiq), 5.28 (ddt, 1HJ= 6.0,
3.6, 1.8 Hz, X:,2RHCH=Ring), 2.60 (M, 1H, X:ybadRing-CHCH=CHRy), 2.50 (m, 1H, Y:
Cua(Ring (HCH=CHRy), 2.00¢ 1.87 (m, 4H, R, CH=CHE:CHRy), 1.86¢ 1.76 (m, 2H,
RCHELCHRing), 1.69 (S, 3H,faCHs), 1.65 (S, 3H, feaiCHs), 1.51¢ 1.31 (m, 5H, RCH=CHGH
2GHCH Ring), 1.28¢ 1.20 (M, 1HRingGCH=CHGIBH,CH Ring).

BC NMR(126 MHz, CDGl ¢ M0 b ®3), 132.) RkurihePH=CHRetnyiene), 131.2 (AICH),
128.7 (ArCH), 127.7 (ACH), 126.0 (RetnynelCHEHRmetnyiene), 124.8 (R b 0 £ 4O),#6.2 0 w
(quat.Q), 25.64 (RhethynefHRmethylene), 24.53 (Ruat)OHs), 23.9 (RnethynehR), 21.7 (BOH).
IR(CHCB) max: 3028, 2939, 2862, 2233, 1650, 1600, 1494, 1446, 1026, 763, 736, 700.

HRMScalcd for [M+H] 212.1439, found 212.1446.

NC G
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2-Benzyi2-methyl-4-pentenenitrile (2.38):* Clear oil, purified over silica, £/Hexanes
(1.5:8.5).

'H NMR(500 MHz, CD§l ¢ 7.2Ydndy 5H, AH), 5.93 (m, 1H, GABH=CH), 5.25 (d, 2HJ=

2.0 Hz, C}CH=Eh), 2.84 (dd, 2H)= 93.3, 13.6 Hz,q6aCH:Cyuat ar), 2.34 (dd, 2H)=81.4, 7.3
Hz, GualCH:CH=CbJ, 1.28 (s, 3H,feuCHa).

13C NMR(126 MHz, CD§ll { Mo p 9@, 132.p (RH=CH), 180NBI(ACH), 128.4 (ACH),

127.3 (ArCH), 1235 (B b 0 Z M H NGHN 4.9 @RNehy R quar) ), 43.5 (RuayTHzRuing),

37.6 (quatO), 23.5 (RHs).

IR(CHCb) max: 3064, 3029, 2981, 2923, 2232, 1641, 1496, 1454, 995, 923, 759, 702.

HRMScalcd for [MrNa] 208.1102, found 208.1128.

NC ¥

2-benzyt2-isopropyt4-pentenenitrile  (2.39: Ligh vyellow liquid, purified over silica,
EtOAc/Hexanes (1:9).

'H NMR(500 MHz, CDgl  { ¢77.9%(m, 5H, P#), 5.78 (m, 1H, GBH=CH), 5.22¢ 5.12
(dd, 2H,J=16.9, 1.4 Hz, GEBH=E},), 2.76 (dd, 2H)= 108.0, 13.8 Hz &CHPh), 2.21 (dd, 2H,
J=45.3, 7.2 Hz,HGCH=C}}, 1.90 (dqg, 1H= 13.6, 6.8 Hz,(GCH(CH),), 1.04 (dd, 6H)= 12.7,

6.8 Hz, GualCH(CEh),).

* Gao, M.; Wang, D.; Zheng, Q.; Huang, Z.; Wang,JMOrg.Chem2007, 72, 6060-6066

[77]



13C NMR(126 MHz, CD  + Mo n ®0), 131.) (BH=CH), 129NRI(AICH), 127.3 (ACH),

126.2 (ArCH), 121.7 (R b0 = mMGHyEd)y 45.4 quat.Q, 37.4 (phenylHR), 36.1
(RouayCHzRuinyy), 30.6 (BCH), 16.76 (RHy).

IR(CHCb) max: 3092, 2966, 2229, 1641, 1602, 1496, 1454, 1392, 1373, 1081, 921, 761, 702.

HRMScalcd for [M+Na] 236.1415, found 236.1430.

2-(2-oxo-2-phenylethyl)-2-phenyl4-pentenenitrile  (2.40): Clear oil, purified over silica,
EtO/hexanes, (1:4).

'H NMR(500 MHz, CDgll  + T @y s 5.8,R.BHz, GQia x0-Ar(H), 7.52 (m, 1H, CQ&:
arP-ArdH) 7.48 (m, 2H, CQ&G: arm-Ar(H), 7.43 (m, 2H, NG&M-Ar-CH), 7.37 (dd, 2H]= 10.6,
4.9 Hz, NCGa0-Ar-CH), 7.26 (m, 1H, NGGp-Ar-CH), 5.75 (m, 1H, I8=CH), 5.25 (d, 2HJ= 1.5
Hz, CH=g;), 3.38 (d, 2H= 17.8 Hz, £&.CH.CO) 2.65 (dd, 2H= 13.9, 7.9 Hz,4(CH.CH=C}).
%C NMR(126 MHz, CDGll + mAPrOPM37d \quat. A S Mo c ®H -OQp1B8A6G ® ! NJ
(acetophenone, p-Ar (H), 131.40 (BH=CH), 128.92 (acetophenone, AICH), 128.7
(acetophenone, AfH), 1278 (alkyl phenyl, ACH), 127.9 (A€H) 125.8 (alkyl phenyp-Ar CH),
121.68(K b 03X mMuOhy E 0 eRIDH) 4501 (RH,), 43.82 (quatQ).

IR(CHCb) max: 3062, 2239, 1689, 1641, 1596, 1579, 1494, 1448, 1218, 993, 927, 754, 690.

HRMScalcd for [M+Na] 298.1208, found 298. R0
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2,2-bis(2-oxo-2-phenylethyl}4-pentenenitrile (2.44): White solid, purified over silica,
EtO/hexanes (1:4).

'H NMR(500 MHz, CDgll  + T dIy 8.4, bR BE CQG A 0-Ar(H), 7.51 (1,J= 7.4, 2H,
COGuat arp-ArCH), 7.40 (t,J= 7.8, 4H, CQG arm-ArCH), 5.91 (m, 1H, GAH=CH), 5.18 (dd,)=
18.6, 13.6, 2H, GBH=E), 3.69 (q,J = 18.2, 4H, 2(E.CC0O)), 2.75 (dJ = 7.4, 2H,
CualGH.CH=CJ).

C NMR(126 MHz, CD@l { M dc OyiCHIOEO)F)Y, 136.4 (2 C, quat. @ 133.7
(GuaCHCH=CH)), 131.5 (4 Cg-Ar-0), 128.7 (2 Cp-Ar-O, 128.0 (4Cm-Ar-0), 127.9 (5)122.4
(NCCua), 121.3 (GaCHCHEH,), 43.1 (s) 41.7 (2 C, NGG{(CG):L(=0)), 40.8
(GuatGH.CH=C}), 35.9 (NCyua(CH).CH).

IR(CHCb) max: 3367, 2358, 2237, 1687, 1596, 1448, 1357, 1000, 929, 754, 688, 408.

HRMScalcd for [M+H] 318.1494, found 318.1471.

[79]



2-benzyt2-(2-oxo-2-phenylethyl}4-pentenenitrile (2.45: Clear oil, purified over silica, sEt
O/Hexanes, (1:4).

'H NMR(500 MHz, CDgll  + T @y Jr 8.4, R.RHz, GQia X0-ArCH), 7.52 (m, 1H, CQ&:

arP-ArCH), 7.39 (m, 2H, CQ: am-ArCH), 7.23¢ 7.19 (m, 5H, C/Ar-H), 5.87 (m, 1H,K&-CHj),

5.20¢ 5.16 (d, 1HJ= 2.0 Hz, CH#¥&an9, 5.14 (d, 1HJ= 2.9 Hz, CH#&.), 3.23¢ 3.06 (dd, 4H,

J=40.0, 15.0 Hz 46{HCO; GualGHPh), 2.6 (dd, 2H= 13.9, 7.9 HZz 4CHCH=CH).

3C NMR(126 MHz, CDgll 1 MO 136.5 (guat. A S Mo p dm -Q 5387 G P ! N.
(RCH=CH)), 131.8 (A€H), 130.4 (ATH), 128.7 (AEH), 128.6 (AEH), 127.8(A€H), 127.5 (AEH),

1226 (R b 0 X M™H GH) P50 WRIOH)['41.3 RCHy), 40.88 (ROH,), 39.6 (quatQ).

IR(CHCb) max: 3062, 2921, 2235, 1685, 1596, 1496, 1448,1359, 1000, 752,703.

HRMS calcd for [M+Na] 312.1364, iolu312.1358.

B

o]
2-allyl-2-methyl-4-oxohexanenitrile(2.46): Clear oil, purified over silica,@tHexanes (1:3).
'H NMR(500 MHz, CD@l ¢ ¢ p.®8ymm, 1H, GidH=CH), 5.22¢ 5.12 (dd, 2HJ=16.9, 1.4
Hz, CRCH=CHy), 2.60 (dd, 2H)= 77.4, 17.2 Hz 4&CH,CO), 2.44 2.35 (M, 3H, CRECH,
CuaHCGHCH=C}}, 2.32 (dd, 1H)= 13.7, 7.3 Hz,(GHTHCH=C}), 1.36 (S, 3H,¢aCHs), 1.00 (t,

3H,J=7.3 Hz, COGEHy).
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13C NMR126 MHz, CDG@l 1 H AORG),d.20.2H@H=CH), 12099 (K b0 X MMy ®H
(RCHEH,O = n eRiDE,) 40.66 (BH,), 34.41 (R=oH.CH), 31.03 (RiaCHs), 21.57 (quat.

0, 5.16 (RHs).

IR(CHCE) max: 2979, 2939, 2235, 1716, 1683, 1643, 1458, 1413, 1377, 1363, 1108, 925.

HRMScalcd for [M+Na] 188051, found 188.1049.

NC =

o]
ethyl 3-cyano-3-methyl-5-hexenoate(2.47): Yellowish liquid, purified over silicap8tHexanes
(1:4).
'H NMR(500 MHz, CD§ll ¢ p @y n,CH=CHJ, 5.201 (& 1HI3 9.7 Hz, GIEHEHyany),
5.15 (d, 1HJ= 16.9 Hz, GIEH<EHx), 4.13 (g, 2H)= 7.1 Hz, CO®ECH), 2.57 (d, 1H)= 15.7
Hz, GuaHTHCO), 2.41 (dd, 2H= 14.7, 6.0 Hz,(GHGHCO, GaHGHCH=CH), 2.32 (dd, 1HJ=
13.7, 7.3 Hz, feaHTHCH=C}), 1.38 (S, 3H,featCHs), 1.22 (t, 3HJ= 7.2 Hz, COOGHHs).
%C NMR(126 MHz, CD@l 1 M@:RP129.D(@H=CH), 1208 (R b0 X vMM@EHEd Ow/ |
59.0 (R@HW 0 5 RROBH 40 (ROH,), 32.06 (RiaCHs), 21.9 (quatQ), 12.1 (RHy).
IR(CHCL) max: 2981, 2939, 1735, 1643, 1448, 1417, 1371,1348, 1201, 1029, 999, 927.

HRMScalcd for [M+Na] 204.1000, found 204.1004.
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ethyl 3-cyano3-isopropyt5-hexenoate (2.48): Clear oil, purified over silica, .BfHexanes
(1.5:8.5).

H NMR(500 MHz, CD@I 5484 ¢ 5.74 (m, 1H, CGl@H=CH), 5.16 (dd, 2HJ= 12.3, 1.4 Hz,
CHCH=E}), 4.11 (q, 2H)= 7.1 Hz, CO®ECH), 2.59 (d, 1H)= 15.6 Hz, £.HTCO), 2.53;
2.46 (M, 2H, £aHAHCO, GaHHCH=CP), 2.46¢ 2.40 (M, 1H, GaHCHCH=C}), 2.01 (dqg, 1H,
J=13.6, 6.8 Hz,(GCH(CH),), 1.21 (t, 3HJ= 7.1 Hz, COOGHH,), 1.01 (dd, 6HJ= 11.1, 6.8 Hz,
CuualCH(Eh).).

3C NMR(126 MHz, CDgl  { M@OBP131.0(@H=CH), 121.5(R b0 X M™MH GHp
60.9 (R@HR), 43.2 (quat.Q ¥ o TRDHL), 33.2 (RuayCHRuinyy), 32.3 (RCH), 17.8
(Risopropyifds), 14.1 (RHa).

IR(CHCb) max: 2977, 2358, 2235, 1737, 1641, 1465, 1444, 1373, 1195, 997, 927.

HRMScalcd for [M+Na] 232.1313, found 232.1306.

O =g

o]
2-allyl-2-isopropyH4-oxohexanenitrile (2.49): Clear oil, purified over silica, ,BPYHexanes
(1.5:8.5).
'H NMR (500 MHz, CDgll + p ®T p ,GCH), 5M0 Kd, 2HJ = 25.8, 13.6 Hz,
CHCH=E), 2.64 (dd, 2HJ = 45.7, 17.4 Hz, (&CH.C(=0)), 2.48 (d, 2H] = 7.4 Hz,
CquatCHCH=C}J, 2.43¢ 2.33 (m, 2H, C(=OhCH), 2.12 (dt, 1HJ= 13.6, 6.8 Hz,yGCH(CH),),

0.99 (M, 9H, EaCH(Ek)2, C(=0)ClHs).
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3C NMR(126 MHz, CD@l 1  HG=OPp #32.D(@H=CH), 1219 (R b0 X MHEHM o w/ |
n o ®RHRYar), 42.8 (quat), 37.36 IROH,CH), 36.8 (RuayCHaRuiny), 31.7 (RXH), 17.9
(Risopropyifds), 7.63 (RHz).

IR(CHCE) max: 3080, 2972, 2939, 2878, 2231, 1720, 1641, 1460, 1413, 1375, 1365, 1110, 925.

HRMScalcd for [M+H] 194.1545, found 194.1537.

NC =

diethyl 2-(2-cyanopent4-en-2-yl)malonate (2.51): Clear oil, purified over silica,,BYHexanes

(1:5).

'H NMR(500 MHz, CD@l  { ¢®.®y(y, 1H, CEH=CH), 5.19 (dd, 2H) = 28.1, 13.6 Hz,
CHCH=E&,), 4.24¢ 4.15 (m, 4H, £&aCH(C(=0)AECH),), 3.46 (S, 1HGLaCH(C(=0)OCIEH),

), 2.48 (dd, 2H)= 106.8, 7.4 Hz,GCHCH=Cb), 1.45 (s, 3H, {GuCHs), 1.23 (dt, 6HJ= 7.1,

2.9, 0.9 Hz, ££.CH(C(=0)OGEHs),).

3C NMR126 MHz, CDG@l 1+ M ©pR),H20.1 (BM~CH), 119.78 (R b0 X mm@hc o w/ |
60.3 (R@H;R), 54.9 (]’TH ), 40.0 (RuayCTHRuinyy), 34.9 (quatQ), 20.3 (Bquar)CHs), 12.2 (RHg).

IR(CHCE) max: 3082, 2983, 2941, 2239, 1755, 1735, 1643, 1465, 1446, 1369, 1305, 1272,
1224, 1178, 1155, 1031, 999, 929, 860.

HRMScalcdfor [M+Na] 276.1212, found 276.1224.
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branched residues

X =
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2-methyl-2-phenyt4-hexenenitrile / (E/Z)2-methyl-2-phenyt4-hexenenitrile (2.64/2.65):°
Clear oil, purified over silica, EYHexanes (1:9).

'H NMR (500 MHz, CDl { cT7®% @n, 5H(Pirinea), 10H(PHHuranched), 5.80 (m, 1H,
branched RCHEE=CH), 5.58¢ 5.44 (m, 2H, linear GBEH=CHC}J, 5.35¢ 5.20 (m, 1H, linear
CHCH=EICH), 5.20 ¢ 5.03 (m, 2H, branched ,®HCH=G;), 5.01 ¢ 4.84 (m, 1H, linear
CHCH=EICH), 2.61 ¢ 240 (m, 4H, (2H Branched&CH)CHCH=CL), (2H Linear
CquatCHCH=CHG)), 1.66¢ 1.57 (m, 12H, (6H branched,&Hs), (6H linear g CHs), 1.10 (d,
3H,J= 6.8 Hz, 1 diastereomer,f(Gk)CHCH=GH 0.87 (d, 3HJ= 6.8 Hz, 1 diastereomer
Cua(GHs) CHCH=GM

3C NMR(126 MHz, CDgk  mMmnAa®m 6! NJ 0 Mo ddT 06 NNB (qiat. Aroy ®d
0, 131.1 (RH=CH), 128.8 (RH=CHR), 128.5 (ArC), 127.7(A%9.8 (ArQ), 125.6(RC b U
124.4 (RCHEH,), 117.4 (RCHEHR), 48.3 (quat.Gpranched), 47.3 (quat. Ginear), 46.1
(RouayGHRyinyy), 42.5 (RHRviny), 26.4 (RquayCHs(inear), 24.2 (RquayCHspranched), 18.0
(RuinyyCHa(trans), 169 (RCHs iy, 15.6(RuinyyTHs(cis) -

IR(CHCE) max: 3028, 2981, 2935, 2235, 1635, 1600, 1494, 1446, 1379, 968, 923, 759, 700.

HRMScalcd for [M+] 185.1204, found 185.1199.

® (a) Gaudin, J.; Millet, P.Chem. Comn008 5, 588590 (b) Yasui, H.; Yorimitsu, H.; Oshima, KChem. lett.
2007, 36, 32-33.
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E)2-methyl-2,5-diphenyl4-pentenenitrile  (2.67/2.68): Clear oil, purified over silica,
EtO/Hexanes (1:9).

'H NMR(500 MHZCDGI)  + T ®nJm 8.4 R3SAr-HI)| 7837 7.30 (M, 4Hp-Ar-H ), 7.29
¢ 7.13 (m, 2Hp-Ar-H ), 6.40 (d, 1H] = 15.8, CH=Cy quat), 6.06¢ 5.95 (m, 1H, C#H=CH),
2.72 (dd, 2HJ= 20.7, 6.8, aGHhCH=CH), 1.69 (s, 3H.4CH).

3C NMR(126 MHz, CDG@l  + M@ @R R), 185[4 (CH=Glat o), 133.8 (2C, CH=CHih*
CH)), 127.7 (CHEH), 127.3 (CH=CH{CH)), 126.6 (2C,oGm-Ar-CH), 126.4 (2C, CH=CH(Ar
CH)), 125.1 (2C G Ar-0-CH)), 124.4 (GaAr-p-CH), 122.0 (CHH=CH).21.9 (NOC,,aCH), 44.4
(GuatlGHCH=CH), 41.2 (aCh), 25.1 (GuaCHs).

IR(CHCb) max: 3028, 2979, 2235, 1598, 1494, 1446, 1260, 968, 800, 763, 748, 698.

HRMScalcd for [M+Na] 270.1259, found 270.1270.

NC P

7 {

2,2-diallyl-3-phenylpent4-enenitrile (2.72): Clear oil, purified over silica, EtOAc/Hexanes
(0.5:9.5).
'H NMR(500 MHz, CD&l ¢ ¢ 7.24qnv 4Ho-, m-Ar-CH), 7.22¢ 7.19 (m, 1Hp-Ar-CH), 6.23

(M, 1H, Ga(Ph)CHB=CH), 5.73 (m, 2H, CHCH=CH), 5.20 (dd, 2HJ = 10.2, 1.1 Hz,
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CualCHCH=E%), 5.18 ¢ 5.13 (m, 1H, Ga(Ph)CHCH#*Gan9, 5.13 ¢ 5.07 (m, 2H,
CyuatCHCH=EL), 5.01 (dd, 1HJ= 17.0, 1.5 Hz,G(Ph)CHCH#G), 3.27 (d, 1HJ= 9.7 Hz,
Cual(Ph)BICH=Chyrand, 2.49 (dd, 1H)= 14.1, 6.5 Hz,GiCH.CH=Chl), 2.38 (dd, 1H)= 14.1,
8.1 Hz, GaCGHCH=C}), 2.10 (qd, 2H= 14.3, 7.3 Hz 4GCH,CH=C).

¥c NMR (126 MHz, CRCl ! MO -Gy 13469 NGa(Ph)CHH=CH) 129.6
(CuaCHMH=CH), 127.4 (5C, A@H), 126.2 (QaCHCH=CH), 120.9 (NOCyua), 119.4
(GuaPh)CHCHEH,), 1189  (GQaCHCH€H,), 1176  (GaCHCH=H,),  53.0
(Gua(PhYOHCH=C}), 42.7 (NCyuaRs), 36.4 (2C, NGGCOH,CH=C}).

IR(CHCh) max: 3029, 2981, 2920, 2258, 2231, 1639, 1492, 1438, 993, 923, 721, 405.

HRMScalcd for [M+Na] 260.1415, found 260.1435.

2,2-dibenzyl3-phenylpent4-enenitrile (2.74): White solid, purified over silica,BE¥YHexanes
(0.3:9.7).

'H NMR(500 MHz, CDEll 1 ¢ 6.99r(n 15H, Rhi), 6.39¢ 6.29 (M, 1H, Ga(Ph)CHB=CH),

5.30 6,1HJ= 2.0 Hz, CH*Gyan9, 5.12 (d, 1H)= 16.9 Hz, CH#¥k&9, 3.51 (d, 1HJ)= 9.1 Hz,
Cuua(Ph)BICH=Cb), 3.06 (d, 1HJ= 13.8 Hz, GaCHPh ), 2.89 (d, 1H,= 13.8 Hz, &GaCHoPh),

2.83¢ 2.70 (M, 2H, GaGH:Ph).
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C NMR(126 MHz, CD@l  { M 0 & P H qua@HCluada), 1 B5HCiia@H Tt A)CH), 135.2
(CHCH=CHj), 130.8 (6C,0-Ar-CH), 135.2(ArC),130.8(ArC),130.5(ArC),129.§ArC),128.5ArC),
128.4ArC), 1276(ArC) 127.3 (6C, m-Ar-CH), 1Z.2 (3C, p-Ar-CH ), 122.2 (RCua), 120.4
(CHCH=E&%), 54.2 (Gua PhCHCH=C}), 47.4 (NCyua(Ph)CH), 39.9 (2C, feuCHPh).

IR(CHCE) max: 3029, 2927, 2231, 1600, 1496, 1454,1029, 993, 754, 702.

HRMScalcd for [M+H] 338.1909, found 338.1926.

NC P
X = Branched product Y = Linear product

<
&
1834

020 ¢
0991
0211
100 £
100 1
100 £
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—141.9
—1371
—133.1

dibenzyt3-phenylpent4-enenitrile, (E}2,2-dibenzyts5-phenylpent4-enenitrile (2.73/2.74):
White solid, purified over silica, 3/Hexanes (0.3:9.7).

H NMR(500 MHz, CD§l ¢ 7.92qmm, 18H total, 15H, Adyranchea (linear 1H=.21) 15H, Ar
Hinea), 6.65 (d, 1H)= 15.7 Hz, GIBH=CHPh), 6.49 (m, 1H,,&Ph)CHE=CH), 6.31 (dd, 1H]=
14.4, 8.6 Hz, GBH=EPh), 5.45 (d, 1H]= 10.1, Ga(Ph)CHCH*Gyang, 5.22 (d, 1H)= 16.9
Hz, Gua(Ph)CHCH%6.9, 3.63 (d, 1H) = 8.6 Hz, Ga(Ph)ECH=CHl), 3.08 (dd, 2HJ = 83.5,
13.7 Hz, branchedyH:Ph), 2.73 (dd, 4Hl= 31.0, 17.4 Hz, lineag&CH:Ph), 2.65 (dd, 2H]
= 18.2, 8.6 Hz, branched.&+:Ph), 2.51 (d, 2Hl= 7.2 Hz, linear £aCHCH=CHPh ).

¥C NMR(126 MHz, CD@l 1+ 9 NBEC MCH=Cha o), 137.1 (2C, GuCHGCGuan), 133.1
(ROH=CH, RCHEHPh), 128.7 (12@-Ar-0), 128.3 (12%-Ar-0), 127.5 (-Ar-Q), 126.5(m-Ar-0),
125.44 ¢-Ar-Q, 125.13 g-Ar-O, 124.2 (RH=CHPh), 121.1 (branchedQTy.a), 120.0(linear,
NQCquay), 118.23 (RCHEH,), 52.1 (branched, f£aCHPh), 45.2 (aCH(CH)PH), 40.9 (linear,
CquatCPh), 40.0 (NGuay), 37.8 (GuatlGCH=CHPh ).

IR(CHCEL) max: 3029, 2927, 2231, 1600, 1496, 1454,1029, 993, 754, 702.

HRMScalcdfor [M+H] 338.1909, found 338.1926.
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Characterization ofllyl cyanoacetates:

NC 0 \F

(2.12) allyl 2cyano2-phenylacetate (TRD65)
'H NMR (400 MHz, CREI { ¢T7®$p(m, 5H, By), 5.86 (ddt,J= 17.2, 10.4, 5.7 Hz, 1H,
CHMHiny), 5.33¢ 5.18 (m, 2H, G)CG1), 4.81 (S, 1H, Mertiary), 4.66 (dt,J= 5.7, 1.5 Hz, 2H,

ROG).
(0]
NC o

(2.26) cyclohex-en-1-yl 2-cyanc-2-phenylacetate
'H NMR(400 MHz, CDg@il  + ¢ 7.85qmm, 5H, By), 6.02 (dgJ= 14.1, 4.2 Hz, 1HG,,), 5.83
¢ 5.60 (M, 1H, Byiny), 5.31(t, J= 4.5 Hz, 1H, ROE), 4.73 (S, 1H,Kertary), 2.29¢ 1.94 (m, 2H,

GinyCHp), 1.92¢ 1.47 (m, 4H, By).

(o]

NC O/\(
2-methylallyl 2-cyano2-phenylacetate (TRIL26)
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'H NMR(400 MHz, CD@l  + ¢17.82p(m, 5H, Ba), 4.95 (qdJ= 2.4, 1.0 Hz, 2H, C(H;

4.79 (s, 1H, Bhertiary), 4.67¢ 4.52 (M, 2H, ROE), 1.71 (s, 3H,1E).

NC o \F

allyl 2-cyano-2-phenylpropanoate (TRD96)
'H NMR(400 MHz, CD§l 1 ¢ 7.88dm, 2H, Ba), 7.51¢ 7.36 (m, 3H, Ba), 5.94¢ 5.76 (m,

1H, ChOHyiny), 5.35¢ 5.19 (M, 2H, GyCHy), 4.77¢ 4.61 (M, 2H, RGE), 2.00 (s, 3H,15).

5Y

2-methylallyl 2-cyano-2-phenylpropanoate (TRIL89)
'H NMR(400 MHz, CDgl  + ¢ 7.80qm, 2H, Ba), 7.50¢ 7.35 (m, 3H, By), 4.91 (dJ= 3.0

Hz, 2H, GCOHy), 4.67¢ 4.52 (m, 2H, RO), 2.00 (s, 3H, fCHs), 1.66 (S, 3H,KEB).
2,0
NC o
cyclohex2-en-1-yl 2-cyano-2-phenylpropanoate (TRR57)
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'H NMR(500 MHz, CD&l 1 ¢ 7.43¢m, 2H, By), 7.40¢ 7.26 (m, 3H, By), 5.99¢ 5.81 (m,

2H, @iny), 5.66 (ddtJ=10.1, 4.0, 2.2 Hz, 1HGy), 5.49 (ddtJ= 9.7, 4.2, 2.2 Hz, 1HHG),
5.25¢5.12 (m, 1H, ROEG,), 2.05¢ 1.91 (M, 5H, GyiCHz and ), 1.91¢1.43 (M, 4H, B).

3C NMR(126 MHz, CD@l + McT ®pZX Mop®dPy I mMon ®H FIIMH/ GO M =

27.6,24.718.4

NC o0 \F

allyl 2-cyano-2-methyl-3-phenylpropanoate (TRD63)
'H NMR(500 MHz, CD@l 1 ¢ 7.25r(no, 5H), 5.85 (ddi= 16.4, 10.9, 5.8 Hz, 1H), 538.22
(m, 2H), 4.65 (dd]= 6.5, 2.7 Hz, 2H), 3.27 (& 13.6 Hz, 1H), 3.08 (@ 13.6 Hz, 1H), 1.65 (s,

3H).

NC 0 \F

allyl 2-benzyl2-cyanco-3-methylbutanoate (TR2017)
'H NMR(500 MHz, CDgl ¢ 7.24r(np, 5H), 5.70 (ddi= 17.2, 10.3, 5.8 Hz, 1H), 5£5.14
(m, 2H), 4.5% 4.42 (m, 2H), 3.26 3.17 (m, 1H), 3.14 3.04 (m, 1H)2.38 (heptJ= 6.7 Hz, 1H),

1.27 (dJ= 6.8 Hz, 3H), 1.11 (@ 6.7 Hz, 3H).

[92]
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allyl 2-cyano4-oxo-2,4-diphenylbutanoate (TR4198)
'H NMR(400 MHz, CD§ll ¢+ T ®n T & %.80 (M AH),5.28 5c18(mH2H), 4.85 4.62

(m, 2H).

allyl 2-cyano-4-oxo-2-(2-oxo-2-phenylethyl}4-phenylbutanoate (TR221)
'H NMR(400 MHz, CD§l ¢ ¢ y.92Mmp, 4H), 7.72 7.58 (m, 2H), 7.58 7.44 (m, 4H), 6.08

5.87 (M, 1H), 5.565.41 (m, 1H), 5.385.27 (m, 1H), 4.8684.72 (m, 2H), 4.08 3.84 (m, 4H).

&

allyl 2-benzyl2-cyanc4-oxo-4-phenylbutanoate (TR228)
'H NMR(500 MHz, CDgll 1 ¢ 7.87y(nth 2H), 7.5¢ 7.49 (m, 1H), 7.44 7.37 (m, 2H), 7.38

7.22 (m, 5H), 5.74 (ddg,= 17.3, 10.5, 5.7 Hz, 1H), 5.25 (dg,17.2, 1.4 Hz, 1H), 5.17 (di

[93]



10.4, 1.2 Hz, 1H), 4.864.58 (m, 1H), 4.58 4.50 (m, 1H), 3.70 (d= 17.9 Hz, 1H), 3.553.41
(m, 1H), 3.2 3.22 (m, 1H), 3.183.13 (m, 1H).
13c NMR(126 MHz, CD@ { ,M@88, ?85.3, 134.0, 133,3130.7, 130.1, 128,81283,

128.0, 119.2118.7, 67.3, 46.5, 45.1, 42.7

NC o \F

(0]
allyl 2-cyano-2-methyl-4-oxohexanoate (TR269)
'H NMR(500 MHz, CD§l  + p @y $7.201R& 6.EHz, 1H), 5.36 (dg,17.2, 1.5 Hz, 1H),
5.24 (dgJ= 10.4, 1.2 Hz, 1H), 4.€2..59 (m, 2H), 3.14 3.07 (m, 1H), 2.97 2.88 (m, 1H), 2.40
(q,J= 7.3 Hz, 2H), 1.601.56 (s, 3H), 1.02 @= 7.3 Hz, 3H).

BCNMR126 MHz, CDEl {+ HAap®c I Mcy dy 3, 480039.60, 854, M APp = MM d

0]
NC o \F
O\/
(0]

1-allyl 4-ethyl 2-cyano-2-methylsuccinate (TR268)

'H NMR(500 MHz, CDGll  +  p @y $7.2,ARR 6L 72Hz, 1H), 5.35 (#g,17.2, 1.4 Hz, 1H),
5.25 (dg,J= 10.4, 1.2 Hz, 1H), 4.22.61 (m, 2H), 4.13 (d= 7.1 Hz, 2H), 2.99 (@ 17.1 Hz,
1H), 2.77 (dJ=17.1 Hz, 1H), 1.61 (s, 3H), 1.20%7.2 Hz, 3H).

3CNMR126 MHz,CD§l + mMcy ®c X mMcy ®n 3, 6mp4a.®HAC5 B8NP = MM d
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NC 0 \F

1-allyl 4-ethyl 2-cyano-2-isopropylsuccinate (TRQ11)

'H NMR(400 MHz, CD@l 1 ¢ 6.89\nm, 1H), 5.46 (df= 17.0, 1.4 Hz, 1H), 5.33 (dd; 10.0,
1.6 Hz, 1H), 4.75 (dd= 6.7, 2.1 Hz, 2H), 4.20 (q4; 7.5, 1.8 Hz, 2H), 3.£2.98 (m, 1H), 2.96
¢ 2.80 (m, 1H), 2.17 (hepl= 6.8 Hz, 1H), 1.29 (= 7.1 Hz, 3H), 1.15 (@ 6.8 Hz, 3H), 1.11 (d,

J= 6.8 Hz, 3H).

NC 0 \F

o]
allyl 2-cyano-2-isopropyt4-oxohexanoate (TRD09)
'H NMR(500 MHz, CDgll ¢ ¢ 6.995(mp, 1H), 5.46 (ddi= 17.0, 2.8, 1.5 Hz, 1H), 5.32 (dlHt,
=10.2, 2.7, 1.4 Hz, 1H), 4.73 (ddd,5.6, 2.5, 1.2 Hz, 2H3,18¢ 3.07 (m, 1H), 3.0§ 2.95 (m,
1H), 2.48 (qdJ= 7.3, 2.1 Hz, 2H), 2.11 (hepdd; 6.8, 2.1 Hz, 1H), 1.13 (ds 6.9, 2.1 Hz, 3H),

1.09 (td,J= 6.7, 3.2 Hz, 6H).

2-allyl 1,1-diethyl 2-cyanopropanel,1,2tricarboxylate (TRZ2008)
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'H NMR(500 MH, CDGD  {  ¢/5.81d(m, 1H), 5.37 (dd,= 17.2, 1.4 Hz, 1H), 5.26 (db
10.5, 1.2 Hz, 1H), 4.67 (d#i= 5.8, 2.4 Hz, 2H), 4.294.13 (m, 4H), 3.95 (s, 1H), 1.66 (s, 3H),
1.26 (t,J= 7.1 Hz, 3H), 1.22 (t= 7.1 Hz, 3H).

13C NMR(126 MHz, CDglt ™ ¢ 1688 165.2, 130.5, 119.7, 117.4, 67.8, 62.7, 62.6, 56.7,

43.4,22.44, 14.0, 13.9

but-2-en-1-yl 2-cyano2-phenylpropanoate (TR®97)
'H NMR(500 MHz, CD§l ¢ ¢ 7.88p(ra, 2H), 5.88 5.77 (m, OH), 5.64 5.50 (m, OH), 4.74

(d,J= 3.1 Hz, OH), 4.62 (m, 1H), 1.74 (diig4.9, 2.5, 1.3 Hz, 1H), 1.57 J¢,3.6 Hz, 1H).

(o]
N }\/
C o =

(°)-but-3-en-2-yl 2-cyano-2-phenylpropanoate (TR202)
'H NMR(400 MHz, CDl + T ®pp ON33 (mp3H) 29¢6.99p(m, 1H), 5.7¢ 5.64
(m, 1H), 42¢ 5.36 (m, 2H), 5.3§ 5.29 (m, 1H), 5.20 (dj= 10.6, 1.1 Hz, 1H), 5.08 (dttk

12.9, 2.3, 1.1 Hz, 2H), 1.98 (s, 6H), 1.38Jdd.6, 0.7 Hz, 3H), 1.24..22 (m, 3H).

[96]



NC
O/\/\©

cinnamyl 2cyano2-phenylpropanoate (TRIL63)
'H NMR(400 MHz, CD§l 7:67¢ 7.54 (m, 2H), 7.5 7.39 (m, 3H), 7.4 7.29 (m, 5H), 6.59
(dg,J=15.9, 1.3 Hz, 1H), 6.22 (dd& 16.0, 6.3, 0.9 Hz, 1H), 4.86 (@,6.0, 1.2 Hz, 2H), 2.02

(d,J= 1.0 Hz, 3H).

NC
S0

cinnamyl 2allyl-2-cyanopent4-enoate (TR2L75)
'H NMR(500MHz, CD@b { ¢ 7.49r(ng, 2H), 7.37 (m, 1H), 7.84.29 (m, 2H), 6.73 (di=
15.9, 1.3 Hz, 1H), 6.29 (dt 15.8, 6.6 Hz, 1H), 5.85.79 (m, 2H), 5.29 (dd= 5.5, 1.3 Hz, 2H),

5.26 (t,J= 1.3 Hz, 2H), 4.87 (d# 6.6, 1.4 Hz, 2H), 2.2&.66 (M, 2H), 2.64 2.56 (M, 2H).

NC =

QO

1-phenylallyl 2benzyl2-cyanc-3-phenylpropanoate (TRD93)
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'H NMR(500 MHz, CD§Jl + T @0 H Q7RI (McSH))7ZL8 (mdbei)n 7.09.01 (m, 3H),
6.12 (m,1H), 5.67 (dd= 17.2, 10.5, 5.8 Hz, 1H), 5.09 (ddi,10.5, 2.3, 1.1 Hz, 1H), 5.00 (dbt,
=17.2, 2.6, 1.3 Hz, 1H), 3.36 (dd,13.5, 5.5 Hz, 2H), 3.14 (ddg; 16.0, 13.5, 2.0 Hz, 2H), 2.20

(m, 1H), 1.6@ 1.53 (m, 1H).
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Chapter III.

Decarboxylative Benzylation and Arylation of Nitriles
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ClIl.1Nucleophilic additions to palladiumbenzyl complexes

Alkylation of benzylic halides for the incorporation of aromatic moieties is ubiquitous in
organic synthesis. Despite the vast number of literature reports utilizing benzylic halides,
these procedures typically require stoichiometric amounts of PAs® organometallics;? in
addition to necessitating expensive and difficult to handle halogenated reagents (eg. 1, scheme
3.1)? An alternative method makes use of activated benzyl alcohols that are less expensive and
easier to handle than the halide variants (eq. 2, scheme 3.1). Anadgdhe use of activated
allyl alcohol moieties in palladiveatalyzed allylation protocof$,benzyl alcohol moieties are

activated as benzyl acetates and can be utilized as benzylating reagents via the intermediacy of

NuH / Base X Nu
A - O o

Nu-MX X =Br, Cl
(0] @
Pd
o \ © Nu
Nu>\“ \ O Pd(0) _/O Nu \ O @)
activated €O, Pd-r-benzyl
Benzyl alcohol complex

Scheme 3.1

Pd~ -benzyl complexes (eq. 2, scheme 31 Yo date, a number of examples for the addition of
highly stabilized nucleophiles to benzgtetates and carbonates have been reportéd:
Legros reported the substitution of naphthylmethyland quinolylmethyl acetates with
dimethylmalonate nucleophiles in presence of a Pd(0) catafydtThe reaction is proposed to
proceed via the electrophilic Pdnaphthyl complex3.1 (scheme 3.2). This report is significant
because it suggests that palladitcatalyzed dearomatization of naphthylmetradetates
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R R
\)\OAC MCHE, N Q\CHEZ
@(\/1 2 mol% Pd(dba)2 C(\/l
X~ 3 mol% dppe X~
DMF, 80 °C
@® Pd
<

x*Y

31
X,Y=N,CHor CH,N.R=H or CH,.
M = Na, K, or Cs. E = CO,CH,

Scheme 3.2

induces ionization of the benzyl acetate moiéty.The ionization leads to the formation of £d
“-naphthyl complexes capable of being intercepted with various nucleophiles. It should be
noted that the adjacent aromatic ring compensates for the thermodynamic disfavorability o
dearomatizing the naphthyl moiety. To address this issue, Kuwano reported the paHadium

catalyzed ionization of benzyl carbonate moieties lacking extended conjuggséeins capable

©/\090Ph Cco,
3.3 ><

'OP (—Pé >‘—_‘ /7
Pd P 7
P eOPh PhO P

o)
‘\7/ 3.2 3.4
©/\0Ph
3.5

Scheme 3.3

of compensating for theoks of aromatization 32, scheme 3.3J* In addition to the

intermolecular substitution of benzyl acetates with distabilized nucleopHilégjwano has also
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developed a method for the intramolecular decarboxylative etherfication of benzyl aryl
carbonates 3.3 that ionize upon treatment witha DPBhos ligated palladiurcatalyst®
Subsequent decarboxylation reveals the relativ@yi | 6 A f AT SR LIKSY ZBHKARS | yA
benzyl comple8.26 KA OK A& Ay Sljdzif A0 NA d2YPd ébenzf comfe$ LIK Sy
3.4 (scheme 3.3). Reductive elimination regenerates the palladium catalyst and produces the
benzylated phenoB.5 (sckeme 3.3). The catalytic cycle shown in Scheme 3.3 represents the
proof of concept needed for the intramolecular decarboxylative coupling of carbon
nucleophiles. In this reactive manifold, Chruma reported the decarboxylative benzylation of
diphenylglycinge imines in which € bond formation proved to be problematic if the
nucleophiles were not highly stabiliz&4.In another report, Torregrosa and Tunge describe the
palladiumcatalyzed decarboxylative naphthylmethylation, and quinolylmethylation of-non
stabilized alkynes and ketos& However, despite numerous examples of naphthghd
guinolylmethyaltion, only a single exaple for the decarboxylative arylmethylation (ie.

benzylation) of ketones is reported (scheme 3.4).

O me? 10 mol% CpPd(allyl) O e
&)Lo 11 mol% dppf
K©\ tol, 110 °C OMe
OMe

67%

Scheme 3.4

Based on the above literature precedent regarding the substitution of benzyl acetate
moieties via the proposethtermediate Pd -benzyl complexe&?? studies to investigate the

feasibility of the decarboxylative benzylation of nitriles were initiatédAnalogous to DcA of
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nitriles, it is known that treatment of benzyl cyanoaatds with an appropriate palladium
catalyst generates a metallated nitriie situunder formally neutral condition® In addition,
recombination ofthe Pd™ -benzyl complex and the nitrilstabilized carbanion facilitatesqC
bond formation generating a newly benzylated nitrile. Given the prevalence of rifrdes
heteroaromatic functionalitie€?® in biologically relevant molecules, an investigation into the
decarboxylative benzylation of electron rich and electron deficient heteroaromatic arylmethyl
as well as arylmetl cyanoacetates is describéd.It should be noted that these are the first

reported examples for the addition of nestabilized nitriles to Pd-benzyl complexes.
Clll. 2Decarboxylative Benzylation of Nitriles
Clll. 2.1Decarboxylative arylmethylation of cyanoacetates

Nucleophilic substitution of benzyl halides is a commonly used method for the
introduction of aromatic functionalitieS. Given thatbenzyl halides are known to be toxic,
costly and difficult to handle reagents, an investigation into the feasibility of employing
activated benzyl alcohols for the decarboxylative benzylation (DcB) of nitriles is défailed.
Initial studies involved identifying a metal catalyst competent for selectively promotg@y C
bond formdi A 2y @ / dzZNNBy i f A S NhaprahyliethyUbdBtaIS moeyes asA RSy
an ideal test substrate for probing the reactivity of various métend combinations (Table
3.1)121322 Exposure of the naphthylmethyl cyanoaceta®$ to the nonligated and ligated
ruthenium-catalyst in both methylee chloride and toluene did not show any consumption of
the starting material (entries-B, Table 3.1). This observation suggests that the ruthenium

catalyst was not reactive toward ionization of the benzyl acetate moiety. Hit/aand Tungé
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Table3.1 Conditions for decarboxylative arylmethylation nitriles

]
]
,'] conditions
—_—

NC ) NC. _H
oW, "oy
R R

3.6 3.7, n=1 3.8, n=2 3.9
entry Ar R catalyst ligand solvent h °C %conv. 3.7:3.8:3.9
(1) a-naphthyl H [Cp'RuCl], none DCM 24 45 <5
(2) " n [Cp'RuCll, bypridyl DCM 24 45 <5
(3) " n [Cp'RuCl], bypridyl Tol 24 110 <5
(4) " 1 CpPd(allyl) BINAP Tol 1 95 >99 30 :35:35
(5) " rn Pd(PPh3), none Tol 2 110 >99 70 :25 :<5
(6) a-naphthyl Ph Pd(PPh;), none Tol 0.5 95 92 78 :>5 :17
(7) Ph Ph Pd(PPh;), none Tol 0.5 95 99 <5 :<5:90
(8) Ph H CpPd(allyl) dppf Tol 2 100 >99 15 :30 :15
Sm o
e
< PP SO -
dppf rac-BINAP bypridyl

independently report that the combination of CpPd(allyl) and bidendate ligands were reactive

catalyss toward the ionization of benzyl acetate functionalities.However, subjecting

naphthylmethyl cyanoadate to arac-BINAP ligated CpPd(allyl) catalyst resultecnnequal

distribution of mondenzylated 8.7, Table 3.1), dbenzylated 8.8), and protonation 3.9)

products (entry 4, Table 3.1y. Exposure of the same substrate to Pd(BPin refluxing

toluene generated a 2.5 : Atio of 3.7: 3.8without any evidence of the formation &9 (entry

5, Table 3.15 Although, i NB I (i Y S-phényl, h@phthylmethyl cyanoacetate with the

Pd(PPE)4 results in the formation of a 4 : 1 ratio of monobenzylat®7 to protonation 3.9,

with the dibenzylation producB.8 not observed (entry 6Table 3.1). Based on the selectivity

for @;C bond formation obtained with the Pd(Pfpho Sy (i NB

c 2z

-ghengl thé&izylo dm 0 =

cyanoaceatate is examined under identical reaction conditions (entry 7, Table 3.1). Complete

[104



consumption of the starting mateal ester was observed, suggesting ionization of the acetate
moiety, however the catalyst was not competent fag@hond formation (entry 7, Table 3%).

It should be noted that ionization of benzyl acetates involves partial dearomatization of a
benzene moiety lacking an adjacent aromatic ring capable of compensating for the loss in
aromaticity’® For this reasonp-methoxyphenylmethyl cyanoacetate was treatachder
conditions reported by Tunge for the decarboxylative benzylation of ketones (entry 8, Table
3.1)?* The results showed that dibenzylatidh8 is the major product in addition to the
formation of equal amounts 08.7 and 3.9 (entry 8, Table 3.1). Rass obtained during the
RSOSt2LIYSyd 2F (KS 5 QproticecyanogcktateNutbstBate isdilddy e a U
source of the protonated product (section 2, Chapter Il). Furthermore, the obsex@dahd
formation with the dppfligated CpPd(allylJeads to utilization of this catalyst for the
RSO Nb2E&ft | (A GS -LAKSY ety behzgl CyardacetaiAETable 3.2)7

A brief screen of various catalyst conditions competent for facilitating ionization of the benzyl
acetate moiety in additin to promoting €C bond formation are detailed in Table 3.2. Use of a
catalytic amount ofPd(PPk). as reported by Tung® led only to the formation of the
protonation product3.12 (entry 1, Table 3.2). A similar product distribution is observed when
using precatalyst B@ba) and bulky monodentate Xphos ligand (entry 2, Table 3.2).
However, switching to the dppfigated CpPd(allyl) catalyst led to nearly exicdl@gormationof

the benzylated nitrile3.11 (entry 3, Table 3.2) These newly found reaction conditions are
utilized to investigate the scope of the decarboxylative arylmethylation of nitriles. As shown in
Table 3.2, treatment of -Pnethylbenzyl, and benzyl cyanoacetate with a dfmgfated

CpPd(allyl) failitates loss of CQproducing the benzylated nitrilé&11and 3.13in 93% and
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Table 3.2 Decarboxylative benzylation of nitriles

o
NC (0] X mol% catalyst NC NC H
Y mol% ligand
Tol, 110 °C C
3.10
entry X catalyst Y Ligand 3.1 3.12
(1) 5 Pd(PPh;), none <5 >95
(2) 2.5 Pd,(dba); 10 Xphos <5 >95
(3) 10 CpPd(allyl) 11  dppf 94 6

87% yield, respectively (Table 3.3). It should be noted that decarboxyiegthzylation does not
proceed at room temperature. As discussed in Chapter II, loss efirC@he DcA of
phenylacetonitrilestabilized carbanions proceeds at room temperature. The needed increase
in temperature for the DcB of nitriles suggests that, dwethhe dearomatization required,
ionization of the benzyl acetate moiety is rdtmiting.?® Introducing electrorwithdrawing
(3.15 3.16, Table 3.3)as well as electrodonating @8.14, Table 3.3) substituents on the
benzylating coupling partner has a minimal effect on reactivity and accounts for a 10%
difference in yield .14 3.15 Table 3.3). Arylmethyl ester substrates with extended
conjugation cpable of compensating for the loss of aromaticity upon ionization of the benzyl
acetate moiety undergo decarboxylative coupling to produce compo@itisdand 3.18in 83%

and 80% vyield, respectively (Table 3%}?? Last, using @ara-chlorobenzyl nitrile nucleophile

results in a minor decrease yiield as shown by compourgi19(Table 3.3f° Tofurther
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Table 3.3 Decarboxylative arylmethylation oftriles

o

10 mol % CpPdAllyl,

Nc%o/\m 11 mol % dppf, Tol, 110°C NCMAr

Ar 1-12hr Ar
NCW Ncm NC ‘

Ph Ph Ph O

OMe

3.11,87% 3.14, 86% 3.17, 83%
NC NC NC

Ph Ph Ph OO

3.13,93% 3.15, 75% 3.18, 80%

Ncm O

3.16, 75% 3.19, 66%

Q

Ay@SaidaariasS GkKS ad021Ll 2F GKS RSOl Nenried f | GA O
substituents are examined. Having shownthe decarboxylative allylation ofvarious
phenylacetonitrilemoieties®® studies enploying similar functionalities for the decarboxylative
arylmethylation of nitrilesare detailed in Table 3.4. Exchanging a mesiydstituent for an

aceto, ethyl ester functional grou@(20, entry 1, Table 3.4) provided the benzylated nitrile in

66% yield in addition to a substantial amount of the competing protonation product. When an
isopropyl containing substrat®.21is subjeted to the dppfligated Pdcatalyst, equal amounts

of &;C bond formation and protonation are observed (entry 2, Table®his deterioration

of sdectivity is likely due to the increased steric demand of the nisikbilized carbanion

O2y Gl AyAy3a (GKS A a2 LINMBthAlf suttafitheiit 22 Tablé 3.MBeddd20A vy I |
a more selective € bond formation, however does not coraf@ly arcumvent the protonated
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Table 3.4 Scope of the decarboxylative arylmethylation of Nitriles

(o]
o,

NCS AN Ar 11 mol % cpof Tal, 176°C _ NOar NOn M
R! R? 24hr ~ R'R?2 R! R?
entry Substrate R R? Ar benzylation protonation
(1)? 320 Ph CH,CO,Et Ph 67 33
() 321  Ph CH(CH,), p-MeOPh 50 50
3) 322 Ph CH,C(CH;)CH, p-MeOPh 72 28
(4)® 3.23 Ph CgsH, p-MeOPh - -
(5) 324 Bn CHs p-MeOPh <5 >95

2 jsolated yield 66%.b THNMR shows only unreacted starting material

byproduct (entry 3, Tabl&.4). This observation is in accordance with studies reported by
Grenning and Tunge suggesting thaltylated nitrilestabilized carbanions are competent
nucleophiles for additions to Pd-complexes®®® Further investigation into the scope of this
reaction reveals that a long chain dlgtic substituent renders the arylmethyl cyanoacetate
3.23non-reactive (entry 4, Table 3.4). Additionally, dialkyl arylmethyl cyanoacetate substrate
3.24is not activated toward €€ bond formation providing only the protonation 4pyoduct
(entry 5, Table3.4). This result is not agreement with studies performed in Chapter Il detailing
the decarboxylative coupling of dialkyl nitrd¢abilized anions, in which dialkyl cyanoacetates

were readily allylated®

To this point, it was established that utilizing CpPd(allyl) as precatalyst and dppf as
ligand generates a catalytic complex that is competent for promotitl@ Kond formation and
minimizing theamount of observed protonation bgroduct. In addition, it was determined
0 K I fphenyl nitrilestabilized carbanions are reactive toward the-Rbenzyl complexes

generated upon the dearomatization/ionization of the benzyl acetate moieties. A brief

(108



summary of the previous studies conducted in this section suggest that substituents placed on
the benzyl/arylmethyl substituent likely does not affect the overall yield of the decarboxylative
arylmethylation reaction. In addition, alkyl substituents other rihanethyl groups are
tolerated, albeit in conjunction with substantial amounts of the protonation byproduct. In
continuation with the investigation of the decarboxylative benzylation of nitriles, the next

section details the development of the decarboxixtatheteroarylmethylation of nitrile§>
Clll.2.2DcB of heteroarylmethyl cyanoacetates

Heteroaromatic compounds such as furans, thiophenes, indoles, and pyridines are
present in many active pharmaceutical ingredients as well as biologically active natural
products?®?° Typically these heteroaromatic functionalities are introduced via nucleophilic
electrophilic®® aromatic substution. Traditional metakatalyzed crossoupling reactions have
also been employed® however these methods typically require activation of preformed
organometalic reagents and produce stoichiometric amounts of potentially hazardous metal
waste. The palladiurnatalyzed decarboxylative heteroarylmethylation of nitsabilized
carbanions serves to complement known crossipling methodologies via achievinglond
formation while generating GOas the sole reaction bgroduct®* Preliminary studies
identified Pd(PP{), as an efficient catalyst for the decarboxylative heteroarylmethylation of
nitriles, these results were in accordance with studies reported by Tunge involving the
decarboxylative quinolylmethylation of alkyn&s.3-, and 2thiophenylmethyl cyanoacetates
undergo Pd(PRjy-catalyzed coupling to provide products of heteroarylmethylated nitriles

3.25 ard 3.26in 88% and 86% vyield, respectively (Table 3.5). In additifuryBnethylated
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Table 3.5 Decarboxylative Heteroarylmethylation of nitriles

(o)
5 mol % Pd(PPh;),,
NC 0 NAr To,110°c _ NC Ar
Ph 1-12hr Ph
NC NC
Ph S Ph Ph NBoc
3.25, 88% 3.27, 87% 3.319, 31%
NCM NC _ NC N,
Ph S / Ph O Ph | —
3.26, 86% 3.29, 50% 3.325, 35%
Ph O
3.30¢, 65%

210 mol% CpPd(allyl) 11 mol% dppfb 10 mol% CpPd(allyl) 11 mol% rac-BINAP
€10 mol% CpPd(allyl) 11 mol% (s)-DTBM SEGPHOS

and 2benzofuranylmethylated nitrile8.27 and 3.29 are obtained in 87% and 50% aemnilar
reaction conditions. The decrease in yield with the benzofuranyl pro8i9is not currently
understood; however analysis of spectral data suggests a mixture of protonation and- homo
coupling of the palladate@-methylbenzofuran moiety>*® A similar product distribution is
observed wih the Boeprotected indole substrates as well, resulting in a diminished 31% yield
(3.31, Table 3.5° However, GC bond formation required a change in catalyst from the
Pd(PPh)4 to a dppfligated CpPd(allyl) complex. Given that pyridines are present in many
LIK I NI OSdzii A OF f -pled@yynitidedmaRhighly covét8d. Numerous attempts to
synthesize a variety of picolyl cyanoacetates failed. Howevr]K Sy &vtS3i K icolyl b
cyanoacetate3.33is obtained (appendix B) and it is determined that PdgRRBadily ionizes

the arylmethyl acetate moiety providing exclusively the protonation produt® (Table 3.6).
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“ a
o Ns N
5-10 mol% Pd

NC%LO 11 mol % Ligand‘ NC NC H

entry Pd source ligand solvent 3.32 : 3.12

(1) Pd(PPh;), none Tol <5 : >95
(2) CpPd(allyl)  dppf Tol <5 : >95
(3) CpPd(allyl) dppe Tol <5 : >95
(4) CpPd(allyl) BINAP Tol 50 : 50
(5) CpPd(allyl) BINAP THF <5 : >95

Based on this result, a series of bidentate ligamd CpPd(allyl) combination were screened in
order to determine catalytic condition for¢C bond formation. As detailed in Table 3.6,
attempts with dppf and dppeligated CpPd(allyl) cataly4t? in toluene at 95 °C delivered only
the protonation product, however switching t@c-BINAE® delivered the benzylated product
3.32along with equal amounts of the competing protonation. Purification of the crude mixture
resulted in a 35% yield of nitril@.32 (Table 3.5). It should be noted that simply changing the
solvent from toluene to THF resulted in complete suppressionGgE bond formation.
Returning to investigating the scope of the decarboxylative arylmethylation of nitriles, focus
was then placed on fur2-methyl cyanoacetates3(4, scheme 3.5). Preliminary attempts to
obtain the benzylated nitrile.30 employing P{PPh), as catalyst resulted in formation of the
decarboxylative arylation produ®& 35(scheme 3.5). As a result of this observation, Chapter I,
section 3 is dedicated to identification of catalytic conditions for decarboxylative
arylmethylation of nitiles. In this vein, the target method development became determination

of conditions for selectively obtaining the competing benzylation andiation products.It has
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now been determined that treatment of furylmethyl cyanoaceta®e34 with an §-DTMB
SEGPHOS (see Table 3.7) ligated palladium catalyst delivers the benzylated.3tine65%

yield with 11% ee (Table 3.5).

Expected Nc 7
; s iy
5 mol % Pd(PPhg),, : major (o)

Ph
NCVLO/\@ tol, 110 °C 1 product 2.30
Ph o Observed l A
3.34 major NC
L e o
product
Ph
3.35

Scheme 3.5

To this point, it has been determined that Pd(BRls competent for facilating the
decarboxylative heteroarylmethylation of nitriles with substrates containing thiophenylmethyl
and furylmethyl, and benzofurylmethylacetate moieties. Substrates containing indobhd
picolyt residues also undergo decarboxylative arylmédkipn with bidentate palladium
catalyst, albeit with reduced yields. Last, it was discovered that treatmentroétBylfuryl
cyanoacetates3.34 resulted in the decarboxylative arylation of nitriles. The following section
will detail the investigation o developing reaction conditions necessary for selectively

obtaining the products of decarboxylative arylation and benzylation.
CllIl. 3Decarboxylative Arylation vs. Benzylation of Nitriles

Recently, transition metgtatalyzed decarboxylative arylatioleave emerged as an
alternative to traditional croscoupling procedured’™ These methods typically involve loss of

CQ to generate a metalated anion intermediate that can then be intercepted with an aryl
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halide. In addition taryl anions, there are a myriad of nucleophiles that can be generated via

the loss of carbon dioxid&:** More specifically Kwong reported the palladitoatalyzed, base

mediated decarboxylative arylation of nitrile carboxylates via aryl hafftieShe reaction is

proposed to proceed via transmetalation of a metalhteitrile to an arypalladatedspecies,

which subsequently undergoes a reductive elimination to generate the arylated nitrile. In a
similar reactive manifold, Verkad&:® Hartwig;®*" as well as Fleming and Knoclegport the
palladum-OF G t @ T SR FNRBtFGA2Y 2F YSOlFtFGiSR Vy-AGNRES
arylnitriles via a nicketatalyzed Hiyamdype crossO 2 dzLJt A y 3 NXchldbahikildsyand¥ N2 Y h
aryltrifluorosilanes.  An additional report fom Hartwig describes obtaining the phenyl
acetonitriles from trimethylsilyl acetonitrile and aryl halid®sThe above methods share two
attributes: (1) the nitrile requires base activation or prefunctionalizaton; (2) the arylating
coupling partner is either an aryl halide or preformed organometallic reagent. The
decarboxylative arylation fofurfuryl cyanoacetate3.34 generates a palladated nitrile via
decarboxylation as well as the arylating-Péurfuryl complex { scheme 3.67>*° There are

two examples for arylation via the intermediacy of-Pdbenzylcomplexes currently in the

literature >**2 The following describes the palladivcatalyzed decarboxylativarylation and

benzylation of furfuryl cyanoacetatés.
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(o] , A\
0,
NC%O/\Q 5 mol % Pd(PPhy),_ NC\ L
Ph o y/ tol, 110 °C Ph
3.34 3.35

|—' Phim%

Scheme 3.6

At this point it should be noted that the arylated produ&B5is formed when3.34 is
exposed to Pd(PRBh. As a result of the observed selectivity for the arylated product,
developing the current method mainly involves screening for catalytic conditions that
promoted decarboxylative benzylation of the furfuryl cyanoacet&&4 (Table 3.7). As
detailed in Bble 3.7, monodentate Pd(PRhfacilitatesformation of the arylation produc8.35
(entry 1, Table 3.7). Previous studies involving the decarboxylative arylmethylation of
arylmethyl cyanoacetates identified that CpPd(allyl) in conjunction with bidentafends
efficiently ionized benzydcetate moieties>?* However, based on the reactivity observed with
Pd(PPh)4, a reaction employing the more electron riamonodentate trcyclohexylphosphine
ligand did not provide the benzylation product (entry 2, Table 3.7). An evaluation of the dppe
ligated Pd catalyst as reported by Kuwaheesulted inexclusve formatian of the protonation
product3.12when performed in both toluene and THF (entry 3 and 4). A modest selectivity for
the formation of the benzylation product with respect to the arylation product was first
observed with dppf as ligand, however the crude gurot mixture includes an equal amount of

114,22

the protonation product:*?? As previously reported for the DcA of sulforieand nitriles®®
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Table 3.7 Conditions for decarboxylative arylmethylation of furfuryl cyanoacetate

T

5-10 mol% Pd
11 mol % Ligand _

=~
0] _ \ N
NC NC O NC H
Ph Ph Ph><

3 34 95°C, 12h
entry Pd source ligand solvent 3.30 3.35 3.12
(1) Pd(PPh;), none THF 14 85 1
(2) CpPd(allyl) PCy, Tol 33 34 33
(3) CpPd(allyl) dppe THF <5 <5 >90
(4) CpPd(allyl) dppe Tol <5 <5 >90
(5) CpPd(allyl) dppf THF 45 <10 45
(6) CpPd(allyl) BINAP THF 85 <5 10
(7) CpPd(allyl) BINAP Tol 85 <5 10
(8) CpPd(allyl) (S) DTBM- Tol 85 10 <5
(9) CpPd(allyl) SEGPHOS THF 897 11 trace
 Chiral stationary phase chromotography 11% ee. ;)' """"""""""""""
@‘Pphz OO PPh (0 PR ié\
2 Ph, P PPh, 2
tBu

@,Pph2 OO PPh;

rac-BINAP

dppf

PR; tBu
dppe < 0
(S) DTBM - SEGPHOS

rac- BINAP was the ligand of choice for circumvention of protonation product. Use ohthe

BINARligated catalyst provided selective formation of the arylmethyldtproduct and nearly

circumventedthe protonation product (entry 7, Table 3.7). Realizing that steric bulk could be

the rationale for the observed switch in selectivity from arylation to benzyhgpimducts; bulky

(9-DTBMSEGPHOS was screened and found to favor formation of the arylmethylated nitrile

3.30, with only a trace amount of protonation (entry 9).

As a result of employing the

enantioenriched §-DTBMSEGPHOS3.30 was analyzed by chiradtationary phase HPLC,

however very little enantioenrichment was observed (11% ee).
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Determining the conditions for both decarboxylative arylation and arylmethylation of
furfuryl cyanoacetates lead to an investigation into identifying similar conditiomsttie
thiophenyl reactanB.36(Table 3.8). Preliminary evaluation of reaction temperature suggested
that ionization of the thiopheny2-methyl acetate moiety does not take place bel® °C. It
became evident that the mixture of precatalyst CpPd(a#lyl PCywas not an active catalyst
for decarboxylative coupling of arylmethyl acetates. In addition, empldy@gantphos ligand
with a larger bite angle (11Palso favored formation of the arylmethylation produgt26.**

Last, switching to theac-BINAP ligated Pchtalyst did not promote formation of the arylation

Table 3.8 Conditions for decarboxylative arylation oin2ethylthiophenyl cyanoacetate

5-10 mol% Pd
%1\ 11 mol % Ligand _
3.36 Ph><

entry catalyst ligand sol h °C 3.26 : 3.37 3.12
(1)* Pd(PPh3), none THF 1480 - : - : -

(2) Pd(PPh3); none THF 24 95 80 i <5 15
(3) Pd(PPhj), none Tol 2495 92 :+ 3 <5
(4)* CpPd(allyl) PCy, Tol 1 95 - : - : -

(5) CpPd(allyl) Xantphos Tol 1 95 50 : <5 45
(6) CpPd(allyl) BINAP Tol 1 95 50 1 <5 45

21HNMR suggests only starting material

PPh, PPh, OO
o PPh,
(LI o

Xantphos rac-BINAP

product. It should be notechs Dewhurst has isolated a-Peurfuryl complex 4, figure 3.15°

YR GKS | yI f 2 5Seedttompléxasy ks ¥ 8 have also been reported, it is
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likely that our reaction proceeds via similar intermediates. Despite these reports, it remains
unclear how Pd(PRJ facilitates decarboxylative aimethylation with the thiophenyR-methyl

cyanoacetates and arylation with furfuryl cyanoacetates.

o)
OEt
0 s
\ \
TN /l N
@ © Mo—CO
Pd BF -
PhsP”  “PPh, Cr” “co
A B

Figure 3.1

The conditions for selectively obtaining the products of decarboxylative arylmethylation
and arylation of furfuryl cyanoacetates have been established. Table 3.7 reveals that
monodentateligated Pd(PPJu (conditions A) facilitates decarboxylative arydati and the
bidentate (SDTBM SEGPHOS modifieddathlyst (conditions B) obtained from precatalyst
CpPd(allyl) facilitates decarboxylative arylmethylation. Having identified these conditions, the
scope of the reaction was investigated (Table 3.9). ifRnedry studies involved probing the
electronics of variougp-derivatized nitrilestabilized anions generated by decarboxylation
(entries 17, Table 3.9). The result shown in Table 3.9 suggest that the phenylacetonitriles
substituted with electrordonatingsubstituents (entries 3, 4, and 7) are more selective than the
products obtained fronp-chlorophenylacetonitrile (entries 5 and 6) with respect to arylation
vs. benzylation. It should be noted that tipecyanophenylacetonitrile is not reactive upon
exposire to reaction conditions B, in contrast treatment pfcyanophenylacetonitrile to

reaction conditions A leads to selective production of the arylated pro@u2 in 70% vyield
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formation of the arylation product when subjected to Pd(B)Rbatalyst (conditions A, entry 8).

| 26 SGSNE S E LiapghttizNdirilezsdbstrat&ts thé condition for decarboxylative
Table 3.9 Decarboxylative arylation vs. arydtiylation of Nitriles

cond A: 5 mol % Pd(PPhj),, ' A\
(o]

substrate THF, 110 °C, 12-24h _ NC Ncm
cond B: 10 mol % CpPdAllyl, R or R Y )/

11 mol % (S)-DTBM SEGPHOS, Ar A’D
THF, 110 °C 12-24h
entry substrate  Cond. C:D? % yield® product
1 X=H A 84:14 86(71)  3.35

<5:>95 69 (69)° 3.39
80:20  84(69)  3.40
10:90  --(65)  3.41
>95:<5  70(70)  3.42

|\ B 11:89 83 (65) 3.30
0.__O o
X = OMe >95:<5  75(75)  3.38
X=Cl

X

> w> W

X=CN

>95:<5  89(89)  3.43
16:84  70(53)  3.44

© ®
Z
O o
<
WX
w >

90:10  --(75)  3.45
9:91 86 (77)  3.46

10 R =Ph
11
90:10  84(70)  3.47
<5:>95 76(76)  3.48

12 O Rr= :
13 NC 4-OMePh .
14 R= 75:25  65(51)  3.49
R 2-C1-5-pyridyl
15 0O R= A 85:15  90(63)  3.50
B

(o]
16 NC i-propyl <5:>95 71 (71) 3.51
17 R R = Allyl A 75:25 --- (60) 3.52

a calculated from crude HNMR, ? combined yield (isolated yield major isomer)

> w> w>
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benzylation (conditions B) did not provide the same ratio of products, and the reduced yield

was due to a minimal amount of the difficult to resolve protonation contaminant (entry 9, Table

39. Inf RRAGAZ2Y S 2yfé& YAYAYlIf OKIFIy3aSa Aymeh@t SOGAC
substituent to more stericially demanding benzyl and isopropyl functionalities (entriels3,10

15, 16). Last, substrates with functional groups capable of coordinatitiget metal catalyst

(entry 14, pyridine, entry 17, allyl) resulted in reduced selectivity when subjected to the
reaction condition for decarboxylative arylation. It should be noted that these substrates were

not competent for GC bond formation under theaeaction conditions for obtaining the
arylmethylation products (conditions B, Table 3.9). With some understanding of the scope of

the decarboxylative arylmethylation and arylation reaction, the current rationale for the

observed selectivity will be deted.

To address the observed selectivity for decarboxylative arylation and arylmethylation
with the furfuryl cyanoacetates, a working mechanistic rationale based on literature precedent
is proposed (scheme 3.7). All of the data to this point show andts$witch in selectivity when
changing from the monodentate PPligand to the bidentate bulky (Y TBMSEGPHOS ligand.
LG Aa tA1S8te OGKIG o2 tPg -fulNd®l Bodzglek &schemel8 FjABysedi S T NP
on literature precedent, it is feasible that the ligaddpendent selectivity observed with PRh
originates from access to an open coordination site on the metal center (path A). Thrabkvail
coordination site allows for innesphere attack of the ketiminate nucleophile as suggested in
Scheme 3.7]. Crystallograpic data characterizingan analogous palladateketeniminate
complex has been reported by Hartwifty. Moreover, mechanistic stlies of an allylative

dearomatization reaction performed by Lin (scheme &) dz3 3 S a (i >Rokd Sy &t £
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o CpPd(Allyl)
N (S-DTBM N o
\(@ Pd(PPh3)4 % SEGPHOS W
-CO, PH R

PH R
3.54 3.53 3.55
TT PdLn(O)l -co, T
o] . o) [ R ]
/@ | /Q/'\\ »/R o
/Q\ @/-\l i o I //C \;//_Q
_PathA Pd . __Pd__ PathB |
Pd ~ P @ | Pl P —— [[]N pg
P C : A4 P/ \P
monodentate . bidentate B ]
I ligand ! ligand I
Scheme 3
N-bound keteniminé®®"® transition state is feasibl2®®® Moreover, Bao reports the

dearomatization of benzyl electrophiles with allenyl stannanes likely proceeds by intermediates
similar tol, as suggested in Scheme 3.7. With respect to the selectivity observed employing the
bidentate §-DTMBSEGPHOS ligand, lack of an available coordination site forces an outer
sphere attack I{, scheme 3.7) of the nitriletabilized carbanion resulting in formation of the

arylmethytion product3.55(path B,scheme 3.7).

Pd,dba,/PPh,
cl acetone, rt m

Bu3Sn/\/

\—> | ¢
’/’| II\ 4T
L/Pd\"/"/
1}

Scheme 3.8
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The palladiuncatdyzed decarboxylative arylmethylation and arylation of nitriles has
been described. The method entails treatment of furfuryl cyanoacetates with monodentate
PPh ligand to obtain arylated nities and bidentate §-DTMBSEGPHOS ligand to afford
arylmethylated nitriles. In addition, the method represents the use of activated benzyl alcohol
moieties as alternatives to benzyl halides for the benzylation and arylation of nitriles. Last, the
methodis another example of the functionalization of metalated nitriles generated via the loss

of CQ under formally neutral conditions.
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Appendix B

General information:

All reactions were performedn flamedried glassware under Ar atmosphere using
standard Schlenk teclgues. All reactions run itetrahydrofuran were performed in 5 mL
Biotage microwave vials with sealable sepfps. The THF was dried over sodium in the
presence of benzophenone indicator. Toluene (tol) was dried over activated alumina and
distilled over sodium. Other commerciallyailable reagents, solvents, and catalysts were used
without additional purification unless otherwise stated. CpPd(allyl) was prepared according to
a literature proceduré. All imidazole carbamate benzyl esters were prepared via literature
protocol? *H and*C NMR spectra were obtained on Bruker Avance 500 DRX spectrometer and
were referenced to residual protio solvent signals. Compound purification was effected by flash
chromatography using 230 x 400 mesh, 60 A porosity, silica obtained from Sorbent
Technologies. Structural assignments were based h '°C, DEPT135, COSY, HSQC

spectroscopies. Mass spectrometry was run using ESI techniques.

Procedures for the synthesis ¢f-phenyl cyanoacetic acid and estefsA 200 mL flame dried
Schlenk flask undekr was charged with commercially available benzyl cyanide (31.0 mmol, 3.6
mL) via syringe, and-BuLi (18.5 mL, solution 1.6 Mgl from Aldrich) was added dropwise
over 10 minutes. The solution was then placed in a dry ice/acetone bath and sol{dgCe,

small amount) was added carefully. The solution was stirred@&®C for 1 h The reaction was
then gquenched with NaHG@saturated in HO, 125 mL) and gD (50 mL). The aqueous layer

was isolated and ice cold £t (100 mL) was added. Conc. HICC) was then added until pH of

(137



6 (pH paper). The organic layer was separated and reduced on rotary evaporator to yield a
yellowish oil. The oil was then azeotroped with GH@H a white solid formed*H NMR (500

MHz, CD@b + mm, @Hj),/7.38)7.33 (m,3H), 4.91 (s, 1H), 4.68 (s, 1HL NMR (126 MHz,

/ 5/ fo0 1 MCYy PPpZ MHPPPI MHPPOHZ MHY PAnoZ MMpP PH2

corresponding benzyksters by standard DCC/DMAP coupfing.

t N2 OSRdzNE T2 NJ ddsubstitiitédytymida8etid benzyad dsters ¥ h

Procedure A(hetero-aromatic benzyl ester substrates ifable 3.5 ¢ 2 | az2f-dzixAzy
substituted, benzyl cyanoacetate in dry THF (0.5 M) under argon was added Nag¢t.J1.0

When the resulting solution became homogeneous, tegpective alkyl bromidél.0 eq) was

added dropwise via syringe. After 4 h., water was added to the reaction mixture and the
resulting mixture was extracted with 2 (2 times with twice the amount of solvent required

for the reaction) The organic layewvas concentrated via a rotary evaporator, and the resulting

residue was purified by flasthimmatography over silica with HEtOAc (92:8) as eluent

! Komiya, S.Synthesis of Organometallic Compounds. A Practical Guiden Wiley & Sons: New York,997, pp
290.

*Heller, S. T.; Sarpong, ROrg. Lett 201Q 12, 4572.

®Recio, Ill, A.; Tunge, J. AOrg. Lett.2009 11, 630.

* Obtained via coupling with aromatjcheteroaromatic and arylbenzyl alcohols

®Neises, B., Steglich, WAngew. Chem. InEd. Engl.1978 17, 522.
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Procedue B(aromatic benyl ester substratel®*¢ 2 | & 2 tcyaifioActit beRz¥l ester, or
h -substituted cyanoacetic benzyl ester in DMF or DMSO (0.5 M) was ad@é€yl(B.0eq. Dry)
and stirred vigorously. The respectivée@rophilic bromide (3.0 eq.) was added and the
reaction was alloweda proceed for more than 12.hThe reaction was then diluted i@6HC} (3
times the volume of solvent used for the reactionheTreaction was then quenched with®l

(5 times the volume of solvent used for the reactiolhe organic layer was then washed 6
times with H,O (5 times the volume of solvent used for the reacti@rd purified via flash

column chromatography using HEtOAc (92:8) as eluent.

0]

O
(1)NaH, DMSO ¢
"o o - 207 Ar

+ N (2) K,CO3, RX
— 2 3
Ar \// ref. 2

Ar

ProcedureC (substrates reported inTable 3.9):> To a solution of the appropriate variant of
benzyl cyanide (6.0 mmol), in DMSO or DMF 0).4vas added NaH (14.0 mmol). The solution
was allowed to stir until Higas evolution no longer evident. The imidazole carbamate benzyl
ester (9 mmol) was added and the reaction was allowed to stir for 2h. Next was added solid
KCQ (6.0 mmol). The flask was then charged with #ikyl halide(18.0 mmol) and stirred
vigorausly for 2h. The reaction was then diluted 80 mLCHCL and quenched witt60 mL
agueous HQJ0.5 M). The organic layer was then wash&dhore times with60 mL ofH,O. The
compounds were purified via flash column chromatggny using HeEtOAc (ca. 95) as

eluent.
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Procedure for Petatalyzed decarboxylative benzylation and arylation:

Procedure D(All reaction in Tables 3:B.8, 3.9 entries 1 &% To a flamedried flask (Schlenk
for reactions with tolor sealablemicrowavevial for reactions with THRwith stir bar was added
the respective substratéd.5 mmol) and placed under Arhe catalyst (Cond. A: Table 1: 5 mol%
Pd(PPh)4, or Cond. B Table 1: 10 mol% CpPd(Allyl) and 11 dpp#digand as denoted in Table

1 in manuscriptvas then added Theflask was then charged with solvent @ldr Tol, 0.2 M)
and the reaction was allowed to proceed for the amount of time noted in the manuscrpt (4
24h), under Ar at 110 °C. After the allotted reaction time, the solventnedaced via rotary
evaporator. All products were purified via silica gel chromatograpnyobile phase for each

substrate denoted below)

Procedure Hentries 3-17 in Table3.9): ¢ To a flamedried microwave vialwith stir bar was
added the appropriate substrate (0.5 mmol), followed byiated (flamed with propane torch

in round bottom flaskBA molecular sieves (0.2 g) and placed under argon. Tol or THF (0.2M)
was added, the vial was sealed, and the mixture was allowed to stir vigorously at 110 °C for 0.5
1.0 h. Under Ar, the moleculaieves were filter from the solution and the cataly§&ond. A
Table 3 for arylation: 5 mol% Pd(BRICond B. Table 3 for benzylation: 10 mol% CpPd(Allyl)
and 11 mol%{S-DTBM SEGPHOS ligamds added. The reaction was allowed to proceed for
the amounttime noted in the manuscriptl@-24 h), under Ar at 110 °CAfter the allotted
reaction time, the solvent was reduced via rotary evaporator. All products were purified via

silica gel chromatographiynobile phase for each substrate denoted below)
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Chaacterization of benzylated nitriles:

NC
J
®
2-methyl-2,3-diphenylpropanenitrile(3.11)°
Clear liquid isolated via column chromatography 98:2 B&XAas eluent.
'H NMR(500 MHz, CD§l  + ¢ 7.21dm, 5H,KC(q)AH), 7.16 (dd)= 5.0, 1.9 Hz, 3H,R@H
), 6.98¢ 6.93 (M, 2H, RGAIH), 3.11¢ 3.02 (M, 2H, §&(q)ELPh), 1.68 (s, 3Hz8(q)Ek).
C NMR(126 MHz, CD@ {  WREE®G), 185.1 RCCHAIAQ)), 130.3 RC(AGmeta),
128.7 RCCH (ArCorthg)), 128.1 RC(AGmeta), 127.9 RC(ACparg), 127.4 RCCH (ArCpara),
125.9 RCCH(ArCorng), 123.1 RON), 48.6 ReO0H,Ph), 43.5@Ry), 26.0 RC(q)Hs).

GC/MS 221.1 [M], 196.0 [MCN], 91.0 [base peak]

NC
g
®
2-methyl-2-phenyl-3-(o-tolyl)propanenitrile (3.13):
Viscouglear liquid isolated via column chromatography 97:3 H&EAas eluent.
'H NMR (500 MHz, CDgll 1 ¢T7®bd m, 5H, §(q)AH), 7.10¢ 7.05 (m, 1H, RGH
C(q)=C(Me)Fneta), 7.05¢ 6.99 (M, 1H, RGArHmers), 6.99¢ 6.94 (M, 2H, RGAIH), 3.11 (q,)
= 13.9 Hz, 2HsR(q)EhLAT), 1.99 (s, 3H, PhE), 1.74 (s, 3H,R(q)Ek).
13C NMR(126 MHz, CDl 1  NREC(PBINg)), 187.5 RRCCHAQ(Q)), 133.4 PhQ(q)CH),

131.1 RCH C(q)=C(Me)BHmeta), 130.5 PhO), 128.7 PhQ), 127.5 PHQ), 127.4 PHO),

®Smith, H. A.; Bissell, R. L.; Kenyon, W. G.; MacClarence, J. W.; Hause@r@.®Ghem 1971, 36, 2132
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126.0 PhO), 125.6 PhQ), 123.5 RON), 44.6 RGIH,Ph), 43.3 Ry, 26.0 RC(qHs), 19.7
(PHCHs).

GC/MS 235.1 [M], 210.9 [MCN], 105.Gbase peak]
NC

o/

3-(4-methoxyphenyl}2-methyl-2-phenylpropanenitrile (3.14):

Viscous clear liquid isolated via column chromatography 97:3Bt#@&cas eluent.'H NMR
(500 MHz, CDgl  + ¢ 7.990(m, 5H, &(q)AH), 6.85 (dJ= 8.7 Hz, 2H, R@MHrthq), 6.68
(d,J= 8.7 Hz, 2H, R@tHmera), 3.69 (s, 3H,GArO® ), 3.08¢ 2.94 (m, 2H, K(q)ELAT), 1.66
(s, RC(q)E4).

C NMR(126 MHz, CDgll  +  GRAGRIPCH), 1397 RCPITQ)), 131.4 RCHACH(ho),
128.7 RCHArQQ)), 127.8 RCPIHmets), 127.2 RCPITHparg), 125.9 RCPIHorho), 123.3
(RRON), 113.5 RCHArCH meta), 55.2 CHArOHs), 47.8 RROCH,AT), 43.7 CRy), 25.9 RC(q)Hs).

GC/MS 251.2 [M], 226.5 [MCN], 57.1 [base peak]
NC

s

2-methyl-2-phenyl-3-(4-(trifluoromethyl)phenyl)propanenitrile (3.15):

Viscous clear liquid isolated via column chromatography 98:2H#@Aas eluent

'H NMR(500 MHz, CD@l + T ®a 8.0 HZRZH, R@MHmer), 7.32¢ 7.23 (M, 5H,
RiC(Q)AH), 7.04 (d,J = 8.0 Hz, 2H, R@MHomng), 3.12 (s,2H, RC(Q)ELAr ), 1.71 (s, 3H,

ReC(q) Cho).
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3C NMR(126 MHz, CDl 1  MOADD)Y, 4188.8 (FCCHAQ(Q)), 130.6 RC(ACM)),
128.9 (AER;), 128.2 (ABCR), 1259 (ArQ), 1256 (ArQ, 125.1 (q J= 3.7 HzPhO), 125.0 (A6,
122.7 (RQON), 48.2 (§0CH,Ph), 43.5QRy), 26.3 (RC(q)CHs).

GC/MS 290.1 [M], 264.0 [MCN], 130.0 [base peak]
NC

OO

3-(4-fluorophenyl)-2-methyl-2 phenylpropanenitrile (3.16):

Viscousclear liquid isolated via column chromatography 97:3 HeRAcas eluent.'H NMR
(500 MHz, CD@  +  TJ® 8.0 HzBR, ReMH), 6.87 (d,)=

8.0 Hz, 2H, &(q)AH), 6.83 (d,J= 8.0 Hz, 2H, R@AHriny), 3.03 (s, 2H,R(q)ELAT ), 1.68 (S,
3H, RC(q)Eh).

3C NMR (126 MHz, CDEI 1+ ™ c0B)D161.20AIOR)] 139.3 (RCCHAQ)), 13.8
(RC(ACQ)), B1O (RCCH (AQortno)), 18.0 (RC(AQmew)), 1B.0 (RC(AQrno)), 15.9
(RC(ACpard), 122.8 (RN), 115.0(d, J= 21.3 HzZ RCCHAQ(net)CF), 47.8 (ROH,Ph), 43.6
(QRy), 26.1(RC(q)Hs).

GC/MS 239.0 [M], 214.0 [MCN],109.0 [base peak]

e
OO

2-methyl-3-(naphthalen1-yl)-2-phenylpropanenitrile (3.17):

White solid isolated via column chromatography 98:2 H&Aas eluent.
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'H NMR(500 MHz, CDgl 1 ¢7.38r(y, 2H, § 8naphthyl®), 7.70 (dJ= 8.2 Hz, 1H,-4
naphthylGH), 7.38¢ 7.28 (m, 5H, &(q)Ph€), 7.28¢ 7.19 (m, 4H, 2 3, 6-,7-naphthylG), 3.68

¢ 3.47 (m, 2H, K(q)EhL(" -Naphthyl), 1.72 (s, 3H, (sEqHs)).

13C NMR(126 MHz, CDl  {  WRC(PI®g)), 183.7 RCCHO thaphthyldq)), 132.6, 131.3,
129.2,128.9128.7 (RC(q)(PK), 128.2 (Chh-naphthyl), 128.0 (Chh-naphthyl), 126.03,
125.74 (RC(PID), 125.5 (Chh -naphthyl), 125.1 (Ckh -naphthyl)), 123.7 (&N), 123.5 (CH

2-naphthyl), 43.8 (R(q)), 43.6 (BC(q)3H;- -naphthyl)), 26.0 (RC(q)Hs).

GC/MS 271.1 [M], 141.0 [base peak]

QOO

2-methyl-3-(naphthalen2-yl)-2-phenylpropanenitrile (3.18):

Brown solid isolated via column chromatography 98:2 B&YAas eluent.

'H NMR(500 MHz, CD@l  + T &=r6M, 3% RIR IH;maphthyl®), 7.66 ¢d, J= 6.0, 3.5 Hz,
1H, 8naphthyl®), 7.61 (d,J= 8.4 Hz, 1H,-Aaphthyl@), 7.43 (s, 1H,-haphthylCGd), 7.37 (dd]
= 6.2, 3.2 Hz, 2H;,67-naphthyl®), 7.34¢ 7.22 (m, 5H, §&(q)AH), 7.02 (ddJ= 8.4, 1.7 Hz, 1H,
3-naphthylC), 3.31¢ 3.16 (m, 2HR;C(q)Eh- -Naphthyl), 1.72 (s, 3HzR(q)Ek).

C NMR(126 MHz, CDGil + M ¢C(PI(Q)), 1BN1(ECCH(2-naphthyldq)), 132.6 (2
naphthyQ), 132.4 129.4 (2naphthyl0), 128.8 (ZnaphthylC), 128.3 (2naphthyl0), 128.0 (ArC),
1278 (2-naphthyl), 127.6 (2naphthyl0), 127.5 (ArC), 126.0P{0), 1259 (PHO), 125.8 (ArC),
123.2 (RQON), 48.7 (BC(q)Hy- -naphthyl), 43.6QRy), 26.0 (RC(q)THs).

GC/MS 271.1 [M], 141.0 [base peak]
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2-(4-chlorophenyl}2-methyl-3-phenylpropanenitrile (3.19):
Viscougtlear liquid isolated via column chromatography 97:3 HEAas eluent.
'H NMR(500 MHz, CD@l ¢ ¢ 7.1Hny, 7H), 6.94 (dd= 5.0, 1.8 Hz, 2H), 3.04 (t; 2.7 Hz,
2H), 1.67 (s, 3H).
3¢ NMR126 MHz, CDgll 1 MOy ®mM2Z Mon @U2B.2,M2/d,Q2RB, 4815 48R0 2 MH Y
26.1

GC/MS 255.1 [M], 141.0 [base peak]

NC
A\
|

s
2-methyl-2-phenyl3-(thiophen-3-yl)propanenitrile (3.25):
Clear liquid isolated via column chromatography 95:5 B&XAas eluent.
'H NMR (500 MHz, CD@il + ¢r7d26 tm, 1H, &(q)PhBpan), 7.25¢ 7.20 (m, 1H,
RsC(q)PhBpara), 7.08 (ddJ= 4.9, 3.0 Hz, 1H;thiophenylC), 6.83 (dtJ= 2.9, 0.6 Hz, 1H;4
thiophenyl@), 6.65 (dd,J = 4.9, 1.3 Hz, 1H,-thiophenyl &), 3.11 (s, 2H, (q)Th(3-
thiophenyl),1.65 (s, 3H, (s,3R(q)0Hs)).

3C NMR (126 MHz, CD&l +  mOPH@)j 436.4 (FECCH(3-thiophenyQq)), 129.1

(RC(PIGmeta), 128.8 (4hiophenylC), 128.0(RC(PIXq)), RC(PI&orthe), 125.8 (SthiophenylO),
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125.2 (RC(Pl&para), 124.2 (2-thiophenyl), 123.4 (KN), 43.3 (KXq)), 43.0 (EC(qH-3-
thiophenyl)), 26.2 (8C(qXHs).
GC/MS 227.1 [M], 202.6 [MCN], 97.0 [base peak]

NC
=

W

2-methyl-2-phenyt3-(thiophen-2-yl)propanenitrile (3.26)

Viscouglear liquid isolated via column chromat@phy 97:3 HeEtOAas eluent.

'H NMR (500 MHz, CD§ll 1 T &1 p3 Hi,RLB, -Biophenyl®), 7.43¢ 7.39 (m, 2H,
RC(0)PhBmeta), 7.39 ¢ 7.33 (M, 2H, &(qQ)PhBomno), 7.15 (dd,J = 5.1, 1.1 Hz, 1H,
RsC(q)PhBlpara), 6.93 (dd,J = 5.1, 3.5 Hz, 1H,-thiophenyl®), 6.84 (d,J= 3.4 Hz, 1H,-3
thiophenyl@), 3.42 (s, 2H, G8H,thiophenyl), 1.81 (s, 3HzBC).

3C NMR(126 MHz, CD§i {  MRCPIE)), 136.5 RCCH(2-thiophenyldq)), 128.9
(PhGmeta), 128.1 8-thiophenylD, 128.0 @-thiophenyQ), 126.8 RC(Pl&orhe), 1259
(ReC(PI€para), 125.1 B-thiophenyt5-0), 123.0 RON), 43.8 CRy), 42.6 ROLR), 26.2RCHs).
GC/MS 227.0 [M], 202.0 [MCN], 97.0 [base peak]

NC
\\

3-(furan-3-yl)-2-methyl-2-phenylpropanenitrile(3.27)

Clear liquid isolated via column chromatography 95:5 B&XAas eluent.
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'H NMR(500 MHz, CDGl  { ¢ 7.81dng, 3H, Ametapara), 7-32¢ 7.28 (M, 2H, Allorng), 7.27
¢ 7.20 (s, 1H,-2uranykH), 7.08 (dgJ= 1.6, 0.8 Hz, 1H;faranykH), 6.00(dd,J= 1.7, 0.7 Hz, 1H,
4-furanykH), 2.94 (s, 2HCROH,-3-furanyl), 1.67 (s, 3HRCE).

3C NMR(126 MHz, CD@l + wmnwm®c 06 fuhiyEdj 188.6(Furany {20y, 125.8 (s,
ArCorthg), 126.9 (A€pary), 124.7 (AGmew), 122.3 (RN), 117.6 (Sfuranyl(5Q), 110.6 (3
furanyl(4Q), 42.0 (Ry), 37.1 (RH:R), 25.3 (BHs).

GC/MS 211.0 [M], 186.1 [MCN], 81.0 [base peak]

=
O

3-(benzofuran2-yl)-2-methyl-2-phenylpropanenitrile (3.29)

White solid isolated via column chromatography 9B&xEtOAas eluent.

H NMR(500 MHz, CDgll 1 T JB 8.0 Hzo AR zBenzofuranyl(4,7-CH), 7.32 (t,J= 8.0 Hz,

2H, 2benzofuranyl(5,6-CH), 7.29¢ 7.22 (m, 4H, &(Ph@&), 7.19 (s, 1H,#&(PhE), 6.42 (s, 1H,

2-benzofuranyl(3CH)), 3.38¢ 3.21 (m,2H, CRCH,-2-benzofuranyl), 1.76 (s, 3H;E&GHs).

3C NMR(126 MHz, CDgll  +  mhemzdiurady(20(q)), 152.6 (benzofuranyl(9q)), 139.4

(RCPHXQ)), 129.0 (denzofuranyl(8Qq)), 128.3 (AE) 128.2 (BC(PItH), 125.6 (EC(PIcH),

124.0 (2benzofurayl(@H)), 122.9 (A© 122.7 (RN), 120.9 (Zenzofuranyl(4CH)), 111.0 (2

benzofuranyl(7CH)), 106.0 (benzofuranyl(3CH)), 42.5(Ry), 41.2 (RH.R), 26.3(RHy).

GC/MS 261.1 [M], 131.0 [base peak]
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3-(furan-2-yl)-2-methyl-2-phenylpropanenitrile (3.30)

Viscougtlear liquid isolated via column chromatography 97:3 HEAas eluent.

'H NMR(500 MHz, CDEll  + T ® 0 gC(PO®%w), H.B1S(M, @H, (PhEorhoy), 7.26 (M,
1H, RC(Ph€lpara), 7.24 (dd,J= 1.8, 0.8 Hz, 1H:franyl(5CH)), 6.21 (dd,J= 3.2, 1.9 Hz, 1H; 2
furanyl(4CH)), 6.01 (dJ= 3.4 Hz, 1H,-furanyl(3CH)), 3.23¢ 3.06 (m, 2H, GRH,-2-furanyl),
1.68 (s, 3H, &C).

%C NMR(126 MHz, CD§ll 1  NRC@HRifuradyl(24q))), 142.1 RC(PINq))), 139.6 Z-
furanyl(5Q), 128.8 RC(PIGmeta), 128.0 RC(PlCortho), 125.6 RC(PlTpara), 123.0 RCON),
1105 @-furanyl(40), 109.0 2-furanyl(3Q) ), 42.4, (R,), 40.8 ROLR), 26.1 RCHy).

GC/MS 211.0 [M], 186.6 [MCN], 57.1 [base peak]

e

\

O NBoc

tert-butyl 3-(2-cyano2-phenylpropyl}1H-indole-1-carboxylate (3.31)

Viscougtlear liquid isolated via column chromatography 97:3 HEAGs eluent.

'H NMR(500 MHz, CD  {  yJ&® A.D Hzp2R Shethylindole(4, 7-CH)), 7.39 (dJ= 7.1 Hz,
2H, 3methylindole(6CH)), 7.34¢ 7.22 (m, 5H, ¥&PhEI), 7.22¢ 7.13 (m, 1H, 3nethylindole(2
CH) ), 7.06 (ddJ= 6.1, 3.4 Hz, 1H,-Bethylindole(5CH)), 3.22 (s, 2H, G8H,-3-methyl(N-

Boc)indole), 1.73 (s, 3H;&3), 1.57 (s, 9H, GO(C)3).
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13C NMR(126 MHz, CDSl  +  mMyCRICHY), 139.@, (ArCH)130.7 (3methylindole(3Q(q)),
129.2 (3methylindole(8Q(q)), 128.9(RC(PIGmeta), 128.0 (BC(PICorney), 127.4 (ArC)125.9
(RC(PICpara), 125.4 (3methylindolelH), 124.3 (RGHB-methylindole(2Q(q)), 122.4 (RN),
118.9 (3methylindole(4CH), 115.1 (3methylindole(7CH), 83.7 CQQq)(CH)s), 43.2 CRy),
38.0 (RH;R), 28.2 (C&T(Hs)s), 26.0 (RHz).
GC/MS 361.2 [M1], 335.8 [MCN], 57.1 [base peaKk]

NC | Ny

¥

2-methyl-2-phenyl3-(pyridin-2-yl)propanenitrile (3.32)
Viscougtlear liquid isolated via column chromatography 97:3 HEAGs eluent.
'H NMR(500 MHz, CD@l {  yJ&i7y8 HZ) BiEthethyl pyridine(6CH)), 7.52 (td J= 7.7,
1.8 Hz, 1H, -nethyl pyridine(5CH)), 7.39 (m, 2H, &(Ph€meta), 7.30 (M, 2H, & (PhCorino)),
7.26 (m, 1H, & (Ph@lpara)), 7.10 (tdJ= 7.7, 1.8 Hz, 1H:methyl pyridine(4CH)), 7.06 (dJ=
7.8 Hz, 1H, -Mnethyl pyridine(3CH)), 3.28 (s, 2H, G&-2-methyl pyridne) 1.71 (s, 3H,
RCCHs).
13C NMR126 MHz, CD@l 1+ MsBHb-Zbmethyd pyridyl(2Q(q))), 149.2 (BECPIXq)), 139.9 (2
methyl pyridyl(6CH)), 136.3 (dnethyl pyridyl(4CH)), 128.9 (C(PIGmew), 127.9
(RC(PICorho)), 125.7 (BC(PICpara), 124.6(2-methyl pyridyl(3CH)), 123.0 (Znethyl pyridyl(5
CH)), 122.3 (RN), 50.0 (RH,R), 42.9QR:) 26.1 (RHs).

GC/MS 222.1 [M], 197.2 [MCN], 93.0 [base peak]
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Characterization of arylated nitriles:

NC

2-(5-methylfuran-2-yl)-2-phenylpropanenitrile

Viscougtlear liquid isolated via column chromatography 97:3 HEAas eluent.

'H NMR(500 MHz, CD@l { T ®0 MPh®¥a), 723 (B, 3M, RhGHorhorpara), 6.08 (d,J
= 3.1 Hz, 1H,Rfuranyl(3CH)), 5.86 (dqJ= 3.1, 1.0 Hz, 1Hs&furanyl(4-CH)), 2.18 (s, 3H,
furanylG), 1.94 (s, 3H,RCE).

C NMR(126 MHz, CD@ { ™ gClutyl(2@q)), 149.9 (ECfuranyl(5QQq)), 139.3
(RCPITQ)), 128.9 (FC(PIHoro), 128.1 (BC(PIHpara), 126.0 (BC(PIGmeia), 121.2 RON),
108.7 (BGfuranyl(3CH)), 106.4 (ECfuranyl(4CH)), 42.2 (Ry), 27.0 (RHs), 13.6 (furnyl(®
CHy)).

GC/MS 211.0 [M], 186.6 [MCN], 57.1 [base peak]

R

NC o

OMe
2-(4-methoxyphenyl}2-(5-methylfuran-2-yl)propanenitrile
Viscous clear liquid isolated via column chromatography 98:2H#@Aas eluent.
'H NMR(500 MHz, CD§ll  + T ®H pPh@¥eid), 6183 (B, 21, RhGHorthoy), 6.05 (d,J=
3.1 Hz, 1H, &furanyl(3CH)), 5.85 (dg,J = 3.1, 1.0 Hz, 1H,;Rfuranyl(4CH)), 3.74 (s,
3H,CRArOGH), 2.19 (s, 3H, furanyg), 1.92 (s, 3H,RCE).
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3C NMR(126 MHz, CD@l 1 ™ pAGEMIOCH), /158.2 (ECfuranyl(2Qq)), 150.3 RG
furanyl(5Q(q)), 131.3 (ECPIQQ)), 127.2 (EC(PlHortno), 121.46 (RN), 114.1 RC(PiCmeta),
108.5 (BGfuranyl(3CH)), 106.3 (EGfuranyl(4CH)), 55.4 (C}ArOCHg), 41.6 (Ry), 26.9 (RHy),
13.6 (furnyl(5CHs)).

GC/MS 241.1 [M], 216.2 [MCN], 226.1 [base peaK].

NC Z

o1

OMe
3-(furan-2-yl)-2-(4-methoxyphenyl}2-methylpropanenitrile
Viscous clear liquid isolated via column chromatography 98:2Bt#@RXas eluent.
'HNMRopnn all s / 5/ 3018, 0.8 He, dH,fraylEE), 7.24 (m, 2H,
RePhGHoringy), 6.83 (M, 2H, RhGHmera), 6.21 (dd, J = 3.2, 1.9 Hz, 1kGRranyl(4-CH)),), 6.02
(d, J = 3.2 Hz, 1Hz®uranyl(3CH)), 3.74 (s, 3H,GRrOG%), 3.11 (m, 2H, GBH,-2-furanyl),
1.65 (s, 3H, {&CL).
3C NMR (126 MHz, CDGI 1 ™ p:&@®qOCH),/ 149.9 (ECfuranyl(2QQq)), 142.1
(ReCCH(2-furanyl(5Q(q)), 127.8 (ECPIq)), 126.8 (EC(PltHomo), 123.3 (RN), 114.1
(RC(PI€meta), 110.5 (BCfuranyl(4CH)), 109.0 (EGfuranyl(3CH)), 55.3 (CRrOH;), 41.9
(CRy), 40.9 (CRHy-2-furanyl), 26.1 (FOCHs).

GC/MS 241.1 [M], 216.2 [MCN], 226.1 [base peak].
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2-(4-chlorophenyl}2-(5-methylfuran-2-yl)propanenitrile
Viscougtlear liquid isolated via column chromatography 98:2 HEAas eluent.
'H NMR(500 MHz, CD§ll ¢ 7.28am, 4H, #ha), 6.10 (dJ= 3.2 Hz, 1H,:Rfuranyl(3
CH)), 5.87 (dt,J= 2.1, 1.0 Hz, 1H,3Rfuranyl(4CH)), 2.19 (s, 3H, furanyg), 1.93 (s, 3H,
R,CG4). °C NMR(126 MHz, CDGl + ™ ps@fdranyl(@Ga)), 148.3 (s, &furanyl(5Qq)),
136.8 (s, Crqq)Cl), 133.1 (s,3RPIT(q)), 128.0 (s, &(PITHortho), 126.3(S, RC(Pl&meta).
119.8 (s, BN), 107.8 (s, #&furanyl(3CH)), 105.4 (s, &furanyl(4CH)), 40.8 (s(Ry), 25.8 (s,
ROHs), 12.6 (s, furnyl@Hs)).
GC/MS 245.1 [M], 220.1 [MCN], 230.1 [base peak].

NC Z

o1

ClI
2-(4-chlorophenyl}3-(furan-2-yl)-2-methylpropanenitrile
Viscougtlear liquid isolated via column chromatography 98:2 HEAGs eluent.
'H NMR(500 MHz, CD§  { T ® H3PhGH), .23 (dd,)=51.8,\0.8 Hz, 1H:fRranyl(5CH)),
6.21 (dd, J = 3.2,.9 Hz, 1H, &furanyl(4CH)), 6.02 (d, J = 3.2 Hz, 1HCRuranyl(3CH)), 3.13
(m, 2H, CEOH,-2-furanyl), 1.67 (s, 3HRCG).
13C NMR(126 MHz, CD§l  {  msGiprényl(2@a)), 142.3 (ECCH(2-furanyl(5Q(q)), 138.0

(CHAIQQ)CI), 134.0 @RPIYQ)), 129.0 2C,RC(PIHmei),128.3 (AE) 127.1 (PlHorno), 1229
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(ArQ 122.7 (RN), 110.5 (BGfuranyl(4CH)), 109.2 (BCfuranyl(3CH)), 42.3 (Ry), 40.7
(CRMH,-2-furanyl), 26.1 (FOCHs).

GC/MS 245.1 [M], 220.1 [MCN], 230.1 [base peak].

R

NC o

CN
4-(1-cyano1-(5-methylfuran-2-yl)ethyl)benzonitrile
Viscougtlear liquid isolated via column chromatography 85:15 BEXA@s eluent.
'H NMR(500 MHz, CD@l T ®c MPh@®|¥eg), 7H3 (B, 2t, RhGonno), 6.18 (dJ=
3.2 Hz, 1H, &furanyl(3CH)), 5.91 (m, 1H, Lfuranyl(4CH)), 2.18 (s, furnyl®Hs)), 1.95 (s,
3H, RCGH).
3C NMR(126 MHz, CD {+  wm gCiubmyl(2@ag)), 148.4 (EGfuranyl(5QQq)), 144.4
(RCPIQQ)), 132.8 (FC(PIHmet), 126.8 (BC(ACH0rno), 120.1(RIN), 118.2 (RArCN), 112.4
(RArq)CN), 109.3 @&furanyl(3CH)), 106.6 (BCfuranyl(4CH)), 42.3 (Ry), 26.6 (RHs), 13.6
(furnyl(5-CHy)).

GC/MS 236.1 [M], 211.3 [M-CN], 221.1 [base peaK].

2-(5-methylfuran-2-yl)-2-(naphthalen2-yl)propanenitrile

Viscouglear liquid isolated via column chromatography 98:2 HEA@s eluent.
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'H NMR(500 MHz, CD@ +  TJ® .9 Hzp2R 3R -naphthyl(5,8-CH), 7.76 (m, 2H, & -
naphthyl(t,4-CH)), 7.44 (m, 2H, & -naphthyl(6,7-CH)), 7.34(dd, J= 8.7, 2.0 Hz, 1Hz®i -
naphthyl(3CH)), 6.12 (dJ= 3.2 Hz, 1H, jRfuranyl(3CH)), 5.87 ((dgJ= 3.1, 1.0 Hz, 1H®
furanyl(4CH))), 2.18 (s, 3H, furanyg), 2.03 (s, 3H,RCh).

3C NMR126 MHz, CDgll  +  msp-forangl(2@ag)), 1499 (RGfuranyl(5Q(q)), 136.4 RGi -
naphthyl(2Qq)), 133.09 (¥& -naphthyldq)), 132.8 (BGJ -naphthyldq)), 128.8 RG -
naphthyl(50), 128.3 (BGI -naphthyl(30), 127.6 (EG) -naphthyl( 8Q), 126.7 RGC -
naphthyl(t, 4Q), 125.0 RGi -naphthyl(7Q), 123.5 (Gi -naphthyl(6Q), 121.2 RON), 108.8
(RGfuranyl(3CH)), 106.5 (Fcfuranyl(4CH)), 42.4 (Ry), 26.7 (RHs), 13.6 (furnyl(50Hs)).

GC/MS 262.0 [M], 237.1 [MCN], 73.0 [base peak].

R
o

'e

3-(furan-2-yl)-2-methyl-2-(naphthalen2-yl)propanenitrile

NC

Viscouglear liquid isolated via column chromatography 98:2 H&EAas eluent.

'H NMR(500 MHz, CD&ll T J&\2.0 Hz0 BIERI -naphthyl(5,CH)), 7.82¢ 7.74 (m, 3H,
R:Gi -naphthylGH)), 7.47 ¢ 7.40 (m, 3H, §&i -naphthylG), 7.22 (dd,J= 1.8, 0.8 Hz, 1H-2
furanyl(5CH)), 6.19 (ddJ= 3.2, 1.9 Hz, 1H;fAranyl(4CH)), 6.02 (d,J= 3.4 Hz, 1H,-furanyl(3
CH)), 3.24 (m, 2H, GBH,-2-furanyl), 1.77 (s, 3HzRCL).

13C NMR(126 MHz, COg) +  mC@RTfuradyM2qq)), 142.2 (ECCH(2-furanyl(5QQq)),

136.8 (BRGI -naphthyl2Qq)), 133.1 (G -naphthylqq)), 132.7 (BGi -naphthyl(50), 128.8
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(RGJ -naphthyl(30Q), 128.2 (&G -naphthyl( 80), 127.6 (&G -naphthyl(%, 4-0), 126.6(RCG
i -naphthyl(7Q), 124.88 (BGi -naphthyl(6Q), 123.1 (RN), 110.5 RCGfuranyl(4CH)), 109.1
(RCGfuranyl(3CH)), 42.9(Ry), 40.6 (CEH,-2-furanyl), 26.2 RCCHs).

GC/MS 262.0 [M], 237.1 [MCN], 73.0 [base peak].

I\

NC o
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2-(5-methylfuran-2-yl)-2,3-diphenylpropanenitrile
Viscouglear liquid isolated via column chromatography 98:2 H&EAas eluent.
'H NMR(500 MHz, CDGll ¢ 7.48Hy, 4H, PH&ner), 7.14¢ 7.06 (M, 6H, PHornonpara),
6.16 (d,J= 3.3 Hz, 1H,Rfuranyl(3CH)), 5.86 {q, J= 3.0, 0.9 Hz, 1HzRfuranyl(4CH)), 3.65
(d, J= 13.3 Hz, 1H,3RCGhHfuranyl), 3.31 (dJ= 13.3 Hz, 1H,3;RCGL-2-furanyl), 2.22 (s, 3H,
furanyl(5CHs).
3C NMR(126 MHz, CD +  wm gCiumyl(2@q)), 147.8 (FGfuranyl(5QQq)), 136.2
(RCPIQ)), 133.7 (ECCHPhQQ)), 129.3 (ECPICorno), 127.5 (BECPIGpaa), 127.1
(RCPIGmeta), 126.9 (BCCHPNGmeta), 126.3 (RCCHP orino), 125.8 (RCCHPMCpara), 118.6
(RON), 108.7 (EGfuranyl(3CH)), 105.5 (BGfuranyl(4CH)), 48.1 (Ry), 44.1 (RCOH,Ph )12.6

(furanyl5CHg).

GC/MS 287.2 [M], 262.8 [MCN], 81.0 [base peak].
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2-benzyt3-(furan-2-yl)-2-phenylpropanenitrile
Viscougtlear liquid isolated via column chromatography 98:2 HEAas eluent.
'H NMR(500 MHz, CDgdl  + (rm, 84 BCCHPhGH), 7.24 (m, 5H, £PhEI), 7.05 (dd,)= 7.3,
2.1 Hz, 1H, &®,-2-furanyl(5CH)), 6.29 (ddJ= 3.2, 1.9 Hz, 1HzBCH2-furanyl(4CH)), 6.11
(d, J= 3.2 Hz, 1H, RCH2-furanyl(3CH), 3.44 (m, 2H, £C&LPh), 3.31 (M, 2H, ;RCGH,-2-
furanyl).*C NMR(126 MHz, CD§l  +  msG@R-duramy2qq)), 142.0 (ECPIQ)), 137.2
(RCCH(2-furanyl(5CH), 134.7 (ECCHPhQQ)), 130.4 (ECPICoring), 128.6 RCPICpara), 128.1
(RCPIGmeta), 128.0 (BCCHPNGmeta), 127.3 (BCCHP ortng)), 126.5 (BCCHPh para), 121.4
(RON), 110.5 (EGfuranyl(4CH)), 109.1 (EGfuranyl(3CH)), 49.5 QRy), 46.3 (BROCH.Ph), 38.2
(CRMH-2-furanyl).
GC/MS 287.2 [M], 262.8 [MCN], 81.0 [base peak]

/ \
o

MeO O Q

NC

3-(4-methoxyphenyl}2-(5-methylfuran-2-yl)-2-phenylpropanenitrile

Viscougtlear liquid isolated via column chromatography 95:5 H&EAas eluent.

'H NMR(500 MHz, CDGl  { T ® H nsAnd), Y675 (JE 8.7 HzwW2H, RGAHng), 6.64 (d,
J= 8.7 Hz, 2H, R@MHmer), 6.16 (d,J = 3.2 Hz, 1H, sRfurnayl(4CH)), 5.88 (m, 1H, &
furnayl(3CH)), 3.66 (s, 3H,GRHArOG4;), 3.60 (dJ= 13.4 Hz, 1H,3RCG-2-furanyl), 3.26 (d)

= 13.4 Hz, 1H 3R ®H,-2-furanyl), 2.23 (s, 3H, furanyiGs).
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3C NMR(126 MHz, CDGl  { M pAIGIYIOCH),/153.1 (ECfuranyl(24q)), 149.0 RG
furanyl(5Q(q)), 137.4 (RGArQQ)), 131.4 (FECPIXQ)), 128.6 (RGArCHemh), 128.1 (G
PhCortholpara), 126.4 (BCPIGmeta), 119.8 (BN), 113.4 (RGArCHmern), 109.7 RCfuranyl(3
CH)), 106.5 (ECfuranyl(4CH)), 55.1 (CRHArOH;), 49.8 (Ry), 44.4 (BOCHAr), 13.7
(furanyl5CHs).

GC/MS 317.1 [M], 291.3 [MCN], 121.0 [base peak]

NC g y
MeO O o

3-(furan-2-yl)-2-(4-methoxybenzyl}2-phenylpropanenitrile
Viscougtlear liquid isolated via column chromatography 95:5 HEAGs eluent.
'H NMR(500 MHz, CD@l  { T ®H psAr@n%al, 7.841 (S 3H! GRHornorpara), 7.21 (dd,)=
1.8, 0.7 Hz, 2H,3BE,-2-furanyl(5CH)), 6.83 (dJ= 8.7 Hz, 2H, R@MHno), 6.64 (dJ= 8.7
Hz, 2H, RGAMHmet), 6.17 (ddJ= 3.2, 1.9 Hz, 1HaBCH-2-furanyl(4CH)), 5.97 (dJ= 3.2 Hz,
1H, RCCH-2-furanyl(3CH)), 3.67 (s, 3H,GRHArOC; ), 3.28 (s, 2H,RCG-2-furanyl), 3.15 (s,
2H, furanyl(5CHs)).
3C NMR(126 MHz, CDl { M pAIGIYOCH),/149.7 (ECfuranyl(24q)), 142.0 RG
furanyl(5Qq)), 137.3 (RGArCHeine), 131.5 (ECPIQ)), 128.6 (BEGPhCorno), 127.9 (BC
PhGpara), 126.6 (BCPHGmeta), 121.5 (RN), 114.0 (ArC)113.5 RCHACHmew), 110.5 (BG
furanyl(4CH)), 109.1 (ECfuranyl(3CH)), 55.1(CRCHArOCHs), 49.7 CRy), 45.5 (ROCHA),
38.0 (CERH,-2-furanyl).

GC/MS 317.1 [M], 291.3 [MCN], 121.0 [base peak]

(152



/ \
¢ 0

/

cl—
N
3-(6-chloropyridin-3-yl)-2-(5-methylfuran-2-yl)-2-phenylpropanenitrile

Viscousclear liquid isolated via column chromatography 95:5 H&3Acas eluent. ‘H NMR
(500 MHz, CD@l T §otHp5-pyridyH6-0On), 7.33¢ 7.23 (m, 6H, RGAI/PhH), 7.12 (dd,)
= 2.4, 0.7 Hz, 1H3zBCG,-5-pyridyl(6CH)), 6.16 (dJ= 3.2 Hz, 1H,3R-furnayl(4CH)), 5.90 (dtJ=
3.1, 1.0 Hz, 1H,sRfurnayl(3CH)), 3.65 (dJ= 13.6 Hz, 1H,;RGH-5-pyridyl), 3.32 (dJ= 13.6
Hz, 1H, BCGHL-5-pyridyl), 2.25 (s, 2H3&2-furanyl-5-CHs).

3c NMR(126 MHz, CDg@l ! MRCourbinyl(2@q)), 159.0 RCGfuranyl(5Qq)), 150.8
(RCCH-5-pyridyl(2CCl)), 147.8 ()’CH,-5-pyridyl(5Q(q)), 140.4 (FECCH-5-pyridyl(6:CH)), 136.4
(RCPHXQ), 129.4 (BCCH-5-pyridyl(4CH)), 129.0 (FCCL-5-pyridyl(3CH)), 128.7
(RCPICmeta), 126.6 (BCPICoringy), 123.7 (BCPICpara), 119.1 (RN), 110.3 (EGfurnayl(4CH)),
106.8 (RGfurnayl(3CH)), 49.2 (Ry), 41.7 (ROH,Pyridyl), 13.7f(ranyl5CHs).

GC/MS 322.2 [M], 297.2 [MCN], 196.2 [base peak]

I\

NC
(o)

3-methyl-2-(5-methylfuran-2-yl)-2-phenylbutanenitrile
Viscouglear liquid isolated via column chromatography 98:2 HEAa@s eluent.
'H NMR(500 MHz, CDl  + T ®n BCPBE&), A.28Xm, @H, &PhElorho), 7.22 (M,

1H, RCPh@lpara), 6.24 (dJ= 3.1 Hz, 1H,Rfurnayl(4CH)), 5.83 (dtJ= 3.1, 1.0 Hz, 1Hs®
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furnayl(3CH)), 2.70 (heptJ= 6.7 Hz, 1H, R3BCH),), 2.19 (s, 2H, &-2-furanyt5>-CH), 1.03
(d, J= 6.6 Hz, 3H,;RCH(CHICHs), 0.80 (d,J= 6.7 Hz, 3H,;RCH(CHCHs).

3C NMR(126 MHz, CD {  wm gCiurhyl(2@q)), 149.4 (FGfuranyl(5QQq)), 137.7
(RECPIQ)), 128.7 (ECPIGmeta), 127.8 (BCPICorno), 126.4 (BCPICpara), 118.9 (RN), 108.8
(RGfurnayl(4QH)), 106.3 (RCfurnayl(3CH)), 54.8 (R3TGH(CH),), 36.2 (Ry), 19.3
(RICCH(CHIOHs), 18.3 (RCCH(CICHs), 13.7 (furanylStHs).

GC/MS 239.1 [M], 214.2 [MCN], 81.0 [base peak]

NC g
(o)

/

2-(furan-2-ylmethyl)-3-methyl-2-phenylbutanenitrile

Viscougclear liquid isolated via column chromatography 98:2 HEAas eluent.

'H NMR(500 MHz, CD§ll {+ T ®H nsCPBHEY,7.11p(tdP = 9, 0.8 Hz, 1H;BCH2-

furanyl(5CH)), 6.07 (ddJ= 3.2, 1.9 Hz, 1H;BCH-2-furanyl(4CH)), 5.74 (d,J= 3.2 Hz 1H,

R,CCH-2-furanyl(3:CH)), 3.40 (dJ= 15.0 Hz, 1H,3RGH-2-furanyl), 3.15 (dJ= 15.0 Hz, 1H,
R,CGH-2-furanyl), 1.22 (hept,d = 6.7 Hz, 1H, R3B(CH),), 0.97 (d,J = 6.7 Hz, 3H,
R;CCH(CHICHs), 0.77 (d,J= 6.7 Hz, 3H,sRCH(CHICH,).

3C NMR(126 MHz, CDGll 1  m4C@H@Rduranyl2qq)), 141.7 (ECCH(2-furanyl(5CH),

137.3 (RCPIQ(Q)), 128.4 (FCPhCmeta), 127.7 RCPhElorno), 126.3 RCPhEpara), 120.8
(RON), 110.2 (EGfuranyl(4CH)), 108.6 (EGfuranyl(3CH)), 53.8 RCOCH(CH)CH)), 36.8
(CRCH,-2-furanyl), 36.5CRy), 18.8 (RCCH(C¥ICHs), 18.6 RCCH(CHICH:).

GC/MS 239.1 [M], 214.2 [MCN], 81.0 [base peak]
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(4-290) 2-(5-methylfuran-2-yl)-2-phenylpent-4-enenitrile

Viscougtlear liquid isolated via column chromatography 98:2 HEAas eluent.

'H NMR(500 MHz, CD@l  { T ®0 RCPBEhSa), B.30Xm, @H, &PhClomno), 7.25 (M,
1H, RCPh@para), 6.13 (d,J= 3.2 Hz, 1H,:Rfurnayl(4CH)), 5.86 (dtJ= 3.1, 10 Hz, 1H, &

furnayl(3CH)), 5.61 (ddtJ=17.2, 10.2, 7.1 Hz, 1H, all{iii; 5.12 (m, 2H, allyltg)), 3.08 (ddt,
J=13.9, 7.2, 1.1 Hz, 1H;GBhallyl), 2.86 (ddtJ= 14.0, 7.0, 1.1 Hz, 1HGBHhallyl), 2.19 (s,
2H, furanylE).

3C NMR(126 MHz, CD@l {+  nRgCdurbmyl(2@q)), 148.9 RGCfuranyl(5QQq)), 137.5
(RCPIYQ)), 131.31 Allyl@)), 128.79 RCPhCmeta), 128.2 RCPhCElomne), 126.5
(RCPh@para), 120.6 (RN), 119.8 (AllyltH,)), 109.3 (ECGfurnayl(4CH)), 106.4 (BGfurnayl(3

(H)), 47.9CRy), 43.4 (RCCH,-furanyl), 13.6 (furanytsHs).

GC/MS 237.2 [M], 212.3 [MCN], 81.0 [base peak]
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Characterization of benzyyanoacetates:

o)

naphthalen1-ylmethyl 2-cyanoacetate( TR3098)

'H NMR(400 MHz, CD@ + ¢y.99(ro, 1H), 7.92 7.89 (m, 2H), 7.6 7.53 (m, 3H), 7.49

(m, 1H), 5.73 (s, 2H), 3.50 (s, 2H).

naphthalen1-ylmethyl 2-cyano-2-phenylacetate (TR3.83)
'H NMR(400 MHz, CD§l  { ¢7.@8d4§m,1H), 7.73 (dJ= 1.5 Hz, 1H), 7.577.46 (m, 5H),

7.43(m, 3H), 7.4@; 7.33 (M, 2H), 5.39 (s, 2H), 4.811H).

benzyl 2cyano2-phenylpropanoate(TR4189)

'H NMR(400 MHz, CD@ ¢ 7.21¢mm5H), 5.23 (qJ= 1.7 Hz2H), 2.4(s, 3H).
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2-methylbenzyl 2cyano2-phenylpropanoate(TR5037)

'H NMR(400 MHz, CD@ 1 ¢7.48p(m,2H), 7.48¢ 7.35 (m,3H), 7.33¢ 7.13 (m,5H), 5.24

(d,J= 1.6 Hz2H), 2.23 (s3H), 2.04c 1.96 (m,3H).

(0]
N
C O/\@\
o~

4-methoxybenzyl 2cyano-2-phenylpropanoate(TR4190)
'H NMR(400 MHz, CD§l  + T @7 5, 108RHIZH), 7.45¢ 7.33 (m,3H), 7.21 (dt)= 8.6,

2.1 Hz2H), 6.86 (dt)= 8.6, 2.1 HZH), 5.16 (dJ= 1.4 Hz2H), 3.82 ¢ 3H), 1.97 £ 3H).

o
NC
O/\@\
CF;

4-(trifluoromethyl)benzyl 2cyano2-phenylpropanoate(TR4205)
'H NMR(400 MHz, CD§l {1 3By HaP#®) >7.56¢ 7.48 (m,2H), 7.48¢ 7.38 (m,3H),

7.33 (d,J= 8.0 Hz2H), 5.27 4, J= 1.4 Hz2H), 2.Ql(s, 3H).

4-fluorobenzyl 2cyano2-phenylpropanoate(TR4200)
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'H NMR(400 MHz, CDgil ¢ 7.45{mo,2H), 7.45¢ 7.35 (m, 3H), 7.27 7.19 (m, 1), 7.05¢

6.95 (m,2H), 5.19 (s2H), 1.98 (s3H).

naphthalen-1-ylmethyl 2-cyano2-phenylpropanoate (TR®41)
'H NMR(400 MHz, CD@l 1 ¢ 7.85dm,3H), 7.60¢ 7.38 (m,6H), 7.38 7.30 (m,3H), 5.76¢

5.61 (M,2H), 2.03¢ 1.96 (m,3H).

o
naphthalen-2-ylmethyl 2-cyano-2-phenylpropanoate(TR4207)

'H NMR(400 MHz, CD@l  + ¢7.@4dfm, 3H), 7.67 (d,= 1.6 Hz, 1H), 7.587.47 (m, 4H),

7.44¢7.37 (m, 3H), 7.33 (dd= 8.5, 1.7 Hz, 1H), 5.4%6.34 (m, 2H), 2.00 (d= 0.9 Hz, 3H).

benzyl2-(4-chlorophenyl}2-cyanopropanoate(JH2130-8)
'H NMR(400 MHz, CDl 1 ¢ 7.41r(ry, 1H), 7.4 7.36 (m, 1H), 7.36 7.31 (m, 2H), 7.28

7.21 (m, 1H), 5.22 (s, 1H), 1.97 (s, 2H).
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(3.22) 4methoxybenzyl 2cyano4-methyl-2-phenylpent4-enoate (JH2134-07)
'H NMR(400 MHz, CD@l 1 ¢ 7.82drw 2H), 7.4 7.34 (m, 3H), 7.26 7.17 (m,2H), 6.90¢
6.81 (m, 2H), 5.28 5.08 (m, 2H), 4.94 (3= 1.6 Hz, 1H), 4.85 (= 1.0 Hz, 1H), 3.82 (s, 3H),

3.19 (ddJ= 14.1, 1.0 Hz, 1H), 2.82 (d&; 14.4, 1.0 Hz, 1H), 1.65Jt 1.2 Hz, 3H).

I o

(3.23)4-methoxybenzyl 2cyano2-phenylhept6-enoate (JH2135-27)
'H NMR (400 MHz, CREI + T ®p5B, 20RE, 2H), 7.447.33 (m, 3H), 7.2§ 7.15 (m,
2H), 6.90¢ 6.80 (m, 2H), 5.73 (ddf= 16.9, 10.1, 6.6 Hz, 1H), 523.10 (m, 2H), 5.06 4.94

(m, 2H), 3.82 (s, 3H), 2.37 (ddik 13.6, 10.7, 5.9 Hz, 1H), 2.42.03 (m, 3H), 1.52 (tdd=

(0]
N
(03 O/\@\
o~

(3.24) 4methoxybenzyl 2cyano2-methyl-3-phenylpropanoate (TRB®12)

11.3, 7.1, 4.7 Hz, 2H).

'H NMR(400 MHz, CD@l 1 ¢7.460(mp, 7H), 6.89 (dd;= 9.2, 2.3 Hz, 2H), 5.185.07 (m,

2H), 3.84¢ 3H), 3.2% 3.19 (m, 1H), 3.083.00 (m, 1H), 1.60 (8H).
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thiophen-3-ylmethyl 2-cyano2-phenylpropanoate (TR245)
'H NMR(400 MHz, CD§ll  7/554¢ 7.46 (m, 2H), 7.4 7.37 (m, 3H), 7.32 7.27 (m, 1H), 7.2§

7.20 (m, 1H), 6.98 (dd= 5.0, 1.2 Hz, 1H), 5.24 (s, 2H), 1.98 (s, 3H).

Ncé\o/\@
S

(3.36)thiophen-2-ylmethyl 2-cyano-2-phenylpropanoate(TR3273-25)
'H NMR(500 MHz, CDgl ¢ #7.47p(m, 2H), 7.44 7.37 (m,3H), 6.41 (ddJ= 3.2, 0.8 Hz,
1H), 6.35 (ddJ= 3.3, 1.9 Hz, 1H), 5.18 (s, 2H), 1.98 (s, 3H).

3C NMR(126 MHz, CDgll 1 ,M4810 ®436, 1355, 129.1, 128.9, 125,7119.2 111.5,

(o)
(0]

furan-3-ylmethyl 2-cyano-2-phenylpropanoate (TR278)

1106, 604, 48.3 24.83.

IHNMRO n i al 1 = ¢®6B{m)2H), 7.32 20dm,3H), 7.00 dd, J= 3.8 2.1 Hz2H),

6.95¢ 6.89 (M, 1H), 5.06 4.94 (m,2H), 1.87 (s, 3H).

(0]
NC o >
o
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benzofuran2-ylmethyl 2-cyano-2-phenylpropanode (TR3202)
'H NMR(500 MHz, CD§ll 1 ¢ 7.49dnw 4H), 7.48 7.42 (m, 1H), 7.42 7.30 (m, 4H), 7.39

7.21 (m, 2H), 6.7§6.67 (m, 1H), 5.485.25 (m, 2H), 2.0 1.96 (m, 3H).

N(ES?\O/\@
o)

(3.34)furan-3-ylmethyl 2-cyano-2-phenylpropanoate(TR3208)
'H NMR(400 MHz, CDgl  + ¢ 7.85dmm, 1H), 7.47 7.33 (m,5H), 6.41 (d)= 3.2 Hz, 1H),

6.35 (dd,J= 3.3, 1.9 Hz, 1H), 5.18 (s, 2H), 1.98t8.6 Hz3H).
o
N
%0>L
o]

tert-butyl 3-(((2-cyano-2-phenylpropanoyl)oxy)methyhlH-indole-1-carboxylate(TR4240)
'H NMR(400 MHz, CDl  +  yJ® BL.pHzHR Z.63 (s1H), 7.55 7.30(m, 2H), 7.44¢ 7.30

(m, 5H), 7.26¢ 7.15 (m,1H), 5.46¢ 5.31 (M,2H), 1.98 ¢ 3H), 1.74 (S9H).

o]
NC o I N\
Z

(3.33)pyridin-2-ylmethyl 2-cyano-2-phenylpropanoate(TR2207)
'H NMR(500 MHz, CD§l ¢+ ¢ \B.82c(m, 1H), 7.66 (tdl= 7.7, 1.8 Hz, 1H), 7.€27.55 (m,
2H), 7.49% 7.38 (m, 3H), 7.2¢€ 7.20 (m, 1H), 7.18 (dg= 7.9, 0.9 HZIH), 5.44¢ 5.27 (m,2H),

2.02 (s, 3H)
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furan-2-ylmethyl 2-cyano-2-(4-methoxyphenyl)propanate (JH2154-26)
'H NMR(400 MHz, CD§ll  + ¢ 7.85n(mh3H), 6.99¢ 6.83 (m,2H), 6.44¢ 6.34 (m,2H), 5.17

(s,2H), 3.83 (s3H), 1.95 (s3H).

NC

Cl
furan-2-ylmethyl 2-(4-chlorophenyl}2-cyanopropanoate(TR4063)
'H NMR(500 MHz, CDg@il 1 ¢ 7.39(nm3H), 7.35¢ 7.29 (m2H), 6.4% 6.32 (m,2H), 5.26¢

5.09 (m;2H), 1.96 (s3H).

NC

CN
furan-2-ylmethyl 2-cyano-2-(4-cyanophenyl)propanoatd TR4062)
'H NMR(400 MHz, CD§l  + ¢ 7.88ym5H), 6.48 6.34 (m,2H), 5.2% 5.12 (m,2H), 1.99

(s,3H).
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furan-2-ylmethyl 2-cyano-2-(naphthalen2-yl)propanoate (TRD77)
'H NMR(500 MHz, CD@l 1 ¢¥.88sne, 1H), 7.68 7.47 (m4H), 7.40¢ 7.22 (m,3H), 6.44¢

6.29 (M2H), 5.24¢ 5.17 (m,2H), 2.11c 2.03 (m,3H).

furan-2-ylmethyl 2-cyano-2,3-diphenylpropanoate (TR4036)

'H NMR (500 MHz, CREIl { ¢7.87r(n,1H), 7.34c 7.26 (m,2H), 7.18¢ 7.11 (m,5H), 7.07¢
7.00 (m,3H), 6.29 (ddJ= 3.3, 0.8 Hz, 1H), 6.25 (di& 3.3, 1.9 Hz, 1H), 5.£%.00 (m,2H), 3.63
(d, J= 13.6 Hz]H), 3.25 (dJ= 13.6 Hz]H).

3C NMR(126 MHz, CDgIt  mc T & n™3.5MB4r091B3.8130.3 129.1, 128.9 128.3

127.7,1264, 1177, 111.6, 110.660.3 559, 44.0.
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furan-2-ylmethyl 2-cyano-3-(4-methoxyphenyl}2-phenylpropanoate (TR®80)
'H NMR(400 MHz, CD§l ¢ ¢ 7.4Ydns, 2H), 7.42 7.35 (m,4H), 7.0 7.02 (m,2H), 6.81¢
6.74 (m, 2H), 6.4¢ 6.32 (m, 2H), 5.22 5.10 (m, 2H), 3.79 (s, 3H), 3.67J4,13.7 Hz, 1H), 3.29

(d,J= 13.8 Hz, 1H).

furan-2-ylmethyl 3-(6-chloropyridin-3-yl)-2-cyanco2-phenylpropanoate(TR5075)
'H NMR(400 MHz, CDgil ¢+ yJ$ 8.6 HzpHR 2.53¢ 7.34 (m,7H), 7.21 (s, 1H), 6.446.32

(m, 2H), 5.19 (s2H), 3.66 (dJ= 14.0 HzIH), 3.34 (dJ= 13.9 HzIH).

o

NC o _—

0/

furan-2-ylmethyl 2-cyano-3-methyl-2-phenylbutanoate(TR4071)
'H NMR(400 MHz, CD@l 1 ¢ 7.87¢nm,2H), 7.46¢ 7.34 (m,3H), 7.28 (s, 1H), 6.446.30
(m, 2H), 5.24 5.12 (m, 2H), 2.82 (di= 13.3, 6.7 Hz, 1H), 1.19 {d&; 6.5 Hz, 3H), 0.82 (@

6.8 Hz, 3H).
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furan-2-ylmethyl 2-cyano-2-phenylpent-4-enoate (TR4053-20)

'H NMR(500 MHz, CD@l ¢ ¢ 7.391(ny, 2H), 7.37 7.25 (m, 4H), 6.366.21 (m, 2H), 5.65
(ddt,J=17.2, 10.1, 7.2 HZH), 5.22 5.03 (m, 4H), 3.04 (ddi= 13.9, 7.4, 1.1 Hz, 1H), 2.78
(ddt, J=13.9, 6.9, 1.1 Hz, 1H).

3¢ NMR(126 MHz, CD&i {1 9,M48.6, ®43. 6, 133.71305, 129.1, 128.9126.2 1214,

117.7,1116, 1106, 60.3, 54.242.2
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Chapter IV.

Asymmetric BaeyagVilliger Oxidation ofl,3-Diketones
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CIV.1:Introduction to the Asymmetric Baeygfilliger oxidation of Ketones

The BaeyaVillige!' (BcV) rearrangement represents one of the most fundamental
transformations for the oxidation of ketones and aldehydes in organic chenfistrythe
reaction entails nucleophilic insertion of an oxygen atom adjacent to a carbonyl functionality
producing lactones and este Extension of the Baeyfilliger methodology to include the
catalytic, enantioselective oxidation of prochiral and racemic ketones was independently
reported by Bolrfl and Strukul in 1994. This pioneering work has since been complemented
with numerous metal complexes and organic compounds competent for inducing the catalytic,
asymmetric BV oxidation of ketone&’*®'" Despite the elegance of the above reports, the
substrate scope is rarely extended beyond highly strained ketones (eq. 1, Schefrlé ahi)
the degree of enantioenrichment struggles to compete with values reported involving
enzymatic system¥?* h-3 IDisubstituted norS y 2 f A Tket@este3$>>% have also been
reported to be reactive substrates unde¢\8 conditions, although not nearly as investigated as
the BaeyecVilliger oxidation of ketones. In addition, hydrolysis of the acyl moiety leads to the

F 2 NIV | hyipxy astersh Cristau confirms the stereospecificityf the alkyl migration

o
catalyst* °
) _catalyst \EJ=0 (1)
R n [O] R" n
o o 5 eq. m-CPBA o
(S) OEt 2eq. TfOH _ \n/o\“?l\oa @)
\\‘: Bn reﬂux, CH2C|2 o \\S Bn
95%
4.1 4.2

Scheme 4.1
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involved with the Baeyer: A f £ A IS NJ 2 EA R GYASR{yK-BehEyl redhyl hogtdestd LIdzNIS
4.1, whichprod A R S R-acétéx ester product.2 (eq. 2, Scheme 4.8). Measured optical

rotation for 4.2revealed the migration indeed proceeded with retention of configuration. Now

it should be noted that literature precedent ggests that the BaeyeVYilliger oxidation of 1,3

dicarbonyl compounds is a wéla (i 6 f A a KSR  Y-&«id&ienFof ebterRY andk S b
ketones®**® However, only a single report from Gotor described an asymmetric process that
involved the BaeyeVilliger monooxygenas® ! G £ @ T SR | Ay S dzda INSER{T SR A
ketoesters. This process resulted in the formation of an &@opore secondary ested.3

(Scheme 4.23" The desymmetrization depicted in scheme 4.2 reaction stems fham

O O
) l”" oM
e BVMO/ Tris-HCI %0 mM o
G6P/ B6PDH o,

O,/NADPH/H* H,O /NADP* (S)-4.3

O O
)H/U\OMe

Scheme 4.2

FOFAEL 0f S-OSYHBNEF dfyR "SyOFHARSTNA DS RI NBE A1 S
oxidation bllowed by rearrangement=%3° In contrast, with the Cristau system (eq. 2, Scheme

ndm0 2 Ndigubstitéted morenolizable 1,3liketones this mode of reaistty is not

F@F At of S F2dkidized calbdny profidts. (likKsBch tases, nucleophilic addition to

the carbonyl moiety is required in order for the Baey¥éilliger rearrangement to take place.
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2 A0K NBaLISOG G2 -oxk&ion Sfketoyids, c@ranblite@itOrg prafoBolsh
GeLIAOCIEftEe Ay@2f @S (KS I RRA Gdkétofies 2ed. 1,5bBmeydB)Y S G I f
as well as oxidation of preformed enolate intermediates (eq. 2, Scheme 4.3). The addition of
organometallic compoundsi 2 -diketones can be challenging given the requirement for

regioselective addition of the reductant. These methods also typically require stoichiometric

o o)
)kfo R-M )k:(om )
SR
oM oM o)
)\‘ or )\/ —>[O] )‘\rOM (2)

Scheme 4.3

amounts of preformed organometalli@agents. In addibn, the oxidation of enolates can be
challenging due to the requirement for the formation of a single enolate isomer in order to
obtain enantioenriched products. Moreover, Rubottdype oxidations require the
prefunctionalization and resolution of a pafned enolate followed by oxidation in order to
2001 Ay Sy-hyfrixk Retalizdl BAs & result of these synthetic challenges, it would be
FSILaAoftS G2 20 0 tadeyxyktgnesyfrom & BagyRkAlligek Sidatidn of non

enolizable 1,3liketones (Scheme 4.4). Acetoacetone substrates are easily acceasibleave

O O o
catalyst* .
AL Ay
Ph [m-CPBA] Ph O

Scheme 4.4
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beenemployed as starting materials in many synthetic protocolsNJEFWK S NI 2 M@ioxy i KS h
ketone products obtained via asymmetriccB oxidation of 1,3liketones would also be useful

starting materials for synthetic chemist® L aK2dZ R 6S y20SR- GKI
oxidation of ketones, two requirements must be met in order to obtain enantiomeric excess:

(1) only a single enolate isomer must be reactive, (2) only a single face of tieeeanolate

isomer can be oxidized. However, with respect to the-dikétones, what determines the
enantioenrichment upon desymmetrization of the acetoacetone moiety is the regioselectivity

of the carbonyl addition (Scheme 4.5). This will be importarthe following section as the

recent advancements toward the development of the asymmetric Ba@yitiger oxidation of

h-quaternary 1,3diketones will be disclosed.

Ac, Me pro-s O Me o Me
ONph ~— M eh = ) ph
pro-R Ac
(S) Ester (R)-Ester

Scheme 4.5

CIV.2:Recent developments toward tlasymmetric BaeyeVilliger oxidation of 1,8liketones

[ A

| F Ay3 RSAONAROGSR (K 0SYSTAlUA -gueNbrRISDS f 2 LIA
diketones via BV rearrangement, and given that the only report for asymmetric Bap¥idiger
oxidation of 1,3dicabonyl compound is catalyzed by a Baeyétiger monooxygenas¥;the
recent developments toward the chiral binaphthol phosphoric acid catalyzed Baéligyer
2 EA RI (-guatgrnad T,3diketones is described. Based on a report from Cossy suggesting

that treatment of 1,3diketones withm-CPBA lead to overoxidatidhjntial studies began with
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determining conditions for the @&/ oxidation reaction Table 4.1). Preliminary results
employing conditions analogous to those reported bistau resulted in exclusive formation of
the overoxidized compound.6.3* The observed product was in line with studies reported by
| 2383 AY 6KAOK -quafefhd B Bdkétands2 was @bIerved when
superstochiometric amounts ofn-CPBA were used (entry Table4.1)*® A reduction in the
temperature, equivalents of oxidant used, and Bronsted acid loading resulted in exclusive
formation of the mone2 E A R Aate®Ry ketonet.5 (entry 2, Table4.1). Moreover, reducing
the amount of oxidant used to 1 equivalent also provided the moriglized product, albeit at

a lower conversion (entry 3Table4.1). Changing the solvent to benzene under the same
reaction conditions resultechithe moncoxidized product.6, and the overoxidation product
was not observed (entry 4;able4.1). As shown ifiable4.1, them-CPBA indeed facilitates the

BaeyecVilliger oxidation in the@bsence of the Brénsted acidpwever at a much slower rate.

Table4.1: Bronsted acid and solvent screen for the Baeyétliger oxidation of 1,3diketones

6o o X mol% (+)-Bronsted Acid o
)% (Y eq. m-CPBA) 0.2 M )J\’<0Ac Aco\|<)Ac
Ph Solvent, temp °C, 24h Ph Ph
4.4 4.5 4.6

entry X Acid Y solvent h Temp conv.% 4.5 : 4.6

(1) 200 TFA 5 DCM 13 45 >95 <5 >95
(2 100 TFA 2 DCM 16 25 >95 >95 <5
(3 100 TFA 1 DCM 15 25 60 >95 <5
(4) 200 TFA 5 Benzene 24 80 >95 >95 <5
(5) 20 BPA 1 DCM 24 25 50 >95 <5
(6) 20 BPA 2 DCM 24 35 85 >95 <5

2 BPA-(+)-binaphthyl phosphoric acid
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g GKA&a LRAYGS A0 KI-BK 8§ \6&ethyStbstratd s dompe®mr ford K I
BaeyecVilliger oxidation and r@&rangement in presence of trifluoroacetic acid amdCPBA.
However, establishing a method for desymmetrization otdik&tones would be difficult if not
impossible under the current reaction conditions. Inspired by work published from the Ding lab
in which chiral binaphthol phosphoric acids were employed to catalyze an asymmetric Baeyer
Villiger oxidation, a racemic binaphthol phosphoric acid was examined for reactivity (entry 5
and 6,Table4.1)**" The Binaphthol phosphoric acid proved to be competent for catalyzing
the BaeyegVilliger oxidation. Control studies also revealed that the Bagy#iger oxidation
takes place in the absence of added Bronsted acid, this reactiokelg tatalyzed by some
meta-chlorobenzoic acid contaminate. However, despite finding a Bronsted acid that would
allow for the introduction of a chiral environment in addition to catalyzing the Ba@itiger
oxidation, the background oxidation was discaging and alternative conditions for oxidation

were sought.

There are a number of literature reports for the carbonate and phosphate mediated
Baeyec Villiger oxidation of 18licarbonyl moietie$>* In addition basic amine reagents have
also been employed for attenuation of the reactivityrfCPBA! Based on this precedent, a
number of base mediated Baey@filliger oxidations were attemptedlr@ble4.2). The use of
DABCO was based onrgport from Jorgensen in which a cinchona afk@dlwas used as a
proton shuttle in a catalytic oxidation reaction utilizing CPBA (entry 1Table4.2)*’ Even
though superstoichiometri@amounts of DABCO were utilized, the oxidized produétwas
never observed (entries 1 and Zable4.2). In addition, attempted oxidations employing

sodium carbonate as reported by Moland€resulted in minimal conversion df4to 4.6, even
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Table4.2: Basemediated BaeyegVilliger oxidation of 1,3Diketones

o
79 BASE 0y

M (2 eq. McPBA.) 0.2 M )H{’

Ph d-DCM, rt, 40h Ph
4.4 4.5
entry? base eq. Conv. %
(1 DBACO 1.0 <5
(2) DBACO 2.0 <5
(3) NaHCO, 1.5 <15

2 all reactions run for 24hr prior to heating

after an extended reaction period (entry Jable 4.2). These results suggest that the
nucleophilicity of them-CPBA is not as important as the activation of taebonyl. In keeping
with the goal to develop a catalytic asymmetric Baeyéiliger oxidation of 1,3 diketones a

series of Lewis acid and transition metal complexes were examined for reactivity.

The realm of metalcatalyzed asymmetric Baeygfilligerreactions has been pioneered
by both Bolmi®1%12144854 3nd  Strukuf*%°>%° however contributions from others have
advanced the field as wéff.®*®* A report from Katsuki detailed the use of cationic colsalten
complexe& along with urea hydroperoxide (UHP) for the enantioselective Bagfitiger
oxidation of cyclobtanones® Based on this report, a series of reactions utilizing the cationic
cobaltsalen catalyst along with various oxidants and in different solvents is detail€dbie
4.3. It should be noted that Katsuki reported thmatCPBAvas not a reactive oxidant with the
Cosalen system; in addition the Baeyg®filliger reaction involvingn-CPBA in DCM proceeds in
the absence of catalyst. Preliminary experiments inclutheduse of urea hydroperoxide (UHP),

tert-butyl hydroperoxide TBHP), and hydrogen peroxide (HOOH) in both deuterB€M and
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Table4.3: Cation Co(lll)Salen S4§6r the BaeyecVilliger oxidation of 1,3Diketones

O O o

5 mol %
M Co(lll)SalenSbF )kﬂo el
Ph o1sm 2anr . Ph O
4.4 ’ 4.5
entry? Oxidant solvent Temp Conversion
(1) UHP® d-DCM 35 <5 Q
(2) TBHP d-DCM 35 <5 N N—
(3) HOOH d-DCM 35 <5 es
(4) UHP d-MeCN 78 <5 o ® o
(5) TBHP d-MeCN 78 <5 © sbF,
(6) HOOH d-MeCN 78 <5
(7) UHP IPA 78 <5 Co(lll)SalenSbFg
(8) TBHP IPA 78 <5
(9) HOOH  IPA 78 <5

@all reactions run for 24hr prior to heating
b UHP-Urea Hydroperoxide® TBHP-tert-butylhydroperoxide

MeCN as well as isopropyl alchohol (IPBgspite performing all of these reactions at elevated
temperatues and for extended periods of time, conversion frbdhto 4.5was never observed
(entries 18, Table4.3). In addition to the cationic €®alen complexes, dimethyl aluminum
chloride>*** methyl magnesim bromid& and zirconium (1V) isopropoxitfederived binaphthol
catalyst as reported by Bolm were screened for reactiviighb(e4.4). As listed iMable4.4,
various combinations of oxidants and Lewis acid binaphthyl complexes did not show any
activation of the 1,3iketone4.4toward the Baeyeilliger rearrangement. In addition, use of

4 equivalents oim-CPBA in toluene with the zirconium binaphthol complex failed to result in
any consumption of the starting material. This observation suggested that the isopropoxide is
neutralizing theresidud meta-chlorobenzoic acid contaminate in tme-CPBA reagentAs will

be shown later in this section, the-CPBA convert4.4to 4.5in toluene in theabsence of any

catalyst. In addition to the above conditions, earlier reports from BolmLapp detailel the
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Table4.4: Screen for potential Binol Lewis acid meditated Baeyétiger oxidation

o)
o 90 X mol% metal(+)-Binol
. (o)
M (Y eq. Oxidant) 0.2 M )J\ﬂ \n/
Ph Solvent, temp °C, 24h Ph O
4.4 4.5

entry X Metal Y Oxidant solvent Temp Conv. %

(1) 50 AICl; 1 HOOH Tol 10 <5
() 50 AICl; 1 TBHP Tol 10 <5
(3 50 MgCl, 1 HOOH DCM 60 <5
(4 50 MgCl, 1 TBHP DCM 60 <5
(5 100 Zr(OiPr), 4 TBHP Tol 25 <5
(6) 100 Zr(OiPr), 4 mCPBA Tol 25 <5

use of copper (I1) acetattand titanium (1V) isopropoxid@for the BaeyegVilliger oxidation of
ketones Table4.5). However despite the large number of repofts the metalcatalyzed
BaeyecVilliger reaction, none of the conditions above proved to be competent for the
2 EA R (-fuatgrnag T,3diketones. Based on these results, and on previous experiments
showing that racemic binaphthgdhosphoric acid calyzed the BaeyeWilliger oxidation, the

focus then became optimizing the binaphthol phosphoric acid catalgrstiod.

Table4.5: Screen for potential Lewis acid mediated Baeyéitliger oxidation

(o)
(o]
Q Q 100 mol% metal j)/
M (Y eq. Oxidant) 0.2 M )*

Ph Solvent, 25 °C, 24h Ph

4.4 4.5
entry  Metal Y Oxidant solvent Conv. %
(1) Cu(OAc), 3 mCPBA Benzene <5
(2) Cu(OAc), 3 TBHP Benzene <5
(3) Ti(OiPr), 4 HOOH Tol <5
(4) Ti(OiPr); 4 mCPBA Tol <5
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As shown inTable 4.1, it is now known that racemic binaphthol phosphoric acid
catalyzes the Baeyet A f £ A 3 S NJ 2qHakefhanii A 3iketonBsT Inhaddition, control
studies also revealed that 1,3 diketones undergo the Bap¥i#iger reaction when treated
with m-CPBAN DCM solvent without any use of Bronsted acid. For this reason, preliminary
studies were focused on determining the rate of the uncatalyzed reaction in order to ascertain
if the reaction was even being catalyzetlale 4.6). Analysis of the experimemhteesults
obtained from Table 4.6 suggested first and foremost that the-CPBA reagent was most
reactive in DCM. Studies comparing the rate of Bagydliger oxidation in DCM vs dueterated
DCM revealed that much more of diketode4 was converted t4.5in DCM (entry 1 and 2).
Similarly, in the absence of Bronsted more conversion to i\ [goduct was observed in DCM
(entry 3 and 4,Table4.6). When comparing entry 2 to entry 4, it is clear that the reaction
containing the binaphthol phosphoric acidreerted4.4to 4.5at a much faster rate suggesting
the reaction is being catalyzed. This result was confirmed by ent®especifically comparing
entry 5 and entry 8 suggested that the catalyzed reaction (entry 5) after 3 hours provided the
same amouhof conversion as the nenatalyzed (entry 8) reaction did after 44 hours. Entries
9-12 revealed that the BaeyeYilliger reaction at 85 °C in dichloroethane (DCE) provided the
same amount of conversion th5as the reaction performed at 35 °C in DCMt(es 58, Table
4.6). Last, entries 1B6 show that the similar rates of oxidation are observed when using
toluene as solvent. This result will be important later in this section as the highest
enantioenrichment for the asymmetric Baey#filliger oxidéion will be observed employing
toluene as solvent. At this point, before the asymmetric variant was attempted a brief screen

of other potential solvents was performedigble4.7). Literature precedent suggests tlzaiti-
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Table4.6: Measuringthe background reaction withm-CPBA as oxidant

X mol% (+)-Binaphthol o o o OY

Phosphoric Acid
" (2 eq. MCPBA) 0.2 M )kg\ )H@

Solvent, temp °C, time (h) Ph Ph

4.4 4.5
entry X time temp'C solvent 4.4 : 4.5
(1) 50 42 25 d-DCM 63 : 37
(2) 50 44 25 DCM 26 : 74
(3) None 42 25 d-DCM 94 : 6
(@) None 44 25 DCM 64 : 36
(5) 50 3 35 DCM 63 : 37
(6) None 3 35 DCM 87 : 13
) 50 44 35 DCM 11 : 89
(8) None 44 35 DCM 64 : 36
(9) 50 3 85 DCE 50 50
(10) None 3 85 DCE 90 10
(11) 50 44 85 DCE 14 86
(12)  None 44 85 DCE 75 : 25
(13) 50 20 25 DCM 30 70
(14) 50 22 25 Tol 35 65
(15)  None 20 25 DCM 50 : 50
(16) None 22 25 Tol 78 22

vation of ketones with binaphthol phosphoric acids proceeded well in the solvents screened in
Table4.7}*'%" There was nareal reactivity trend observed for the solvents screened, in
addition toluene, benzene, and ethyl acetate seem to promote the Ba®iitiger oxidation
more efficiently thantetrahydrofuran and 1,4lioxane. In addition to other solvents, a screen

of alternative oxidants for the binaphthol phosphic acid catalyzed EBaction was performed
(Table4.8). As detailed above, 2 equivalentsefCPBA in DCM in the presence of 26l & of

the phosphoric acid resulted in 85% conversiol @fto 4.5 and 4.5 was isolated in 60% yield

(entry 2,Table4.8). It should ba&oted, that none of the other oxidants screened provided the
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Table4.7: Screen of solvents for the Baeygfilliger axidation of 1,3diketones

o o 50mol% (+)-Binaphthol OOY

Phosphoric Acid
M (2 eq. McPBA.) 0.2 M )Kﬁo

Ph Solvent, rt, 24h Ph

4.4 4.5

entry solvent Conv. %
(1) d-toluene 55
(2) d-benzene 70
(3) tetrahydrofuran 15
(4) 1,4-dioxane 25
(5) ethyl acetate 70

h-acetoxy ketonetl.5, however, the urea hydroperoxide various solvents at elevated

temperatures consistently consumeide diketone4.4 but the product was never elucidated

Table4.8: Screen of oxidants for the Baeyg(illiger oxidation of 1,3diketones

O O X mol% (+)-Binaphthol (o)
Phosphoric Acid o
)HJ\ (Y eq. Oxidant) 0.2 M )kﬂ \"/
Ph Solvent, temp °C, 24h Ph O
4.4 4.5

entry X Oxidant Y  solvent Temp Conv. %

(1) 20 mCPBA
(2) 20 mCPBA
(3) None mCPBA
(4) 20 HOOH DCM 80 >95¢
(5) 20 TBHP? DCM 35 <5

1 DCM 25 50
2
2
2
2
6) 20 TBHP 2 DCM 90 <5
1
1
2
2
2

DCM 35 85
DCM 35 55

(7) 20 UHP® DCM 25 45
(8) 20 UHP DCM 80  >95
(9) None UHP DCM 80 <5
(10) 20 UHP DCM 80 <5
(11) 20 UHP MeCN 80  >95°
(12) 20 UHP 2 Hexanes 80 >95¢

a TBHP-tert-butylhydroperoxide ? UHP-Urea Hydroperoxide
¢ Not the BV product
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(entries 4,8, 11, and 1dable4.8). With defined reaction conditions competent for promoting

the BV oxidall A 2 y -quatérnary 1,3diketones, various chiral phosphoric acids were
AONBSYSR AY 2NRSNJ { 2-acetoayiketdng4d.5 Gsble f.8).A 2itBritiddh OK S R
precedent suggested that theRfo 2-@-&nthracenyl) binaphthol phosphoric acid was an
effective catalyst for asymmetric additis of peroxides to carbonyl compountis/®"®

However, the same phosphoric acid derivative was not reactive for the Baélleyer

oxidation of 1,3diketones toluene or DCM. It should be noted that initial experiments
involving R-0 Z-@,86isopropyl Ph) binaphthol phosphoric asiere performed in DCM and

resulted in minimal enantiomeric excess (7% ee, entyable4.9). A change in solvent from

DCM to toluene resulted in a rise in enantiomeric excess to 27% (entighB4.9). Switching

to the (9- 0 Z-@,86isopropyl Phpinaphtholphosphoric acigrovides4.5with 32% eeand
Table4.9: Catalyst screen for asymmetric Baeg¥illiger oxidation

Chiral phosphoric acid screen:

o
O o 1eq Catalyst o) Y
)Hg\ (2 eq. McPBA.) 0.2 M o .
Tol, rt,48h
Ph Ph
4.4 4.5 0,0
/P\
0~ “OH

entry (+)R conv.% ee% OO

1) (R) 9-anthracenyl <5 - R

(2)? (R) 2,4,6-ipropyl Ph 50 7 entries 1-8

(3) (R) 2,4,6-ipropyl Ph 50 27

(4)° (R) 2,4,6-ipropyl Ph 50 34 R

(5) (S) 2,4,6-ipropyl Ph 50 32 ‘O

(6) (R) VAPOL 70 <5 0,0

/P\

(M (R) SiPh, 50 7 O~ "OH

(8) (R) 3,5-CF,Ph 50 3 ‘O

(9) (R) 2,4,6-ipropyl Ph <5 27 R
------------------------------------------------ entry 9

2 performed in DCM ? 50 mol% catalyst performed at 0 °C
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was corroborated by a distinct change the major enantiomer observed orthe HPLC
chromatogram (entry 5Table4.9). Moreover, cooling the reaction tol5 °C resulted in a
minor increase in enantiomeric excess to 32% (entryahle4.9). A recent report from Ding
explained that switching from the binaphthol phosphoric acid te thydrogenated binol
phosphoric acid analog resulted in an increase in enantiomeric extesdowever an
experiment employing the HBinolderived (H8iy 2 € I' p Z p Q Z-ocBiy@MTZBARO Yy Ty Q
naphthol) phosphoric acid did not result in improved % ee (enti/a®le4.9). The remainder

of the chiral binol and VAPOL derived phosphoric acids screened provided minimal to no
enantioenrichment for the Ba&ycVilliger oxidation (entries -8, Table4.9). Based on the
analysis provided in Scheme 4.5, in order to try and improve the regioselectivity of the attack of
GKS LISNREARS 2y (KSI LIKSilreeyh 1,3diRetol] substrate yivash
synthesized and subjected to the reaction conditionable4.10. Initial experiments involved
treatment of diketone4.7 with the racemic binol phosphoricid resulted irB0% consumption

of the starting material.lt should be noted that product.8 was never confirmed and the
Tablen ®mnY LY ONBIF aAy 33 -poskich a0SNAO o6dzZ { Ay GKS b

O O 1eq Catalyst o OY
(2 eq- McPBA.) 0.2 M (o)

Tol, 90,48h

U U

4.7 4.8 R
entry ()R Conversion OO
(o I g P"O
(1 )a (i)H 30% 0/ \OH
@) (R) 2,4,6-ipropyl Ph <5 OO
(3) (S) 2,4,6-ipropyl Ph <5 R
(4) (R) 9-anthracenyl <5

2 all reactions run for 24hr prior to heating



conversion is based only on consumption of the starting matdrial Switching to the chiral
(R-0 Z-@,®6isoproyl Ph) binaphthol phosphoric acid did not resulaity consumption of the
starting material diketonel.7 (entry 2,Table4.10). Currently, it is not clearly understood why
0 K Shaphthyl diketone was not as reactive as the phenyl substituted surrogate.

To this end, it has now been determined that tre&ny’ (i -2 S K &hehyl 1h3
diketones with a binaphthol phosphoric acid as welha€PBA in DCM provided the Baeyer
+Af £ AISNI NBI NNacefayk¥S .60 LINPYR dzGRIR Ahl A 2 yfuaterSafy LJ2 & dzNE
1,3-diketone to a chiral binaphthol phobpric acid along withm-CPBA resulted in minimal
enantioenrichment. A change in solvent from DCM to toluene served to improve the observed
SYILyiA2YSNAO SEOS&aao b2 6KSNB (KS 62088 NB
oxidation of ketones via thd&aeyecVilliger moneoxidation protocol, overoxidation to the
geminal acetoxy alkand.6 (Table4.1) suggests that 1,8iketones could be utilized as acyl
anion equivalents. The following section details the preliminary studies involved with
investigatirg 1,3diketones as acyl anion equivalents.

CIV.3:BaeyecVilliger oxidation of 18liketones: A dithiane Surrogate

The Coreyseebach reaction showcases the utility of -dithianes as acyl anion
equivalents’®>’* General synthetic accessibility and broad reactivity have madelith&nes
ubiquitous in organic synthesi&’* Despite the widespread applicability of the ijBhiane,
lithiated bases are required for generation of the of the acybanequivalent. In addition a
stoichiometric amount of mercuric chloride is required for the removal of the dithiane moiety

to afford the carbonyl product. As observedTiable4.1, overoxidation of the 1;8iketone4.4
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leads to the formation of geminal atoxy alkanes4.9 (eg. 1, Scheme 4.65. The acetoxy

diester4.9was then deprotected to reveal the acetophenone proddcdtO(eq. 1, Scheme 4.6).

O O 2eq. TFA
5 eq. m-CPBA 9:1 TFAIH20 o
- (1)
)% DCM, reflux, 14h \n/ \l< \ﬂ/ Y
Ph Ph Ph
4.4 49 410
(o) 2eq. TFA
NC 5 eq. m-CPBA NC o\"/ ? OY
- \|< > (2)
Ph DCM, reflux, 14h Ph. O Ph
4.1 4.12 4.10
dithiane 1,3-diketone
0] 0] O O
m BuLi (\| | tBuOK
S><S pK, ~ 45 R™® K 15
R” "H Y i® Pra~ R H
+
l = e
(1) E* (2) mCPBA
(2) deprotect (3) deprotect

e
Scheme 4.6:

This series of reactions suggest that it would be feasible to emplodikeBones as an acyl
anion equivalents. In addition, it has also been observed that the nitrile ketdriglscan
undergo the BaeyeNilliger oxidation under similar conditions complementing current
literature precedent employing cyanohydrins as acyl aneguivalents (eq. 2, Scheme 4.6).
Subsequent hydrolysis of the acyl protecting group would also deliver the acetophenone
product. The advantage of using the -tiiBetones as acyl anion equivalents is manifested in
the acidity of the reactant (eq. 3, Sme 4.6)®’" 1,3-diketone moieties can be activated

toward alkylation under mildly basic conditions. In addition, acetoacetone substrates ca
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dzy’ R § Naytiorf® a reaction that has not been reported for igBhianes. As shown in
SljdzZ- iA2y M 0{ OKSYS -LK®¢ érfethyli NRikefoeS yvith egc@ss h
trifluoroacetic acid (TFA) and superstoichiometric amountsm@@PBA resulted in formation of

the geminal acetoxy alkare9. As shown in FigureX4.crude'HNMRreveals that some of the
acetophenone product is already forming. Subjecting the crude reaction mixture to aqueous
TFA for 1 h shows a conversioddto the acetophenone product (middle spectra, Figure 4.1).

A comparison of the produgteaks with the authentic acetophenone product (lower spectra,
figure 4.1) confirms the transformation of the idketone4.4 into acetophenone4.10. This
result suggests that the Baeygfilliger oxidation of the 1 8icarbonyl moieties is a
complementay method to known procedurdé§’*’#® for the functionalization of acyl anion

equivalents (eq. 3, Scheme 4.6).
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Crude H'NMR

O o 2 eq. TFA
5 eq. m-CPBA (o) (o)
—
)J\'%K DCM, reflux, 14h \n/ \|<\n/
Ph o Ph O
4.4 4.9
o
—
J )
iy ' ey
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 o
f1 (ppm)
Treatment of 4.9 with 9:1 TFA/H,0 for 1h
o__oO
0 YR
(0]
_>
-
k 4.9
Lkl ) . 1 )
A -
g.O 7‘.5 7‘.0 E;.5 E;.O 5‘.5 5‘.0 4‘.5 4‘.0 3‘.5 .';.0 2‘.5 2‘.0 1‘.5 1‘.0 (;.5
f1 (ppm)
Authentic acetophenone
(0]
_>
1 1
3 23 g
t;.O 7‘.5 7‘.0 (;.5 f;.O 5‘.5 5‘.0 4‘.5 4‘.0 3‘.5 3‘.0 2‘.5 2‘.0 1‘.5 1‘.0 0‘.5
f1 (ppm)
Figure 4.1
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To conclude, it has been determined that Baeyeh f f A 3 S NJ fuatkrialyl,83 2y 2 F
diketones in the presence of excassCPBA leads to the formation of geminal acetoxy alkanes.
These acetoxy alkanes can then be deprotected via treatment with aqueous TFA and converted
to their respective ketones. Upon determination of the scope of the reaction, this protocol
could be a viale complement to know methods for generating and functionalizing acyl anion

equivalents.
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Appendix C:

General information:

All reactions not performed at reflux were run in 1 dram glass scintillation vials. All
reactions performed under refluxing conditions were run in 5 mL Biotage microwave vials with
sealable septaaps. THF was dried over sodium in the presence of beenopie indicator.

Toluene (Tol) was dried over activated alumina and distilled over sodium. Other commercially
available reagents, solvents, and catalysts were used without additional purification unless

20 KSNB A aSt &Sy @nélyldacetodtetone as prepared according to a literature
procedure” h-1-b | LIK (i #nethyE acetoacetone was prepared according to a literature
procedure® 1 £ £ 02 YYSNDA I subsiituted BihapHthbl dio§phonczacids were
purchased from Aldrich and used without additional purification. All-oommeNJ A I -f 020Q
adz0 A0AGdzSR O0AYlFLKGK2{ LIK2 aLIKsadstku@d binGphtRahk 6 S NB
according to a literature protocdf: All noncommeiO A | f-substifliedbinaphthol ligands

were prepared from commercially available chiral binaphthol compounds according to a
literature procedure®® 'H and*C NMR spectra were obtained on Bruker Avance 500 DRX
spectrometer and were referenced to residual protio solvent signals. Cantpgurification

was effected by flash chromatography using 230 x 400 mesh, 60 A porosity, silica obtained from
Sorbent Technologies. Structural assignments were basetHpifC, DERI35, COSY, HSQC

spectroscopies. Mass spectrometry was run usingde8hiques.
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Characterization of 1-8iketones:

(4.4) 3methyl-3-phenylpentane2,4-dione’®
H NMR(500 MHz, CD@ 4+ ¢ 7.30qny, 1H, A, 7.28 (dd,)= 7.3, 1.3 Hz, 2H, Atiew),
7.22¢7.13(dd, J= 7.3, 1.3 Hz, 2H, AfGino), 2.05 (s, 6H,RC(GHF, 1.71 (s, 3H, faue OHb).

3C NMR126 MHz, CDGl + W AT ®n 12801976 /i78.1, Riftb 1 D61

o
T

(4.5) 3o0xo-2-phenylbutan-2-yl acetate

'H NMR(500 MHz, CD@l  + T ®n n Hg)Y £36 (@dlJE 7.3, N3 Hz, 2H, AfiGer), 7.26

(dd,J= 7.3, 1.3 Hz, 2H, AtiGino), 2.28 (M, 3H, e C(O)Ek), 1.96 (S, 3H, G OCC), 1.87 (5,

3H, GuatG).

BCNMR126 MHz,CD§l + HAO®T S MT N ONE.7WEREH 2.2MAYy OT =
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9@

(4.7) 3methyl-3-(naphthalen1-yl)pentane-2,4-dione

'H NMR(500 MHz, CD@ + T ® ¢ HH),V.B4 (dddJE 8.5, N2, 0.8 Hz, 1H, AMC7.50

(m, 4H, Ar€), 2.22 (s, 6H, RC(®}; 2.01 (S, 3H uarOHb).

3¢ NMR(126 MHz, CD@I ! H36y) @34H 131.5, 129.4, 129.3, 126.6, 125.8, 125.5,

125.3, 124.770.1(Cyuar), 28.4 C(OFHs), 22.0 Cpuar CHo).

(4.9) tphenylethanel,1-diyl diacetate’

1H NMR(400 MHz, CD@I ¢ cy7.G6n(m, 2H, Ard), 7.44 7.21 (m, 3H, Ard), 2.64 (s, 3H,
CquatChH), 2.33 (S, 6H, e O2CEL).

13 NMR(126 MHz, CD@ |  HJAGO,n159@ O,CCH), 134.2 ArCH), 129.8 ArCH),

128.7@rCH), 120.1 ArCH), 26.4 Q,0CHs), 21.2 CHy).
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