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Development of Novel, Regioselective Borylation Protocols

Russell Franklin Snead

Abstract

Organoboron compounds are highly valued synthetic intermediates doeirtaliverse
array of reactivitywhichis often utilizedin the synthesis offaluable organic moleculeBor this
reason, there is significant interest in the development of novel borylation protocols, especially
those whose products are suitable for further synthetic transformations towards valuable classes of
compounmls. Research iarganoboron synthesis has been geared heavily toward transition metal
catalyzed additio to double and triple bonds, though increasing number of publications detail
transition metafree borylationtechniques involving substrateediate activationof a diboron
reagent. This dissertatiodescribest he aut hor 6s thedevelopmen aftoth ans t

transition metatatalyzed diboration and a transition mdtek protoboration.

A transition metafreediboration of alkynamides @escribed in Chaptervthich uses the
unsymmetrical, differentially protected diboron reagent, pinBBdan. The method installs both
boron moieties in a regi@nd stereoselective fashion. The products have synthetic value because
they are shown to have chesalectivity in downstream crosscoupling reactions
chemoselectivity is made possible toythe significant difference Lewis acidity of thepinacol
and diaminonapthalen@rotectedboron centers This method allows for facile synthesis of

tetrasubstitute alkenes with a set geometry about the double bond.

A protoboration of allenes employing a Cu(ll) catalyst under aqueous and atmospheric

conditions is describedlhough Cu(Bcatalyzed allene protoboration is wdkscribed in the

o



literature, this is té first report of an analogous Cufit)ediated process. The selectivity of the
reaction is liganetontrolled, and moderate to good regioselectivities and yields can be achieved
through use of a triphenylphosphine as ligand. The method is an environméreatlly and

facile means by which to borylate a challenging cumulated substrate.
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General Audience Abstract

Organoboron compounds are valuable because of their ability to undergo a wide variety
of chemical transformations, and they are often used as intermediates in the synthesis of
challenging target molecules. In order for this reactivity to be exploited pagethust exist for
the efficient synthesis of the desired bermmtaining compound. This dissertation describes the
aut horés contributions to the development of
organoboron products. The first method involves iratialh of two differently ligated boron
moieties onto an alkynamide substrate to produce a single, uncotransisomer as product.

A synthetic application of these diboration products is described. The second method involves
installation of a single boromoiety into allenes. Though the same overall transformation has
been achieved in the literature with use of highlysamsitive catalysts and organic solvents, the
described method entails use otstiable CuS®@as catalyst and water as solvent. Thersfthe
method is operationally simple and environmentally friendly relative to previously described

methods.
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Chapter One: Substrate Assisted, Transition Metal-Free Diboration of

Alkynamides with an Unsymmetrical Diboron Reagent

1.1Contributions

A number of collaborators contributed to the following work. All alkynoic acids that were not
commercially available were synthesized from terminal alkynes by Bretaf& or Dr. Yumin
Dai. The synthesis of alkynamides from alknyoic acids was performed by both the author and Dr.
Yumin Dai, the latter of whom sym¢sized the majoritgf alkynamides that were diborated in the
publication. Optimization of reaction conidins for the alkynamides diboration are presented in
Table 1.1andwere primarily run by Dr. Astha Verma, with the exception of entri€s Which
were performed by the author. The diboration reactions in the substrate scope exploration were
performed bythe author (~7%) and Dr.Verma (~306). DFT calculations were performed by
members of the Yu group (Yinuo Yang and Dr. Haizhu Yu) from Anhui University as well as Dr.
Fu Yao from the University of Science and Technology of Chirtee chemoselective cress
coupling reactions were exclusively performed by Dr. Yumin Dai. Dr. Webster Santos wrote the
published manuscript and the author did significant work in editing and reformatting the

publication.
1.2Abstract

A transition metafree diboration of alkynamides with the unsymmetrical diboron reagent,
pinBBdan, has been achieved with Brondbede activation, exclusively affording theans
addition product. The reaction occurs regioselectively, installing tmicially inert Bdan moiety
at thea-position exclusively. The reaction proceeds in good to excellent yields for a wide variety
of substrates, including electroich or deficient aryl substituted alkynamides as well as a primary

1



and secondary alkynamides. We propose that the deprotonated alkynamide activatbdime B
leading to key boryl migration and cyclization steps. Mechanistic DFT studies are discussed as

well as the application of the diboration products in chemosedectosscoupling reactions.
1.3Importance of Organoboron Compounds

Boron is a semmetallic element with three valence electrons. Berontaining
compounds typically exist in either 1 dpybridized, threecoordinate, sixelectron trigonal planar
complexwith an emptyp-orbital or 2) sp-hybridized, fourcoordinate, eighelectron tetrahedral
complex earing a formal negative charge boron(Fig. 1.1). An spg-hybridized boron center
typically acts as a Lewis acid, and reversible coordination at the acabital of 1.1 generates
the tetracoordinate borate comple2 Organoboroncompounds are defined by the presence of
at least one carbemoron bond; activation of this-8 bond is a means toward greater elaboration
of the organic portion of the moleeft* Organoboron compounds have also demonstrated use as

final products in medicinathemistry*®

The diverse reactivity of organoboron compounds is mechanistically initiated through
nucleophilic coordinati on 2 Hylridizechberonocentela Wieeb o r o n
connected to an ybridized boron, the ® bond lengthens with concomitant weakening of the
bond and accumulation of partial negative charge on carbon. This in turn allows for carbon to act
as a nucleophile. For exampthis nucleophilic carbon may undergo facile transmetallation to a
transition metal such as copper, palladium, or iridium. This has allowed organoboron compounds

to be employed in a wide variety of cremsupling reaction$? Several weHlestablished methods



result in the construicin of G-C bonds, the most important of which is Suzikyaura cross
coupling (SMC)>10

\
o ©0Me o)
X .0
/Bf —_— OB A
o o
1.1

1.2

Figure 1.1 Reversiblenucleophiliccoordination to an organoboron compound.

CrossCoupling Reactions:

SuzukiMiyaura coupling Fig. 1.2A) constructs € bonds throughpalladium(0)
catalyzed coupling of an aryl halidel9and organoborot.3. This coupling is achieved through
the mechanistic cycle shown kig. 1.2B and involves organohalide oxidative additionform
1.7, ligand exchange to form.1Q organoboron transmetallatidn form 1.14, and reductive
eliminationto formdesired crossoupled product.15 Methods for Suzukiype couplings have
been extensively researched over the past few detddemd the original methods have been
extended significantly to include aryl chloridd{ whi ch were previously
conditions) and aryl halides bearing a stericathallengingortho substituent* Furthermore,
developments such as aqueous SMC reactions and SMC reactiosenaligands have been
described and studiéd.Finally, transition metatatalysts other than palladium have been
documentedd.g.coppet™®, nickel?®). Some of these catalytic systems display complementary
reactivity to Pd catalysts on the basis of subtle mechanistic differences fromaldfidgcatalysis;
for instance, Cicatalyzed SMCs proceed through organoboron transmetaljationto halide
oxidative addition®!°thus avoiding side product formation when the aryl halide also functions as
a Heck substrat¥.Nickel catalysis can extermtosscoupling technology to include alkyl halides

since formation of a metalkyl intermediate proceedsgia generation of an alkyl radical



intermediate® Even with these improvements, the original incarnatibBMC has found use in
both ndustrial and academic settifd$orinstance,itt a key step Merckos sy

a direct product of synthetic intermediaté 822

® R2l (1.19)

K,CO3
PdCl, (dppf)

R'-R2
1.4

TN

R1Pd R2 R1Pd X
| 114 17

R'-BX,
1.3

(B)

NaOtBu
S) 1.8
(OH),B(OtBu), L
1.13 \

1_pg—
R P‘d OtBu NaX

1.
R2B(OH),— R2B(OH),OtBu L 9
1.11 © 1.12 1.10

()

Tr cl
Pd(OAc); (1 mol %)

N S N \/\/L/g\/ PPh3 (4 mol %)
K,COj3 (2.5 equiv)

H,0 (2.4 equiv)
THF/DEM (20:80)
1.16 reflux, 3-6 h
1.05 equiv 1 17
1 equiv

Figure 2..2 SuzukiMiyaura crosscoupling. (A) Overall reaction(B) Catalytic cycle(C)
Application in synthesis of Losartan.

Crosscoupling reactions of organoboron compounds are not limited to SWC1(3.
Modi ficati on of Suzuki 6s original conditions
(carbonylative coupling,1.20 to 1.21)>® and esters (alkoxycarbonylatiord,.20 to 1.22).24
Carbonylative coupling results from carbon monoxide (added as a gas or pradsied®)
insertion into the oxidative addition intermediate along the SMQwt@at@athway(vide supr;

continuation of the catalytic cycle furnishes a target ketone. If a Pd(ll) catalyst, carbon monoxide,

4



alcohol, reoxidant, and organoboron compound are used, esters may be synthesized. Carbon
heteroatom linkages can be formggough copp€ll)-catalyzed Chaham coupling using an

alcohol, thiol, or amine coupling partndr.20to 1.23.8

L _re
R" "0
1.22
CO, R?0H,
PdCl, NaOAc,
p-benzoquinone
R™-BX,
CO, Pd(Phg)s 1.20 ,
K3POy,dioxane R“OH, Cu(OAc),
R EtsN, DCM
o
J‘L RZO‘RZ

R" "R?
1.21 1.23

Figure 1.3 Carbonylative coupling, alkoxycarbonylation, and Gham coupling.

Oxidation and Matteson Homologation:

When nucleophilic activation of an organoboron compound occurs whenedlemphile
itself has a leaving group, a bortwound carbon may undergo migration with concomitant
expulsion of the leaving grouffFig. 1.4. Thi s i s the mechanistic bas
reaction in which deprotonated®b acts as a nucleophile with a hydroxyl leaving gr@lig4to
1.295. Another synthetically significant example of this mode of reactivity is Matteson
homologation 1.24to0 1.26) during which lithium dichloromethanide acts as a nucleophile bearing

two chloride leaving groups, thus allowing for two successive displacerieMatteson



homologation can be done asymmetrically with use of a chivaliary, and in either case the

boron moiety is retained for further functionalization reactions.

1) LiCHCI, (-30 °C)
2) ZnCl, (-30 °C to rt) NaOH
BX; 3) MgXR? H,0,
RI—{ 2 R'™-BX, ———— R'“OH
R 1.24 1.25

1.26

Figure 1.4Br own 6 s anda Mattesdn hamnologation.

Crotylboration:

Another important reaction of organobor@mpounds is the crotylboration reactidingy
1.5). If a boron moiety is in an glic position, attack from thg-carbon to an aldehyde can occur
through a sixmembered transition state to diastereoselectively generate a (&itH .320r
1.38/1.39. Hydrolysis of these borates resultsthe production of a synthetically valuatdgn
(1.33/134) or anti (1.40/1.4) homoallylic alcohol resulting from reaction withZeor E- alkene,
respectively The diastereoselectivity is the result of a chensition state which places the
aldehyde ARO group in an equatorial position.
this methodology to the asymmetric synthesis of homoallylic alcohols; asymmetric induction is
achieved through use of chirauxiliaries on boroA”?® Crotylboration reactions have been
important in total synthesestich as those involving construction of a macrocyclic backbone with

chiral decorationg®
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\:/> OR R 0 NR MR
1.28 _ = 1.29 - : - > 1.33
OR 1.31
o] ~B(OR),

OR

[ (RO)B OH
OR ¥~ B— o z
: AESras L '
/:/> OR —R 8) N R /Y\R
1.35 - 1.36 H
. on a8 B(OR)4> 1.40
H 2
)k /J\A | O/ OH
SN 2
R™H /—=_0"/"0R :
1.27 < /Y\R 7Y R
1.37 1.39 S1m

. Figure 1.5 Diastereoselective crotylboration reaction

1.4 Synthesif Organoboron Compounds through Diboration

To exploit the diverse array of reactivity outlined above, an appropriate organoboron
starting material musgbe synthesized whose structure will allow for elaboration to the target
molecule of interest. To this end, there are numerous strategies to synthesize organoboron
compounds; among them, hydroboratiéig( 1.6A), protoboration Fig. 1.6B), reaction of an
organometallic reagent with a trialkyl boronakég( 1.6Q, and diboration reaction&ig. 1.6D.
Diboration reactions provide the advantage of simultaneously installing two functional groups for
subsequent chemical transformations. If installation oiffardnt moiety for each 8 bond is
desired, the selectivity of the subsequent reactions must be carefully controlled through differential

protection of each boron center or through substratgrolled selectivity\ide infra).



(A)

R— H-BX, - > XZB\/\R

1.42 1.43 1.44
Metal catalyst, \>—P
i i Proton source O‘B/O o)
145 R)\)K
1.47
c
© L R20\B/OR2 R?0. . OR?
R ! T —_— E
1.48 OR? R!
1.49 1.50
(D)
R——=— Metal catalyst 39(10 O\>§L
7 O-B B-O
1.51 —
1 46

R 1.52

Figure 1.6 General routeto organoboron compound®\) Hydroboration(B) Protoboratior(C)
Attack of an organometallic reagent with a trialkyl bor@g Vicinal diboration.

Diboration reactions have been successfully applied in addigaations to alkynes,
alkenes, imines, aldehydes, and ketoh&surthernore, elegant diboration reactions which entail
effective aryl substitutions have been described recé&nttythis chapter, discussion of diboration
reactionswill be restricted to diboration reactions which result in diborated alkenes as products.
Such products are among the most wgélidied, and they are among the most amenable to further

synthetic transformations.

The first diboration was reported in 1958daemployed reactive diboron compound
B2Cl4.23 This diboron reagent is reactive enough to add to an alkyne without use of a transition
metal catalyst. However, both theagent itself as well as its diboration products are too unstable
for typical synthetic use. The majority of diboron reagents used in diboration reactions are
significantly more stable tharn8ls and have ligands such as alkyl, alkoxy, or amine groupsewhil
they display superior stability to-8ls, none are capable of adding directly to an alkyne without

the help of a transition metal catalyst.



The first synthetically useful diboration was reported by Miyatra and used Pt(PRfa
as a catalystRig 1.7A).2* This vicinal diboration employed bis(pinacolato)dibordns4) and
produced exclusivelgis diboration poducts(such asl.55. Since this seminal report, numerous
platinum catalysts and conditions have been reported which achieve theidibdnadbugh a
common mechanism.hese includdPt(ll) catalysts whichorm the active Pt(0) catalyst situ
This meclanism is shown inFig 1.7B Oxidative additionof the diboron reagent to Pt(0)
precatalystl.56 produces tetracoordinate platinum intermedia&, after ligand dissociation to
form 1.58, analkene or alkyn€1.59 may then insert into the 8 bond to furnish intermediate
1.61 Reductve elimination to regenerate activ(0) catalystl.63 furnishes the diboration
productl.62 Thecis geometry of the products can be easily rationalized through consideration of

thefour-membered transition state during the critical insertion st€®{o 1.61).

)9(0 o&
/\:\/ PUPPhy)y 0§ -0
(3 mol %) <:§—<
H

154

(1.1 equiv) 1.55
®) (78%)

PhaP( B,(OR),  PhsP( B(OR),
Pt ————= Pt

PhgP’ PhsP” B(OR),
1.56 1.57
l -PPh;,
,B(OR)
B2(OR)4 PhsP-P{ . R==?
™ 5 BOR, 1.59
PhsP<
163t
(RO)B B(OR). B(OR),
PhsP—Pt-B(OR),
R'" R2? |
1.62 Rl_— R?

/ 1.60

,B(OR),
PhsP-P{_ B(OR),

Figure 1.7Mi y a u rcatélyzed Bilboration reactiod) Overall reaction (BJCatalytic cycle



Efforts have also been carried outdiborate with cheaper, more environmentallyride
transition metal catalystsCoppercatalyzed diborations of alkenes and alkynes have been
described by Fernand®zand Yoshid®, respectively. Yoshidat al achieved diboration of
internal alkynes using#inz, Cu(OAc), and PCy(Fig. 1.9. Alkynes bearing two aryl, two alkyl,
or mixed substitutions perform well in this reaction. Interestingly, the authors found that substrates
bearing one or more propargylic methoxy groups were partially substituted by a Bpin moiety,
allowing access to triand tetraborylated compounds. The reaction was thought to proceed
throughin situ generation of a bon-ligated copper intermediate66 alkyne insertion to form
1.68 followed by transmetallation with another molecule gbiB, to regeneraté.66andfurnish

diboration product.70Q

(A)
Bopin, (1.3 equiv)

2 mol % Cu(OAc), pinB. Bpin
/7 N\ 7 mol % PCy; —
_ - toluene, 80 °C, 24 h
1.64 1.65
(78%)
® L—Cu—Bpi
u pin R—=— R
pinB Bpin 1.66 1.67
R R
1.70
B,pin,
1.69 LCu Bpin
R R
1.68

Figure 1.8 Coppercatalyzed diboration of alkynel) Overall reaction(B) Proposed catalytic
cycle

Nakamuraet al®’ demonstrated that irecatalyzed diboration reactions are possible with
use of FeByt, Bopiny, LiOMe, and OMeBpin additivesF{g. 1.9A). Furthermore, th authors
demonstrated thatrganoferrate intermedis generatenh situ could be readily trapped by alkyl

bromides added in a8equivalent excess (and the absence of an OMeBpin electrophile), allowing

10



for synthesis of carboborated produstsch asl.72 This latter reaction was demonstrated on

symmetrical alkynes, only. The mechanism proposed by the authors is shBgn OB The

active catalystl.74 was a methoxyigated iron species formed from transmetallation between

FeBr. and LiOMe. Transmetadtion of1.74and Bpinz formed borodigated ironl.75after which

alkene insertion resulted in organoferraté’. A final transmetallation witl.78(present in large

guantities in the reaction as both an additive and product of the cycle) regenataitedic74as

well as diboration product.79 In the case of carboboratioh,77 was trapped with an alkyl

bromide 1.80,to form1.82

(A)

B,pin, (2.0 equiv)

Bopin, (1.5 equiv)

pinB CioHaq 20 mol % FeBr; 10 mol % FeBr; pinB Bpin
— LiOMe (1.5 equiv) pr——pr LiOMe (1.5 equiv) —
Pr1 72 Pr 1-bromodecane (1.5 equiv) 171 OMeBpin (1.5 equiv) Pr Pr
" THF, 50 °C, 20-30 h 7 THF, 50 °C, 20-30 h 1.73
(59%) (85%)
(B) (C)
|nB C H
pinB Bpin L—Fe—OMe ) P o L—Fe—OMe
>:< 1.74 B,piny 1.74 Bopiny
R _R 1 sz
1.79 +LiB
OMeBpin er OMeBpin
OMeBpin BfC1oH21
1.78
+LiOMe
LFe Bpin 1.81 LFe Bp|n
>—< L—Fe—Bpin L—Fe—Bpin
'ﬂ_ﬂu 1.75 Riz7 \—%1 75
R——R R——R
1.76 1.76

Figure 1.9 Iron-catalyzed diboration and carboboratioh) Overall reactiongB) Diboration

catalytic cyclg(C) Carboboration atalytic cycle.

As well-studied SMC coupling partners, these vicicialdiboration products are suitable

precursors to highly substituted alkenes. When an unsymmetrical alkyne is diborated, the
chemoselectiwy of the downstream reactions must be secured if different coupling partners are

11



desired for a given B bond. In the case dliboratedterminal alkynes, it has been demonstrated
that crosscoupling occurs with good selectivity for the terminal boron yofEig. 1.10. For
instance, Miyaura reported a successful couplingloodnotoluene and diborateenexyne(1.85

to form coupled product.87, with only 7% yield of udesired doubhkcoupled product.8838

53715 cho3 DMF
H n-C4Hg 80° C

1.85 1.86 1 87 1.88
(79%) (7%)

Figure 1.10 Chemoselective crosupling of a diborated terminal alkyne.

A novel diboration reaction of terminal alkynes which favors subsequent coupling at the
internalcarbon has been described by Suginetra3?; this complementaryeactivity is achieved
through use of an unsymmetrical diboron reagent, pinBB@aig. 1.11 1.90. The
diaminonapthalenigated boron center acts as poor Lewis acid, largely due to significant electron
donation from the adjacent nitrogen atoms; thus, it is resistant to the requisite nucleophilic
coordination needed for transmetallation and comegding to occur. Through use of either
platinum or iridium catalysis, vicinal diboration with selective installation of Bdan at the terminal
carbon was achieved in good yields and excellent selectivities. As suchcaupdiegof 1.91
with 4-bromotolueneg(1.92) afforded coupling product.93 with reverse selectivity thathat

previously observed by Miyaura

12



B NH
IrCl(cod), (1.5 mol %) (11 equiv)
1 89 toluene, 80°C PdCl; (20 mol %)
1 90 24h KsPO, (3 equiv) Q 1.93

H0 (1 equiv), THF, (91%)
1.91, 85% 80°C, 15h
(99:1 regioselectivity)

Figure 1.11 Diboration of a terminal alkyne with an unsymmetrical diboron reagmmd
chemoselective crosupling at the internal 8 bond.

Internal alkynes pose a greater challenge for chemoselectivity in downstream cross
coupling reactions. When diborated with a symmetrical diboron reagentBgpiny), there is
typically nothirg to bias selectivity toward one®bondor another. If diborated with pinBBdan,
there is nothing to bias the regioselectivity of Bdan installation to one of the two available alkyne
carbon atoms. However, some examples exist of vicinally diborated alkehieh exhibit

chemoselectivity by virtue of steric or electronic effects.

Nishiharaet al.° demonstrated one such chemoselective ezospling after diborating
TMS-protected terminal alkyne@d=ig. 1.13. When carefully optimizedanditions along with
Pd(dppp)Cl as catalyst were used, selective crosspling occurred solely at the Egeminalto
the TMS moiety. For example, qgoling of 1.94 with 4-iodoanisole(1.95 produced coupling
productl.96solely at the position geminal toe phenyl group in 73 % yieldThe authors suggest
that the chemoselectivity of the cressupling resulted frorthe a-effect of silicon; this stabilizes
the partial negative charge buildup inherent in transmetallatitre atboron only. Interestingly,
Nishiharaet al also silaborated (using pirBiMe:Ph) Bpinprotected acetylene to produce a
geminally diborated alkene, which retained the same selectivity pattern with the boron moieties
geminal to one another. The authors demonstrated the utilityesé tlatter diboration products
throughsynthesizingchallenging tetrasubstituted alkeh®6with defined stereochemistry about

the GC double bond.
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PdCly(dppp) (10 mol %)

o TMS MeO | KOH (aq, 3 equiv)
; ( € THF, t, 3 h

pinB Bpin
1.94 1.95
(1 equiv) (1 equiv)

Figure 1.12 Chemoselective crosoupling of a vicinally diborated alkyne.

In addition to vicinal diboration reactions, geminal diboration reactions have been reported
To produce a geminally dibated alkene, typically a monosubstituted ordigubstituted alkene
is used as borylation substrate, with diboration occurring through an effective substitution of both
alkene protons. However, such a transformation is synthetically challenging, as transitien metal
mediated removal of alkene protons entails formation dakmgdride intermediates capable of

reducing the desired diborated alkene.

Despite this challenge, a rhoditratalyzed geminal diboration of alkenes was described
by Marderet al. in 2003*" Successful installation of bis(pinacolato)diboron or bis(neopentyl
glycolato)diboron into monosubstituted alkenes ordigubstituted alkenes was achieved with
use of trans[Rh(CI)(CO)(PPh)] as catalystKig. 1.13. Notably, solvent choice was established
as necessary for the suppression of hydrogenation products, egpecta case of a mono
substituted alkene {dinylanisole). The authors were unable to establish a streauglgorted
mechanism, but suggested the mechanism may (in part) entail alkene insestiBh-Bibonds

followed by rapidb-hydride elimination.

Bopin, (1.3 equiv)
trans-[Rh(CI)(CO)(PPhgz),]

Bpin
/@/\ (3 mol %) m
MeO toluene:ACN (3:1) MeO pin

1.97 1.98
(88%)

Figure 1.13Rh-catalyzed geminal diboration.
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A palladiumcatalyzed geminal diboration of mosabstituted alkenes has also been
reported by lwasawat al (Fig. 1.19.%? The authors used AlEas additive and a PSjgincer
ligated palladium (1.103, to effect the geminal diborahoor rare trans diboration product,
depending on substrate choice. Select examples are sh&wliri4 The reaction was purported
to proceed by two subsequemisituformations of a P@B complex, alkenénsertionsnto the Pd
B bond, and rapith-hydride elimination. Thérans selectivity was rationalized by positingsgn

additionb-hydride elimination to #ransmonoborylated alkene.

Catalyst 1 (2 mol %)
AlIEt3 (2 mol %)

Bpin
A B,pin, (2 equiv) NP
toluene, t, 1 h Bpin (Ar= 3,5-(CF3),CeH3)
1.99 1.100 OTf
(90%) Ar,R—_ 1 _—PAr,
Catalyst 1 (10 mol %) Pd
AlEt; (10 mol %) Bpin Sli
B,pin, (2 equiv) x_H
CeHiz THE, 60 °C, 6 h CeH1g . Me
1.101 Bpin 1.103
1.102, 63%
(81% 2)

Figure 1.14Pd-catalyzed geminandtransdiboration of alkenes.

Though the vast majority of diborations are transition rredgdlyzed, several effective
diborations have been developed which prossastransition metal catalysts. Many of the most
recent examples produce the uncomrrans diboration product and entail substratediated
activation of the diboron reagent, allowing for intramolecular attack at an unsaturation site to form

C-B bonds.

The first of the transition met#éilee vicinal diboration protocols was developed by
Uchiyama and coworkef$.The authors disclosed diboration of propargylic alcohéig 1.15.
Mechanistically, the reaction was purported to proceed through deprotonation of the alcohol with
n-butyllithium followed by coordination to the diboron reagent to fdrt08 Installation of the
uncoordinated Bpin moiety occurred through a five membered transition state, genamating
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effective carbanion at thb position (.109. This nucleophilic carbon was then capable of
coordination to the second Bpin to furnish proddcid Q Thetransgeometry of the products was
ensured by the need for theL€bond to be positionedis to the electrophilic portion of the
intermediate. Hydrolysis of.110 furnished oxaborole products such h411 Experiments
performed by Uchiyama and coworkeas, well as a DFT study, demonstrated that the lithium
counterion was necessary to stabilize the reactive intermediates and transition states between them.
Interestingly, exploration of the substrate scopeealed that a minimum of omesubstitution on

the propargylic alcohol was required for reaction to occur. This was attributed to the-Tingojzk

effect. Overall, the reaction performs well for both arylpropargylic alcohols as well as

alkylpropargylic alcoholstypically resulting in percent yields eseding 70%.
Li

1) nBuLi (1 equiv), rt, 30 min B\O
2) B,pin, (1.1 equiv), THF, \ (17;00/5)
75 °C, 24 h, worku °
1.104 P o-B.
O

Q[\ i+
Li )
/ /B /,

(o} 0"~ °BO
nBULI iO\BB/Oi > O \Oi
= BB

/
1.106 °c 0 &
: 1.108
0
Ho A éJ§<
B-o O\%,O Li 00
\ =0
o-B. B 1.100
| 3 .

O

Figure 1.15 Transition metafree diboration of propargylic alcohols. (A) Overall reaction (B)
Reaction process.

A second example of transition metede vicinal trans diboration was described by

Sawamuraand coworkersHig. 1.16.%* The authors used catalytic tributylpipbie to install



bis(pinacolato)diboron into alkynoiesters. The proposed mechanigmtailed b-conjugate
addition of the phosphineto the alkynoate (1.113 with concomitant attack on
bis(pinacolato)diboron to form allenolatel14 Intermediatel.115is producedria attack at the
internal carbon through avi-membered transition state. Due to the delocalized nature of the
alkene double bond, isomerizationlid 16has a relatively low barrier to rotation. Attack of the
ylide on the oxygetbound boron generates intermedihtEl 7, which is then capable of exigion

of the active catalyst and formation of the desitemhs diboration productl.118 They
demonstrated that silaboration could occur through this process as well witlafiostalf a silyl
group at thea position and boron at the position. Sawanma and coworkers demonstrated the
applicability of their reaction to a variety of alkynoic esters bearing eledtbrand eletron
deficient phenyl rings othe alkynoic ester triple bond as well as alkynoic esters bearing alkyl

groups on the alkyne.

Bu._.B
R™ X~ 0Et Hp
Bpin Bu €]
1.118 1.112 Q Bpin
B
BugP. 90
UsFa___
Bpin Oe R A;:<
P 1.114 OFt
BusP OEt
1.117 Bpin
B B ®P e 0
n
R o™ UsP 2~ Bpin

Figure 1l16Sawamur ads pr op o s teadsdiboeattoh @& alkyroimesters.r t h e

The diborated alkynoic esteese especially interesting diboration productghat they

showchemoselective crosupling due to thelectronic prefenece in transmetallation at tlae

17



Bpin (Fig. 1.17 1.129. Reaction of théd-Bpin could then be achieved by increased reaction
temperatures to faish a tetrasubstituted alkedel24 Sawamura elegantly demonstrated that

these tandem cros®uplings in a formal synthesis of tamoxifen, an-anéiast cancer drug.

Br4< >*0Me 1.121

Pd(OAc); (5 mol %)
DtBPF (6 mol%)
iProNH (4 equiv)
H20 (17 equiv)

o} )9(
Ot O\BiB,O PBus (0.1 eq)
4 g "o THF or
Ph" 1119 neat, 80°C, 8 h

Br@ 1123

o-BO Q okt Pd(OAC), (5 mol %) ot
_ DBPF (6 mol%)
pH K3PO, (3 equiv)
H,0 (7 equiv)
1.122 toluene, 60 °C, 16 h
(83%)  OMe OMe

Figure 1.17Chemoselectiverosscoupling withtransdiborated alkynoic ester

Suginome et al*® reported a bipyridingatalyzed trans diboration of
acetylenedicarboxylate§ig. 1.18A which proceeds by a proposed mechanism similar to

Sawamuraet al, with bipyridine (1.127 in place of PBglas the organocataly$Fig. 1.18B.

Sugi nomeds di borati on proceeded wi t h moder at

unsaturations unborylated.
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(A)

CO,Et 5 mol % bipyridine

CO,Et

pinB._~ )
ELO.C THF, 60 °C, 14 h Bpin
2% 1125
CO,Et
(1.1-1.3 equiv) 1.126
(74%)
(B)
Z N 1
. I _ i xR
[ N~
N~
COOR? #
pian)\B 1.128
pin BN
COOR? N‘
1.133
. OR?
2plnB _ N@1129 OR2
R20,C.] 0O \ y
VN ° &
| © 0@ BB
R % o] o}
1.132
0O ping-B°
L0
R?0” ==
OR? =N'® OR?
pinB Z>0-Bpin \ ~ 1.130
2 ) R!
\ /
o] A g
1.131 (after rotation)

A final example otransvicinal diborations comes

contraints imposed by the ligands on each boron result

19

Figure 1.18S u g i n d&ran®dibsration reaction. (A) Overall reaction (Byoposed catalytic

from Yamashita and cowofferbo

reported the first transition metlike diborationof terminal alkynes using thensymmetrical
diboron reagent pinBB(Mes|1.136 and 3 mol %n-BulLi (Fig. 1.19. Diboron reagent.136had

been shown to have unusually high Lewis acidity about the mégeyed boron center. Steric

in high overlap between the tw@ vacant

orbitals, dramatically increasing Lewis acidityin the diboration reztion, deprotonated terminal

alkyne first coordinates to the mesitiated boron to form intermedialel37, stabilized by the



lithium counterion. The Bpin moiety themigrates, generatirigtermediatel.138 Protonation of
1.138with another molecule of terminal alkyne generates diboration prddi8®and another
molecule ofl.135capable of undergoing the diboration. The high rativasfsto cis diboration

product were ascribed in part to the lithium coordination to inteiatesdl. 138 though further
mechanistic studies have not yet been reported to fully explain the stereoselectivity. The reaction
was successfully applied to various phenylacetylenes and terminal alkynes with alkyl substitutions,
the diboration products dicbhdisplay any selectivity in subsequent crosspling reactions even

with two differently ligated boron centers.

/ + nBuLi
Ph (3 mol %)
1.134 l

BMes, Li
Ph ¥

1 135
BP'” 1 136
1.139
1 134
Mes

/ \Mes
B P B Mes Ph 74 B-o

o~ \
Li---0

1138 Ph  Mes
1.137

Figure 1.19Catalytic cycle fothetransitionmetatfree diboration reaction utilizing MeBBpin.

In addition to transition metdtee vicinal diborations, transition mefaée routes to 1;1
diborylalkenes have been devised. Hiyaghal used alkylidengype carbenoid¢e.g.1.14]) to
achieve geminal diboratiorl (42 Fig. 1.20.%%° The diboration products were produced by
nucleophilic attackon bis(pinacolato)diboron followed by a ip#gration with concomitant
expulsion of bromine. The alkylide starting materials could be produced metathalogen

exchange of geminally dibrominated alkenes wmBiLi.
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nBuLi (0.94 equiv)

Br Li Bpi
<:>:< THF:EL,O (2:1) <:>:< Bapin (0.94 equiv) <:>:< pin
Br 110 °C 5r 110 °Ctort

B
1.140 1.141 1.142

Figure 1.20Hi yamadés geminal diboration using al kyl:

Sawamuraet al®° described the LiBu-catalyzed geminal diboration of termirakynes
bearing either an ester, amide, or azole group off the triple bogdl(2). Deprotonation of the
alkyne furnished a lithium acetylide capable of coordination to bis(pinacolato)diboron- A 1,2
migration of the tricoordinate boron center the rdatively electrophilicb-position followed by

tautomerization furnished the desired-tlihorylalkenes.

0] Bypin, (1 equiv) Bpin O

LiOtBu (10 mol %)
%OMG ACN, 40 °C, BpinMOMe

H 1143 1.144
(83%)

Figure 1.21Lithium tert butoxidecatalyzedyeminal diboration

The geminally dibor&d alkenes are of high syntheiitterest because they display
chemoselectivity in downstream cressupling reactionsRig. 1.22.5%*21 n t he case of F
products Fig. 1.22A), crosscoupling of the positioris to an alkyl (or alkene) substituent will
crosscouple first. The basis for this selectivity is poorly understbad electronics likely play a
more determinant role than steric effects, as evidenced by the retention of stereoselectivity in the
presence of highly bulky alkyl groupgefertb ut y | ) . I n the cabig of Se

1.22B), > selectivities for the initial crossoupling occutransto the carbonyl group.
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(A)
Pd,dbas (5 mol %)
Bpin P(tBu)s (2 mol %) Bpin
P FOI 3 M KOH (aq, 1 equiv) /
Bpin THF, rt
Et 1.146 Et R
1.145 (1 equiv) 1.147

(B)
Pd(OAC), (5 mol %)

Bpin O DtBPF (6 mol %) Bﬂ” Q
K3POy4 (2 equiv) OEt

BpinMOEt @Br H,0 (7 equiv) 1.150

1.148 1.149 toluene, rt, 5 h (71%)

Figure 1.22Chemoselective crosoupling of geminally diborated alkend#) Crosscoupling
with Hiyamabds -popaguchg wBj hCSawamurads produc

1.5 Project Motivation and Proposed Mechanism

Direct methods for alkynamide diboratisanstransition metals had not been described,
and the conditions of Sawamuetal.are unable to efficiently diborate these substrates due to the
comparative lek of electropositivity at theb-carbon yide infrg. Furthermore, regioand
stereoselective installation otl#ferentially protectediiboron reagent through such a method has
not been described. Such a method would have synthetic value because the chemoselectivity of
downstream reactions would be secutedugh protecting groups rather than substdaigendent
steric bulk or electronics. In order to address the shortcomings of the previously desetibeds
and develop the relatively undevelogedd of transition metafree diboration, alkynamides we

diborated using the unsymmetrical diboron reagent, pinBBdan.

The proposed mechanism at the outset of the project is shokig ih23 Substrate
assisted activation of the diboron reagent would be achieved through coordination of a
deprotonatedlkynamidel.152to the pinacejprotected boron, forming intermedidtd 53 Attack
on the diaminonapthalerigated boron was considered unlikely due to its aforementioned lack of
Lewis acidity. Installation of boron onto carbon would oceia successiveive-membered

transition states to furnish intermediale$56and1.157 the latter of which furnishes diboration
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product1.158(exclusivelytrans) after agueous workup or exposure to silica. Atteieka Six

membered transition staf¢.154 was a poshility, but was considered to be kinetically less

favor ed

likely generate a vinyl aniomt the a-position, which would then face a challenging four

on

t

he

basi

s of

Bal dwi-ménderad urig eyculd

Furt

membered transitiortate in order to coordinate to Bpin. In such a case, the reaction might reverse

and proceed through the faveembered transition states.

Figure 1.23Proposed mechanism for the substagsisted diboration of alkynamides

1.6 Optimization of Reaction Conditions

base

Aq Workup

5-membered TS

+X

08,0
darig” Q
Ia

N—

/

Ar

5 favored over 6
kinetically

%0 QA L/
O—B>_?~NH
;

Bdan

.

6-membered TS

O

dan
/Q)\

Y

Product not observed

O

O

Preliminary studies employing bases such as alkyllithium reagents and hydrides suggested

that the desired product yields could be improved with the use of a chelating reagent as additive.

There are two hypotheseségplain this. Firstly, coordination of the cation to the deprotonated

ami deds

diminished. Secondly, the putative vinyl anion may coordinate to the cation, whioteseis

oxygen

may

attenuate i
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ability to coordinate to the Bpin moiety. This is supported by experiments demonsthating t
without crown ether, mora-borylated product is contained in the product mixture. In these cases,

it is hypothesized that the vinyl anion is unabledmplete the intended reaction efficiently and
instead reacts with adventitious water or labile protons from free pinBBdauich, appropriately

sized crown ethers were employed in the optimization studies. The optimization table is shown in
Table 1.1 Experiments employing weak bases produced either trace amounts of product or low
yields (entries 47). Potassiuntert-butoxide, while unable to quantitatively deprotonate an amide,
gave a moderate yield of 54% (entry 8). Interestingly, lithium hydridenagthyllithium failed to
product diboration product in good yields (entries 9 and 10). However, sodium hydride and
butyllithium produced 70% and 44% vyields in toluene, respectively (entries 11 and 12). Testing
bothn-butyllithium and NaH in THF (entriek3 and 14, respectively) revealed the best conditions

to be those employing NaH and-&éB&wn6 in THF. Since solvent stabilization of the challenging
vinyl aniortgenerating step might play a large role in reaction outcome, a short screen of solvents
with various polarities was undertaken (entriesl¥). Though THF remained the best solvent for

the trans diboration, the reaction was shown to work well in several other solvents. A control
experiment using the best conditia@scrown ether demonstratedysificant reduction in yield
(entry 18). Lastly, an experiment run with a

system does not work on alkynamideatry 19).
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base, crown ether pinB O
pinB—Bdan  + 7~ NHMe  semn WNHMe
Bdan
Entry Base Solvent Crown Ether Yield [%)]
1 pyridine  THF None trace
2 DBU THF None trace
3 TEA THF None trace
4 NaOH THF 15-crown5 trace
5 NaOAc THF 15-crown5 trace
6% CsCQ toluene 18-crown6 16
7 CsOH toluene 18-crown-6 27
8 KOtBu THF 18-crown-6 54
h LiH toluene 12-crown4 14
107 MelLi toluene 12-crown4 21
118 BuLi toluene 12-crown4 44
1 NaH toluene 15-crown-5 70
13 BuLi THF 12-crown4 71
142 NaH THF 15-crown-5 81
15 NaH 1,4-dioxane 15-crown5 74
16° NaH CPME 15-crown5 50
17 NaH CHsCN 15-crown5 55
18 NaH THF None 50
19 PEg THF None 0

Table 11: Optimization table for the alkynamides diboration react®aneral procedure: Base

(1 equiv), alkynamide (1 equiv), and crown ether (1 equiv) were added in THF (0.2@Mo,0t)

and stirred for 30 min. 1 (1.0 equiv) was added and the reaction was allowed to stir for 1 h. Yields
were determined byH NMR analysis of the crude reaction mixture after aqueous wofkup
Performed by Dr. Astha Verma.
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1.7 Determination of trans Geometry

Thetransgeometry of the products was established with aayXcrystal structure, shown in
Fig. 1.24 of the diboration product d-methylphenylalkynamide. The crystal structure not only
proves the predicted regi@and stereoselectivity of theeaction, but also reveals that there is

coordination of the Bpin moiety by the amide oxygen.

Figure 1.24 Crystal structure of diborate-methylphenylalkynamide. The crystal structure is
contained in the Cambridge Crys$tgjraphic Data Center: 1523026cawas elucidated by Dr.
Carla Slebodnick and grown by Dr. Astha Verma.

This coordination is also shown in tH8 NMR spectra of the produgtas increasing Sp
character of a boron center corresponds to an upfield shifBof Spectra for diborated
alkynamidescontain a shift corresponding to arf Bgbridized boror{~28 ppm)as well as a shift
corresponding to a tetracoordinate bo(eh4 ppm) A representativepectrumis shown inFig.

1.25
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Figure 1.25B NMR spectrum of the diboration product féimethylphenylalkynamide.

1.8Substrate Synthesis an®ubstrate Scope

Because none of the alkynamides tested were commercially available, all were synthesized
from an alkynoic acid produceda reaction of a commerally available alkyne with C®and
acidic workup. Only two alkynoic acid starting materials (phenylpropiolic andi oct2-ynoic

acid) were available commercially.

Synthesis of the alkynamide substrates was easily achieved according to the following
synthetic methods. Variousl-methyl arylalkynamidesvere produced by conversion of the
corresponding alknyoic acid to a pivalic anhydriote situ followed by substitutionwith

methylamine solutionHig. 1.26A.°®> When this method was applied with amines other than

27



methylamine, however, some pivalic amide byprodwct (1.165 was formed which was

challenging taemove

(A)
o 1) TEA (1 equiv) o O Methylamine (2 equiv, 2M in Et,0) Q
30 min, -20 °C /k TEA (4 equiv), overnight, rt /L -
OH - : N
/ 2) Pv-Cl (1.1 F O)H< DCM 1// H
RT 1.159xx equiv) 3 hr, -20 °C R 1_-160_XX R 1.161xx
(in situ)
0 Q o)
= N7 e N
Z  H H Z A
1.161a 1.161p 1.161r
(88%) (81%) (54%)

(0]
-
Zam
7 1.161aa
S (63%)
(@]
Z
1.161ac
MOMO (73%)
(B)
o 1) TEA (1 equiv) Butylamine (2 equiv) (e}
30 min, -20 °C TEA (4 equiv), overnight, rt Bu ]
7 " i i DCM = N ~Bu
74 2) Piv. chloride (1.1 7 H + ”
1.159 i -20 ©
a equiv) 3 hr, -20 °C 1.161f
1.165

Figure 1.26Synthesis of alkynamides through pivalic anhydride formag&nOverall reaction
and substrates synthesiz@d) Side product formation with butylamine.

The remainder of the alkynamides were produced either through carbonyldiimidazole

(CDI) mediated copling of the alkynoic acid and amineFig 1.27A°* or N,
dicyclohexylcarbodiimide (DCGinediated couplingRig 1.278.%° From these two methods,

severalN-substituted alkynamides as well as ndvehethyl arylalkynamidewiere synthesized.
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(A) 1) CDI (2 eq)
o DMAP (0.1 eq)

y OH DCM, -20°C, 30 min
7 2) Amine (. 2eq overnight
1.159a 1.161xx
i pue
N =
Y ” = N/\/
1.161f 1. 161g 1. 161|
(56%) (40%) (32%)
(B)
o 1) DCC (1.1 equiv)
N-hydroxysuccinimide (1.1 equiv) >
R? =~ OH 4 h, rt, dioxane ’R
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Figure 1.27 Synthesis of alkynamides through use of CDI (A) or DCC (B). All substrates in Fig.

1.27B, excludindL.161ae were synthesized by Dr. Yumin Dai.

With alkynamides substrates in hand, studies aiming to elucidate the scope of the

diboration reaction were pwred. Phenylalkynamides bearimgrious substitutions otihe amide
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nitrogen were first tested~ig 1.2§ and were comparedith optimization productl..171a A
primary alkynamideinderwent diboration in 57% yie(d.171bh. A tertiary alkynamide failed to
diborate (.1719, consistent with the proposed mechaniequiring initial amide deprotonation
Alkynamidesbearing straighthain alkyl groupsi(.171df) diborated with yields greater or equal

to that of1.171a

O pinBBdan

R2 (1.4 equiv) ping O ,
. -
=7 'T‘1 NaH (1.1 equiv) PhMN’R
Ph R 15-crown-5, THF BdanR'
1.161a-k nt,0.5h-1.0h 1.171a-k
pinB O pinB O pinB O pinB O
N Me N
Ph N Ph)ﬁ)LNH2 PhMN Me  pp N Me
Bdan Bdan BdanMe Bdan
1.171a 1.171b 1.171¢ 1.171d
(67%)° (57%) (0%) (85%)?
pinB O pinB O pinB O
> N Z
PhMN/\/M‘E Ph H/\/\Me Ph H/\/
Bdan H Bdan Bdan
1.171e 1.171f 1.171g
(68%)” (73%)*¢ (51%)?
pnB O /O pinB O /O pinB O pinB O
N N N _Bn
Ph/H)LN Ph/H)LH PhMN,Ph Ph/H)kH
Bdan " Bd Bdan' Bdan
1.171h 1471i 1.171j 1171k
(35%)" (68%)” (44%)° (56%)°

Figure 1.28 Diboration ofN-substituted alkynamide& equiv NaH/crown ether use®dt equiv
NaH/crown ether used, heated at°60 3 h.© Performed by Dr. Astha Verma.

Alkynamides bearing a secondary carlaerto the amide nitrogen were more challenging
diboration substrates. Both aficyclopentyl (.171H and N-cyclohexyl (.171) substitution
required heating in a sealed vial {60 and extended reaction times (3 h) and furnished diboration
products in 35% rad 68% yield, respectively. It is hypothesized that these substrates attack the
diboron reagent less efficiently due to steric balk.alkynamidebearing arN-phenyl substitution

(1.171) also required these comparatively harsh conditions, and its abibist as a nucleophile
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was likely attenuated by both electron delocalization into the phenyl ring as well as increased steric

encumbrance in the vicinity of the attacking amide oxygen.

An allyl-subsituted alkynamidel(1719 diborated in 51% vyield witmo evidence to
suggest competing borylation of the alkene, demonstrating chemoselectivity for the triple bond.

Finally, anN-benzyl substituted diboration produét171K formed in 56% yield.

N-methyl alkynamidesearing substituted aryl ringgere expbred next in the context of
the diboration reactionH{g. 1.29. Steric encumbrance was well toleratadd arylalkynamides
bearing alkyl groups were efficiently diborated in good to excellent yidld§1}r), including
those withortho (1.1719 and meta(1.171m methyl substitutions. Additionally, the steriiga
challenging mesityl group ahe triple bond1.171r) yielded 49% diboration produdhe reduced
yield may be due to the steric challenge in vinyl anion coordination to Bpin, thus allbwing
protonation to be competitive with the intended diboration proédsstronrich substrates such
as those bearing strongly electrdonating groupsl(171sv), including methoxy groups at the
ortho (1.171y and meta (1.171y position performed withrougHy the same vyield as the
optimization substrate. Electrateficient arylalkynamides bearing electron withdrawing groups
atpara (1.171wx), ortho(1.171y), andmeta(1.1712 positions, were efficiently diborated in good
yields. Alkynamides bearingroups such as thiophene and napthalene also underwent diboration

in good yield {.171aaab).

Because the proposed mechanism entailed formation of aanioy, it was of interest to
determine whether this intermediate was accessible without a phenio stabilize the transient

buildup of negative charge on thecarbon. As such, an alkglubstituted alkynamide was
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subjected to our conditions and afforded diboration product in 67% yield, demonstrating the ability

of these substrates to undergo diborasansstabilization afforded by conjugati¢h.171a¢.

pinBBdan

(1.4 equlv pinB 9
NHMe 0 D equiv) NaH (2 equiv) RMNHMe
15-crown-5, THF Bdan
1161Iag n,0.5h-1.0h 1.1711-ag
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NHMe NHMe NHMe NHMe NHMe
Bdan Bdan Bdan Bdan Bdan
14711 1.171m 11-,1,, 11710 1.171p
(71%) (70%) (70%) (56%) (77%)2b
plnB CHj Bpm (o] plnB pinB pinB
HsCO.
NHMe NHMe NHMe NHMe NHMe
Bd Bd Bd
Bdan CH?dan an H,CO an an
1.171q 1471r 1171s 1.171t 1.171u
(67% 74% a,b (61%)
) (49%)% (74%) (72%)
me pinB pinB pinB pinB
NHMe
NHMe NHMe MNHMe MNHMe T
odEfan Bdan Bdan o) Bdan
3 1171z
1471y 1471w 17107/10)( 1171y (74%)*0
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NHM D NHMe
e NHMe NHMe Bdan
Bdan Bdan HgC\O/\O Bdan g
1.171aa 1.171ab 1.171ac 1471ad
(7T1%)20 (44%) (58%)° (59%)
i Bpin O
pinB Bpin O < P
M)\I)L WN/ N
NHMe H Bdan
Bdan TBSO Bdan HO
1.171af 1.171ag
1.171ae (0%) (0%)

(67%)?

Figure 1.29 Substrate scope ®f-methyl alkynamides®1.1 equiv NaH/crown ether was uséd.

Performed by Dr. Astha Verma.

Finally, substrates with protectingroups were teste@l.17lacad, 1.171af. Those
bearing benzyloxy(1.171ad and methoxymethylethefl.171a¢ groups at thepara position
performed in 59% and 58%, respectively. However, a-pBffectedpara hydroxyl group was
immediately deprotected withddition of NaH(1.171aj. Furthermore, an unprotected hydroxyl
group failed to undergo diboration, even with formation of the diamasitu, employingtwo

equivalents oh-BuLi (1.171ag.



1.9DFT Studies

A DFT study was performed on the proposed tieaanechanism to check its plausibility

and gain greater insight into the reaction mechar@atculations were performed by Yinuo Yang

from Anhui University under the supervision of Dr. Fu Yao (University of Science and Technology

of China) and Dr. HaizalnYu (Anhui University).The calculations were done at the B3LYP level

with 6-31+G(d) basis sets, andh amplicit solvation model (THF, SMD modelvas used to

account for solventThe results of the calculation are shawifrig. 1.30
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Figure 1.30DFT calculations for thalkynamide diboration reacticat 298 K

These calculations corroborate the proposed mechanism. Attack of the deprotonated

alkynamide on Bdarilé-16) is kinetically less likely than attack on Bpib#15), and the resulting

a-borylation with Bpin (L6-TS2d) is also more kinetically challenging than the corresponding step

in the proposed mechanismi%TS2). Furthemore,a-borylation (by Bdan) through a six

membered transition state is less favored kineticAlyT(S1); thus it can be concluded that the
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a-selectivity of Bdan is governed by the kinetics of this step rather than an inability to proceed

with the second borylation through a fanembered transition state.

Additionally, the electron density mébig. 1.3 of the highest occupied molecular orbital
(HOMO) was mapped foan analog ofthe lowestenergy conformation of the vinylanion
intermediate; the structure corresponds to the vinyl anion intermediate formed from diboration of
an alkynoic acid with Bpin.. Thissuggestghat there is only partial dedalization into the phenyl
ring in the alkynamides diboration system, consistent with the perpendicular orientation of the
phenyl ringdés plane rel ati v e fotte minima effecsfof t he |

phenyl substituents on reaction outcome.

Int 4a (-11.0)
.9
0 0 trans C* ® .JJ“J
QA §y2eSdo
- \O J’ J‘JJ
J .'b ‘
4 2
R
J "té ‘

Figure 1.31Electon density map of the HOMO of an analogousy/l anion intermediate derived
from alkynoic acid borylation with bis(pinacolato)diboron.

1.10Applications: Chemoselective Crossoupling

The ability of the diboration products to undergo chemoselective-coagsing reactions
was demonstrated through sequential comgplings (Fig 1.39. Reaction conditions were
optimized such as to minimize degradation of the diboration products ateeldeaperatures.
Under microwave irradiation and using Pd(BPkhs catalyst, 4odoansole was first coupled to
the b-position of alkynamidd..171ato furnish coupling product.175 The diaminonapthalene

moiety was deprotected under acidic conditionsl agprotected with pinacol as described
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previously in the literatup& to form intermediatel.176 Finally, a coupling with aryl iodid&

furnished tetrasubstituted alkehd 77

MeOQI
(2 equiv)

Cs,CO0O3 (3 equiv)
Pd(PPh3),4 (5 mol %)
toluene, 10 min,
microwave, 80 °C

pinacol (5 equiv)
THF, rt, 18 h

N (0} |
< ) - OMe
(2 equiv)
Pd(OAc); (5 mol %)
RuPhos, (10 mol %)
NaO'Bu (3 equiv)
toluene, 10 min
microwave, 80 °C,

l 2M H,S04 (6 equiv)

Figure 1.32 Chemoselective crossoupling ofthe alkynamide diboration productéll reactions

performed by Dr. Yumin Dai.

1.11Conclusions

With this project, the authors have developed the first transition Hine¢atliboration of
alkynamides. The reaction occurs with complete stereoselectivity affordingrémes diboration
productbearing the Bdan moiety at theposition. A wide substrate scope was demonstrated with
examples of primary and secondary phenylalkynamides, alkylalkynamides, and
heteroarylalkynamides. The products demonstrate chemoselectivity in deamnsteactions by
virtue of the differential protection of the boron moieties, which had not yet been demonstrated in

atransdiboration or a transition metédee diboration.
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Chapter Two: Copper(ll) -catalyzed Protoboration of Allenes under Aqueous

and Atmospheric Conditions

2.1Contributions

The work in this section was performed solely by the autiditing of the final manuscript

was done by Dr. Webster Santos.
2.2Abstract

The development of a novel Cufidptalyzed protoboration of unactivated allenesler
agueous conditionss described The regie and stereochemistry of éhproducts is ligand
contrdled with use of 10 mol % triphenylphosphine additive allowing forftimemal hydroboration
of the internal alkene to afforproduct2.2ain moderateto-good yields and selectivities. The

reaction Fig. 2.]) is tolerant ophenylallene derivatives as Was alkytsubstituted allenes.

CuS0y (0.01 equiv), NH,Bn (0.05 equiv)

R R '
R PPh; (0.1 equiv), Bopin, (1.1 equiv) - =(_ >=/ 19-87% yields
== water, rt, ~4 h - -0 o0-E Selectivities for 1—a|k§n—2—yl
21 / \O boronate product ranging from
0)6( 7$< 67% to 93%
2.2a 2.2b
major minor

Figure 2.1 General scheme for the copperdBtalyzed protoboration.

2.3Hydroboration Reactions

As discussed in Chapter $ynthetically valuable organoboron producem be produced
through both hydroboration and protoboratibnth of whichcan be broadly defined d&srmal
hydroborationreactions.Bona fidehydroborations utilizdydridic species, while protoboration

reactions involve prototransferby an organometallic intermedéat
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Classicalhydroboration reactions were first described by Br@wval and involvel addtion
of an organoborane readé¢o an alkene or alkyne. Examples of common organoboranes are shown
in Fig. 2.2A As the reaction proceeds in a single concertedveitbpa fourmembered transition
state Fig. 2.2B, hydroboration occurgia synaddition.Furthermore, boron is to varying degrees
installed at the less substituted carbon. This regioselectivity can be rationalized in a few ways.
Firstly, the BH bond of he reactive intermediate is polarized such that boron lzepsstial
positive charge, and the buildup of partial negative charge required for nucleophilic attack on
boron is best supported at the least sulistit position. Consequentlyhe buildup of psial
positive charge required for hydride attack is best supported at the more substituted position.
Secondly, the comparative bulk of the boron center is better suited for installation at a sterically
less encumbered position. As would be expected orb#sts of these rationalizations, the

regioselectivity of the hydroboration reaction increases with increasing steric bulk of the

organoborane.
B
(A) (B) 5
H H H--BR,
H — L BR
B >—< + HBRy, —> H\mw _>R/\/ 2
R_.H 2.7 R 2.9
2.6 :
B 2.8
H H,B
"SiaBH" "9-BBN" "Thexylborane" s
. 2.5 .
2.3 2.4 DR, T
R—=—=H + HBR, — | =i, | — )=
=N =
2.10 2.7 Jo+ i R H

2.1 212
Figure 2.2 Common organoboranes (A) and general hydroboration scheme (B).

Some limitations of Browatype hydroboration are worth consideration. Firstly, the reaction is
limited to anttMarkovnikov addition, and requires a large steric/electronic difference between the
two possible positions for-B bond formation. Secondly, iralation of boronic ester moieties by

hydroboration requires comparativelgrbh conditiond This limitation is severe since boronic
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esters ar often reagents of choice in Suzikiyaura crosscouplingreactions due to their stability
and resistance to undesired homocoupling, oxidation, and protodebordniiiaily, certain
classes of substrates do not borylate under classical hydioboranditions; for instance,b-
unsaturated ketones undergeb@rylation through a stkmembered transition state and hydrolyze

readily, resulting in &ormal reduction (Fig 2.3.

o\
BH
o

O i OBcat
(2.0 equiv) H,O O
A~ SN | —
/
Ph” Y Bu Ph/\AB

THF, -20°C  Ph Bu
213 2.14 215
(94%)

Figure 2.31,4-Conjugate reduction af,b-unsaturated ester undeydroboration conditions.

Protoboration reactions have bedaveloped for the formatydroboration of unactivated
alkynes/alkenegia transition metal catalysis (both aiarkovnikov and Markovnikov addition).
However, the largest subset of protoboratreactionsinvolve b-borylation of alkenes with a
highly electroawithdrawing group attached to the@double bondd.g.a,b-unsaturated ketones).
One of the first examples was adttalyzedob-boration ofa,b-unsaturated ketones reported by
Marderet al® in 1997 ,andallowed for quantitative installation ofBinz or Bxcat after 12 hours

with heating which afterhydrolytic workup furnishedhe desirel product Fig. 2.9.

Bopin, (1.0 equiv) . .
[e) 272 Bpin OBpin H,0 Bpin O

[Pt(C,H4)(PPh3),] 5 mol %
ph/\)LMe toluene, 80°C, 12 h ph)\)\Me ph)\)LMe

2.16 217 2.18

Figure 2.4 Ptcatalyzedb-borylation ofa,b-unsaturated ketones.

In 200Q the first coppdl)-mediatedb-borylation reactions of,b-unsaturated ketones were

independentlyreported by Hosoim and Miyaure Hoson et al reported a Cu(iyatalyzed
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process, while Miyaurat al reported a process employing stoichiometric amounts of CuCl.
Furthermore, in 2006 Yuet al® discovered that alcohol additivesuld significantly increase the

rate of reaction of thb-borylation ofa,b-unsaturated esters, nitriles, and pluspates.

The general mechanistic scherie a Cu(l}catalyzedb-borylationis shown inFig. 2.5
Transmetallation between a ligabdund CuCl and K@u furnishes atert-butoxideligated
copper species, which then is reactive enough to undergosmetallation with
bis(pinacolato)dibron to generate a borgbpper intermediate2(21). Alkene insertioroccurs to
generate organocopper speci224); the insertion is selective such that thetially negative
copperbound carbon is adjacent to thighly electron withdrawing groufcompound.24then
isomerizes t@.25 driven bythe high bond strength of the @ubond. In the presence of a proton
source, protonation occurs directly to m&k&8 and produc.27. Another transmetallation of
2.28 will produce active catalys2.21to complete the catalytic cycléf a proton source isot
added to the reaction mixture, then intermeda@swill persist Thi s expl ai ns Miy
stoichiometric amounts of copper when borylating estede (Syora). The exception ig1 the case
of a copper enolate derived from aldehydes or kettfitédn those cases, metathesi2d5with
a molecule of Bpinz will furnish active catalys?.21and intermediat.26 which upon hydrolysis

furnishes intended produ2t27.

Recently, copper(liatalyzedprotoboration has been shown to be an altermdab some
copper(l}catalyzed boration protocols. These methods are facile and can be conductes open
air since copper is in its highest stable oxidation skatehermore, Cu(IFcatalysts are typically
water soluble, allowing for more environmengdtiendly borylation conditions compared to those

run in organic solvents.
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LCuCl 2.19

I~ NaOtBu
\4NaCI
i
pinB/\) LCuOtBu 2.20
2.27 (r B,pin,
] Hydrolysis OtBuBpin
/O
. Z . LCuBpin N\ 2.22
p|nB/\/\OBp|n 2.21 \J
2.26
MeOBpin
B,pin,
Bapiny
LCuOMe 2.28 =0
pinB/\/\OCuL MeOH 227 L-Cu-Bpin
2.25 2.23
pin BMO

CuL
2.24

Figure 2.5Coppercatalyzedb-borylation of am,b-unsaturated aldehyde.

The first example of Cu(liratalyzed borylation in aqueous media was reported by Tiebdrpe
al.}? Activation of water by a 4icoline additive allowed for hydroxyl coordination to boron in
bis(pinacolato)diboroifFig. 2.6A, 2.28, which then could undergo transmetallation tolu¢
form bororrbound copper intermediaB30 This specieshenreacts in a mechanistically similar
manner to the copper{horon complex described abovighe ability of intermediat@.30to add

to alkenes was demonstratedagh-unsaturated ketones (Fig. 2.6B).
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H
(BB g/ , amine
/ 5 \ - = B Cu(ll)(amine),
229 230

(B) B,pin, (1.1 equiv) Io)
o 4-picoline (5 mol %) 0

= CuS0,5H,0 (1 mol%)
Water, 1-3 hr, rt O O

98% Yield

Figure 2.6 (A) Amine-assisted activation of bis(pinacolato)diboron by water to generate a-Cu(ll)
boron complex(B) Example of Cu(lHcatalyzed protoboration af,b-unsaturated ketones.

This basic method hdmeen applid to a number of polarized double and triple bonds, including
alkynoic esters and alkynamigsand imines'#*® It has also been extended to asymmetric
borylations'® However, the protoddhas not been utilizefor relatively unactivated € double

or triple bonds; pursuing this variant of the reaction is the main focus of this pragectn(ra).
2.4 Allene Hydroboration and Protoboration

Among the atenes that may undergo formhldroboration, allenes are a particularly
challenging and versatile borylation substrate by virtue of the numerous isomers that d&ngform

2.7). There are six possible isomég?s32af) for a monosubstituted lehe

R
0, _
‘B4 y A)(/O %O
0-B O-B R 0-B
7§<o — jR
R or > —
=
2.31 io\ pi 2.32a 2.32b 2.32¢
’ B—B, + MeOH and
(6] O metal catalyst R
— o
- 0, J:/ B R
o’% i B o N/
o

2.32d 2.32¢ 2.32f

Figure 2.7 Possible isomers produceth formal hydroboration of a monosubstituted allene.
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Classical hydroboration reactions have been applied to monosubstituted ‘afé¥&Brown
utilized 9-BBN in a hydroboration to phenylallene; oxidation of the products furnished primarily
allylic alcohols as shown iRig. 2.8A Thus, the selectivity of the borylation is likely dictated by
the same factors as in a typical alkene,lzovdn is installed at the leaststally hindered carban
The same selectivity was demonstrated with alctibated boranes; however, as in isolated
alkenes, harsh conditions and long reaction times were required for the hydroboration to occur. In
most cases the overall yields and selectivities were far inferior to those reported-B2N 9

hydroboration(Fig. 2.8B.

A 9-BBN B
@ (4equiv) NaOH, H0,  Ph ®

. \:¥ o .0 0.5
PH tt, 4 hr, THF OH _H eV JB
2.34 ==
2.33 + Diols (6%) 2.36b

86% 235 Et0, 130°C 25 hr 2.36a

865135)

Figure 2.8 Classical hydroboratioconditions applied to allenes.

Transition metatatalyzedhydroboration and protoboration reactions of allenes have also been
describedwhich produce complementary products to classical hydroboration. The selectivities of
these reactions are highly dependent on ligand choice in the catalytic system. The regminal
of transition metatatalyzed hydroboration entailed use of Pt(0) catalysts, pinacolborane, and
either a 1,idisubstituted allene or a monosubstituted a@ldRig. 2.9.'° Interestingly, the
selectivities for either-hlken2-yl boronate produc®.38bor (2)-2-alken2-yl boronate product
2.38c  could be attained  through use of  triertbutylphosphine and

tris(trimethoxyphenyphosphine, respectively.
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(A) (B) Pt(dba), (3 mol %)

Pt(dba), (3 mol %) TTMPP (6 mol %)
P(tBu)s (6 mol %) B HBpin (1.5 equiv)
: _ HBpin (1.5 equiv) >J pin >:: oo >:(
50°C, toluene Bpin S0°C, toluene Bpin Bpin
237 238 5, 2.38b 238c  7g9, 2.38b
(6/94) mixture (95/5) mixture

Figure 2.9 Pt-catalyzed hydroborationf 8-methylbutal,2-diene using (Apulky P(tBu} or (B)
compact TTMPP.

A coppercatalyzed hydroboration was reported by SethladusedHBpin to achievee-
allylboron productg® The conditions were shown to be applicable to aybstituted allenes,
phenylallene derivatives, and single 1,3disubstituted allengroducing yields >52% and
selectivities for allylboron products in excess of 89%. The mechanism is shokig h1Q
Coordination of base to HBpin allows for trangallation to generate eopperhydridic species
2.41 Insertion of allened.42) into the CuH bond occurs to position copper on the least substituted
and least hindered position to genera®alylcopper specief.43, which isomerizes to the
isomer(2.44). Sigma bonanetathesis withreother molecule of HBpiregeneratethe active CuH

catalyst2.41and produse borylated produ@.46

NaOtBu
LCuCl —————— LCuOtBu (+ NaCl)

2.39 240 o
H-g]
o
_R

OtBuBpin
p|nB\/\/ LCuH :.:/R
2.46 241 2.42
HBpin
2.45
v~ Cu—~"\ 243
244 \—/
Figure2.10Cat al yti c cycl e for Sembads allene hydro

The stateof-the-art methods for monosubstituted allepeotoboration involve copper(l)

catalysis, diboron reagents, and a proton source such as meffignal1). As in the platinum
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catalyzed hydroboration, selectivity for eitllee internal or external double bowds ctermned

by ligand choiceMa and coworkerseported phosphineontolled selectivity under copp@)-
catalyzed conditions, with bulky bidentate BIPHEP and compact, highly elebtraating
[P(CsH4sOMe-p)s furnishing 2.48aand 2.48b, respectively’! Recently,Hoveyda and coworkers
employed the same strategy but witkhBkerocyclic carbenes formed framsitu deprotonation

of the corresponding imidazolium salt precurséré& compact dimethythidazoliumderived
NHC (2.53 or a bulky 1,3-bis(2,6diisopropylphenyl)imidazoliunderived NHC 252, 1P )
furnished2.50band2.50a,respectively Both sets of conditions could be successfully applied to
either phenylallene derivatives or allgiibstitued allenes with selectivities typically exceeding

93% forthedesired isomer.

(A) (2.51) PPh,
PPh3
CuCl (5 mol%), O (5 mol%) CuCl (5 mol%), P(CgH4sOMe-p); (6 mol%)
pn NaOiBu (0.2 equiv), MeOH (2 equiv) NaOtBu (0.2 equiv), MeOH (2 equiv) Ph
Bopin, (1.2 equiv) == B,pin; (1.2 equiv) —
Bpin THF, 1t, 1 hr Ph Et,0, 1t, 1 hr pinB
2.48a 63% 2.47 2.48b
(95% isomer 72%
shown)
(B)
Bopin, (1.1 equiv) Bpin; (1.1 equiv)
. CuCl (0.05 equiv), L4 (0.05 equiv) CuCl (0.05 equiv), L, (0.05 equiv) .
ping NaOfBu (0.4 equiv), MeOH (6 equiv) :'ﬁx NaOfBu (0.4 equiv), MeOH (6 equiv)  PMB,
\ THF, rt, 8 hr Ph THF, rt, 8 hr \
Ph iPr ipr. Ph
2.49 NN
2.50a 73% N N7 ON— 2.50b 62%
(90% isomer shown) N 7N \—/ (94% isomer shown)
=/ BF4 253
2.52 iPr
cr

Figure 2.11 Copper(l}catalyzed protoboration of allenes, us{#g phosphine ligands dB) N-
heterocyclic carbine ligands

The mechanistibasis for tis ligand control was investigatdéy Hoveyda and corroborated
by a DFT study Kig. 2.12. Formation of boroitopper specie.56 occurs through a
transmetallation between situ generated CutBu and Bpin.. The allene is then capable of

inserting into the CUB bond to furnish one of two possible allylcopper spe@esdaor 2.58b).
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Intermediate2.58ais favored both thermodwmically and kineticallydue to stabilization of the
partial negative charge inherent in a-Cibond at a terminadarbon as well as decreased steric
interactions between Cu and the R group. Intermedab&mand2.58bcan interconvert through

a fourmembered, coppearontaining transion state. $omerization is minimized when a bulky
ligand is attached to copperhds, when a large ligand is used, intermediai8aforms, and
gamma protonatiorvia chairlike transition stat®.599 producegproduct2.60a When a small
ligand is used, isomerization ®58b occurs (with equilibrium still favorin@.58g. However,
2.58bis significantly more reactive, thus favoring formatior2d®0h This is an example of the
CurtinrHammett principle(Z)-selectivity is observed because chai9bis the lowest energy
transition state during the gamma protonati on
position to minimize steric strain, and there are no diaxial interadiiatdestabilize formation

of this transition state.

Bapin, ) )
Leucl _NaOtBu__ LCu(OtBu) (2.55)—————>  LCuBpin + tBuOBpin

2.54 (+ NaCl) 2.56

F:
256 R 257 256

Fai/ \flow)

\—(CuLn :870'_“_"
2.58a Bpin Bpin 2.58b
(Slow) l MeOH MeOH l (Fast)
1
R R i
L T~—(,--0 /
\ Oy~ Cu ™~~~
H‘/ Cu / E‘Spiﬁ
Bpin CHs HaC
2.59a 3

Figure 2.12 Mechanism for C(l)-catalyzed protoboration of allenes
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2.5Project Motivation and Optimization of Reaction Conditions

It is of interest to extend the methods for allene borylation to include Cu(ll) catalysis in
water.Such a method would entail use of more environmenfigdigdly conditions, and it would
be operationally more simple than the current, highkgairsitive Cu(Bcatalyzed protocol$Such
a project constitutes a significant challenge in terms of selgcsivice the solvent itself has the

ability to disrupt the equilibrium of produdietermining intermediatesifle supra.

In the first report of Cu()kcatalyzed protoboration @f,b-unsaturated ketones by Thorpe
et al, a wide variety of bases wetested and found to effect theborylation in excellent yields.

Among the many bases testeepidoline was the most effective. Thus, in the allene protoboration

reaction, base choice was the first parameter varied and experiments were beguipiesing4

Phenylallene Z.66a8) was selected as the optimization substrale conditions initially
selected involved addition of 1.5 equiv bis(pinacolato)diboron, 5 méigi6oline, and 1 mol %
coppe(ll) sulfate (entry 1,Table 2.). Unfortunately, whilequite efective for the borylation of
a,b-unsaturated ketones, these conditions were found to be unsuitable for the borylation of
phenylalleneA 10% yield of combined isome&74aand?2.75awas observedvith selectivity
favoring the latter (66:34). S@ring several other bases including proton sponge, NaOAc, DMAP,
and benzylaminéentries 25) did little to improve the yield or selectivity; the highest yield was

afforded by benzylamines(itry 5, 24% with 6592.759.

Gratifyingly, the addition of 10 m&o tricyclohexylphosphine dramatically increased yield
and selectivityéntry 6,65% combined isomers, 77% selectivity 20r5g. Inspired by the copper
catalyzed, surfactammhedided silylation reported by Lipmitz et af*, we used an aqueous solution

of 1% TPS750-M as solventhowever, yidds were reduced to 49&ombined yields (entry 7Y o
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ensure the reaction was not phosptiatlyzed, a control reacti@anscopper was runwhich
produced no produgentry 8) Finally, a reaction using Pewithout benzylamine was ruentry

9). Though the performance of thisaction was comparable to that in which benzylamine was
present, it displayed a relatively long induction time. Thus, benzylamine was retained in the

subsequent optimization experiments.

Gas chromatographgxperiments determined that an eberylationproduct was present
in the product mixture. To prevent significant formation of this byproduct, the number of
equivalents of bis(pinacolato)diboron was lowered to 1.1 equiv, which reduced its formation
significantly. Next, several ligands were tested étednine ifthe yield or selectivity could be
improved. Surprisingly, the bulky bidentate DPEphos ligand produced the poorest seledtivity
approximate) a 50/50 mixture of isome(entry 10) In contrast, SPhdgntry 11)and PPk(entry
12) both seleted for 2.74a (~80%) andtheir use resulted imelatively high yields (~60%).
Tricyclohexylphosphine (with 1.1 equivzfinz) was finally tried and furnished the opposite

selectivity entry 13,69%2.75a,combined63% yield).

Several #empts to improvehe selectivity and yield through use of a cosolwerte
performed It was hypothesized that addition of toluene would 1) increase solubility of
phenylallene and bis(pinacolato)diboron (both of which are sparingly soluble in) aateR)
reduce the amodinof water in the vicinity of the insertion intermediate, thus allowing for
isomerization of intermediates and improvement of the selectidtyfortunately, neither
conditions with high (80%) or low (20%) toluenententimproved the reaction othme to &vor

2.74a(e.g.use ofPPh) or2.75a(e.g.use ofPCy) (entries 1821).
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Cu Source (1.0 mol %),
Amine (5 mol %)
—. Phosphlne (10 mol %) > —

O S e
2.74a >Kﬁ753
Entry Base Cu Source Ligand % Yield®
(2.74/2.75
12 4-picolineCuSQ None 10 (34:66)
22 proton CuSQ None 13 (40:60)
sponge
3 DMAP CuSQ None 9 (30:70)
42 NaOAc CuSQ None 16 (38:62)
52 NH:Bn CuSQ None 24 (35:65)
62 NH:Bn CuSQ PCys 65 (23:77)
72¢  NHBn CuSQ PCys 49 (21:79)
8  NH:Bn None PCys 0
9 None CusQ PCys 68 (33:67)
10 NH:2Bn CuSQ DPEPhos52 (46:54)
11  NH2Bn CuSQ Sphos 63 (81:19)
12 NH2Bn CuSOs PPhs 61 (84:16)
13 NH:Bn CuSQ PCys 63 (31:69)

14 NH2Bn Cu(acag) PPh 60 (85:15)
15 NH:Bn Cu(BR). PPh  53(77:23)
16 NH:Bn  CioHeCuNsOs PPhy 32 (81:19)
17 NH:Bn Cu(OH) PPh 19 (76:24)

18 NH:Bn CusSQ PPl 50 (74:26)
1¥ NH:Bn CuSQ PCy 57 (27:73)
206 NH:Bn CuSQ PCy 52 (30:70)
21 NH:Bn CuSQ PP 36 (64:36)

Table 2.1 Optimization experiments for the Cufdptalyzed allene protoboration reactiéh5
equiv Bpinz used® Yields determined by NMR with TMS internal stand&it% TPS750-M
surfactant¥20 % toluene used as cosolveéBD % toluene used as cosolvehtCu(ll) 2-
pyrazinecarboxylate.

Our focus was thenoncentratedo the formation of2.74a It was hypothesizethatthe

use ofa protic solventi(e. water) would severely reducgomerization betweethe twoinsertion
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intermediats, as a supestoichiometric amount of proton source would cause the protonation step
to rapidly outcompete the isomerization stepud selection for 2alken2-yl boronate product
would be extremely challenging sinagration of the appropriate intermedidigectly from Cu

B additionto the allends both thermodynamically arkinetically unfavorable (relative to the

intermediate which forms-alken2-yl boronate product/ide infra).

Lastly, several copp@t) catalysts were screene@ntries 1417). While coppdl)
pyrazinecarboxylate and copper(ll) hydroxide producedymhds, Cu(ll) acetylacetoneate and
Cu(BR) performed about as well as CuSQhus, the overall optimized conditions were

determined to be those shown in entry 12.
2.6 Synthesis of Allene Substrates

Among the allenes tested, only cyclohexylallere6§m) was commercially available.
Therefore, a set of allenes were synthesized following-egtiiblished method®henylallene
derivatives were synthesized through a Doetinflamme allene synthesi$.Commercially
available styrenes were treated with bromoform, aqueous NaOH (25 M), and a phase transfer
catalyst (triethylbenzylammonium chloride) to give dibomyclopropane product2.65al
througha-elimination of bromoform and addition to the alkenetipo of styrene. Products were
furnished in moderate to excellent yields, and the dibromocycloproparkeg th13comprise

those made for this project.
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CHBr; (1.5 equiv)

R NaOH (4 equiv, 25 M, aq) Br
N TEBA (0.01 equiv) Br
60-100°C
2.64a-1 2.65a-1 R
Br. Br Br, Br Br, Br /@jXBr Oigr Br, Br
2.65a 2.65b >r§2c/ﬁ 2.65e 2.65 ©/A
e 2.65f
(47%) (42%) (96%) (50%) (43%) (51%)
Br, Br Br, Br Br_ Br Br, Br Br, Br
FSC F /@/A /@/A (
2.65g 2.65i 2.65j 2.65k 2.651
(52%) (41%) (32%) (84%) (15%)

Figure 2.13Synthesis of dibromocyclopropane precursbébal.

Next, dibromocyclopropane®.65al were treated with ethylmagnesium bromide to effect
conversion (through metal halogen exchange) to a carbenoid intermediate, which readily collapses
to amonosubstituted allene. This reaction afforded alléhé6al in moderate to good vyields.

Allenes producedia this method are shown kg 2.14

Br
Br EtMgBr (1.3-2.8 equiv) R
THF, rt, ~1 h .

R
2.65a 2.66a-l
iL ; cl
2.66a 2.66b 2.66¢ 2.66d 2.66e 2.66f
(40%) (95%) (82%) (97%) (69%) (95%)
ECFG F OMe }
(2 3065 2.66i 2.66j 2.66k 2.661
(60%) (56%) (83%) (74%)

Figure 2.14Phenylallene derivatives synthesized.
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For styrene2.64k and2.64l, the corresponding styrene was prepared thraagionification

of 2.67followed by Williamson ether synthes§2.68with either allyl bromide or benzyl bromide

(Fig 2.15.
__/ B (~1.1 equiv)
. X
2 /©/\ 5 M NaOH (aq) /©/\ K2COs (-3 equiv) /©/\
AO THF, rt, 1-2 h HO EtOH, reflux, 8 h OK/
2.67 &
2.68 2.641

BnBr (~1.5 equiv)

/©/\ K,CO3 (~3 equiv) /©/\
o DMF, rt, 16 h B0

Figure 2.15 Styrenes synthesized for usethe Doering Laflamme synthesis.

Alkyl -substituted allenes are typicalthallenging to synthesizérough DoeringlLaflamme
synthesisas their dibromoasiopropane precursors do refficiently convert to allenes. Thus, an
alternative procedure developed by Ma and cowofkevas used to produce alkgubstituted
allenes of interesfFig. 2.16A) The procedure entails a epet, copper catalyzed Mannich
reactiort® followed by a coppemediated hydride transféiom dicyclohexylanine to furnish the

allene Fig 2.1@8). In this manner, allengs66nr were produce in 1594% yields.

(A) Cul (0.5 equiv) ®
Cy,NH (1.8 equiv) m
. u
=z (CH,0), (2.5 equiv) R %
R Dioxane, reflux, overnight == CY\N/CY o /H Cu-catalyzed /N,« D)
2.71n-r 2.66n-r b J 4 Mannich R
H H"H R
fOBn fOB” M ‘
2.66n 2.660 2.66p
(94%) (57%) (15%) |
-
Cu
L e
R = H \ 2
J—\_/—\_/I == CN ;y/ tN
2.66q 2.66rc
(35%) (89%)

Figure 2.16 (A)Synthesis of allene®.66nr. (B) Mechanism for the allene synthesis.
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2.7Substrate Scopeof the Allene Protoboration

With optimized conditions and a variety of allenes in hand, exploratiorecuhstrate scope
was performedHig. 2.17. Phenylallene derivatives beariagp-methyl orp-tBu resulted in ~9:1
selectivity in 67%(2.74b) and47% yields(2.749, respectivelyWhen derivatives borelectron
withdrawing groups, such astho, metg orparachloro substituerst borylationproceededh ~9:1
selectivity with high yields(2.74df). When ap-F substituted phenylallene derivative was
borylated, both isolated yield and selectivity were reduced somd@/idi). A trifluoromethyt
substituted phenylallene derivwagi showed excellent selectivi{®.749 and poor yield, despite

complete consumption of starting allene.

Interestingly, phengllene derivatives bearing electrdonating groups showed a marked
reduction in selectivity foterminal reductiomproduct. A derivative with p-OMe group borylated
in 46% yield(2.74) but showed only 67% selectivity for intended product. Both thdoaly
(2.74]) andbenzyloxyprotected2.74K) derivatives demonstrated protecting group stability under
the reaction conditions, but selectivities foternal hydroboratiomproduct were 75% and 67%
respectively. In the case of the benzylgprptected derivativ€2.74K), the solid starting material
was unable to undergo the reaction under standard conditions. This was likely due to inability to
partially solubilize in waterThis problem was solved through use of 1% surfactdfdrding the

desired product in 37% vyield.
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— CuSO, (1.0 mol %), NH,Bn (5 mol %), PPh3 (10 mol %) B-0 0-B
B,(pin), (1.1 equiv), water, rt, 2-4 h s o
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isomer isomer
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o) ©) /
2.74a, 78% 2.74b, 67% 2.74c, 47% 2.74d, 87% 2.74e, 62%
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/Bn
B-0 ’B 3 B-0 B-Q B-0
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(9010) (93:7) (83:17) (67:33) (66:34)
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B B-0 B-o
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2.741, 49% 2.74m, 84% 2.74n, 34% 2.740, 53%

(75:25) (78:22) (93:7) (72:28)

B-o B-o B-0
2.74p, 48% 2.74q, 50% 2.74r, 752%

(74:262) (84:162) (83:172)

Figure 2.17 Substrate scope of theper (Il)-catalyzed protoboratiort1% TPS750-M used.?
Toluene/water (20:80) mixture used in the reaction.

To further investigate the scope of the reaction, alkyl substituted allenes were investigated. We
were interested in determining whether stabilization by an aryl group of partial negative charge
was neessary for the reaction to procedebrtunately, several alkydubstituted allenes were
borylated in moderate yields and regioselectii2eg4mr). Some straighthain allenes (nonyre

derived, decynelerived, and tetradecysterived allenes) were unaliteborylate under standard
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conditions. This was most likely due to inability of the highly nonpolar substrates to dissolve in
water. Thus, 20% toluene was added as cosolvent, whiclsHed the products in reasonatie

good yields and selectiviti€2.74p-r).
2.8Proposed Mechanism

The proposed mechanism for the selective internal protoboration of allenes is shéwgyn in
2.18 In contrast to previouslgeported systems, the proton sourcenast likelythe solvent itself
rather than an additiyas solveninolecules vastly outnumber other protic species in the reaction
mixture. In contrast, previous Cwdptalyzed allene protoborations emplo¥y 2quivalents of
methanol as the proton souré@? As such we hypothesize that there is reduced time for
equilibration between the two insertion intermedialies to a rapid and competitiggrotonation
Rather than selectivity being duettee reactivity of the2.81aor 2.81hk the product distribution

would then reflect the relative ragef insertion product formation.

In the mechanism, amiressisted activation of water is proposed to allow for hydroxyl
coordination to a molecule of bis(pinacolato)diboron to f&m6 This intermediate then
undergoestransmetallation with copper(ll) to forr®.78 which coordinates to one of the
unsaturation sites present in the allene reactant throudgihZabond either2.80aor 2.80bis
formed. The former forms preferentially due to minimization of steric interactions and the
increased stabilization of the partial negative charge at the terminal carbon. Insertion then forms
intermediate2.81a or 2.81h In contrast to the previously perted allene protoborations,
isomerization betweef.8laand2.81bis likely outcompeted bygprotonation by the solvent,
water. Thus2.81laand 2.81b convert to2.82aor 2.82b respectively with regeneration of the

copper catalys.78 Because the reaot yields increased significantly in the presence of

62



phosphine ligands (entriesX. vs. entries -b), we hypothesize that a phosphowordinated

Cu(Il)-Bpin species is most suitable for addition to an unpolariz€dond.

As noted abovigohenylallene&lerivatives bearing electrafonating groups exhibited markedly
less selectivity folinternal hydroboratiorproduct2.82a It is hypothesized that in these cases
formation 0f2.80bis competitive with formation d2.80adue to the relatively electron riettlylic
double bond; immediate and irreversible conversior2.80b to 2.81b results in increased

formation of(Z2)-2-alken2-yl boronate produ.82h

B
\H\O/BH
4 o ¢H
AY
O\ \/O B—B’o
B—B, s O1
O/ 5_\0 (0] o)
2.76
(B= Benzylamine)
2.75 Cu(l)L, 2.77
O, . —
Ay @ —
| B—Cu(ll)L, £ 279
O 278
Bpin
H 2.82b

PNB—CuL, | Cu—Bpin

R\JLBpin /== or #.:

R 2.80a R 2.80b
2.82a

R
R CulL, CuL,

Bpin Bpin 2.81b
Limited
equilibration
possible

2.81a

Figure 2.18 Proposed mechanism for the Cu{d¢Btalyzed protoboration reaction.

2.9Conclusions

This project constitutes the first Cu¢idptalyzed borylation of allenes, and the first borylation

of allenes using water as solvent. The selectivity is ligaondrolled but the effect of ligand on
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reaction selectivity is poorly understood. The bulky PRE&s ligand produced ~50/50 selectiyity
andthe relatively compact triphenylphosphine ligand produced among the highest selectivities fo
l-alken2-yl boronate productThe method provides facile route to ‘alken2-yl boronate

products from allenega selective protoboration of the internal double hond
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Chapter Three: Experimental

3.1 General Methods

With the exception of the copper@tatalyzed allene borylation reactions, all reactions
were performed under a nitrogen or argon atmosphere. Tetrahydrofuran, dichloromethane,
dimethylformamide, and acetonitrile were obtained from an Innovative TechnBlagySolv
MD system. For the diboration experiments in Chapter 1, tetrahydrofuran was degassed by freeze
pumpthawing three times prior to use in the reaction. To ensure trace amounts of undesired
transition metals were not present in the solvent foallleae borylation (Chapter 2) experiments,

a Barnstead Easypure Uv Compact Ultrapure Water System was used to obtain water for all

borylation experiments and in preparation of the CuSfutions.

Most commercially available reagents were used withadihéu purification. However,
crown ethers used in the optimization and substrate scope sections of Chapter 1 were distilled prior
to use in the diboration reactions. Bis(pinacolato)diboron was purchased from Boron Molecular or
donated by AllyChem. The unsynetrical diboron reagent pinBBdan was synthesized as

previously described in the literature.

Reactions were monitored through TLC analysis or GC analysis. TLC analyses were
performed with EMDsilica gel 60F2s4 plates Spots were visualized under UV light (254 nm or
365 nm) and with permanganate stain. NMR yields were taken ierd&ad chloroform purchased

with 0.05% v/v tetramethylsilane internal standard.

3.2 Instrumentation
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NMR spectra were obtained on Bruker 500 MHz spectrometer at'B)@id 125 C)
MHz or Unity-plus 400 at 400'H) and 100 {3C) MHz. Chemicalshifts for proton and carbon
spectra areeported in ppm with the solvent resonance as the internal standarck(CR6Ippm
for IH spectra and 77.16 ppm f&C spectra). The shift for bordvound carbon atoms in tAéC
are typically not observed due tjuadrupolar relaxation. Chemical shifts 8 spectra, which
were taken in a quartz NMR tube, are reported in ppm with boron trifluoride diethyl etherate as an
external standard (BB(CoHs)2: O ppm).Datais repored as follows: chemical shiftaultiplicity
(s = singlet, d = doublet, t = triplet, g = quartet,= multiplet, dd = doublet afloublets, dt =
doublet of triplets, gt = quartet of triplets, tt =ptat of triplets, br = broad)youpling constants
(Hz), and integratiorHigh-resolutionESI mass spectra were obtained on an Ag®220 accurate
mass TOF LC/MS, while lowesolution ESI mass spectra were obtained on an Agilent 7890B GC
System with an Agilent 5977A MSD. GC samples were injected with a 7963 Agilent autosampler

system.

3.3 Synthetic Procedures and Characterization Data for Novel Compounds in

Chapter One:

General Procedure 1A for the Synthesis of Alkynoic acids from Terminal Alkynes:

A 0.24 M solution of terminal alkyne was prepared in dry THF and cooletBf€. Then
n-butyllithium was added and stirring was begun for 30 min. The mixture was warmetCto O
and a CQ balloon was bubbled through the mixture with stirring for an additional 30 minutes.
Upon completion, the reaction was quenched with 1 M HCI, diluted with deionized water, and

extracted with EtOAc. The organic layers were washed with water and brineaeshdwr sodium

69



sulfate. After concentratiom vacuq the residue was purified on silica (40% EtOAc in hexanes

with 1% acetic acid additive), furnishing the alkynoic acid as a white solid.

General Procedure 1B for the Synthesis of Alkynamides from Alkynie Acids using DCC:

A solution containing alkynoic acid, -Nydroxysuccinimide (1.1 equiv), and DCC (1.1
equiv) was prepared in Xdloxane and stirred for 4 h at rt. A methylamine solution (2M in THF,
1.5 equiv) was added dropwise, and stirring was coetlrior 16 h. A precipitate formed and was
filtered off, and the supernatant was concentratedacuo.The residue was purified on silica

(40% EtOAc in hexanes) to afford the alkynamides products.

General Procedure 1C for the Synthesis of Alkynamides frm Alkynoic Acids using Pivaloyl

Chloride:

A solution of triethylamine (1.1 equiv) and alkynoic acid (0.75 M in.Cl) was stirred
at-20°C for 30 minutes. Pivaloyl chloride (1.1 equiv) was added and stirring was continued at
20°C for 3 h. A solution btriethylamine (3 M, 4 equiv) was prepared in £ and stirred for at
-20°C after which methylamine was added (2M in diethyl ether, 2 equiv). Stirring was continued
for 30 minutes, and then the methylamine solution was cannulated into the pivalaideshlo
containing solution. The reaction was warmed to room temperature and allowed to stir overnight
(16 h). Upon completion, the reaction was quenched with water and extracted x3 wih.CH
The combined organic layers were washed with water and 10%tegNe®H solution, then dried
over sodium sulfate. The organic solvents were removedcuoand the residue was purified by
flash chromatography {80% linear gradient of EtOAc in hexanes) to yield the final alkynamide

product.

General Procedure 1D for he Synthesis of Alkynamides from Alkynoic Acids using CDI:
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A solution of alkynoic acid, CDI (2 equiv) and DMAP (0.1 equiv) was prepared in
dichloromethane and cooled tdQ. Stirring was maintained for 30 min after which amine was
added (2 equiv). The aetion was warmed to rt and allowed to stir overnight. Upon completion,
the reaction was washed with 0.5 M HCI, dried over sodium sulfate, and purified on s#i@% (0

EtOAc in hexanes) to furnish the alkynamides.

General Procedure 1E for the Synthesisfdiboration Products from Alkynamides (1.171a

aq):

The alkynamides was dissolved in THF 4C0 Sodium hydride (8 equiv) and 1&rown
5 (1 equiv relative to NaH) was added, and the resulting mixture was allowed to S@r fatr (B0
min. The mixture was warmed to rt and pinBBdan (1.4 equiv) was added. The reaction mixture
was stirred for 1 h (unless otherwise noted), and upon completion, the THF was rem@e
The residue was purified by flash chromatograph@@ EtCAc in DCM) to furnish the

diboration products.

General Procedure 1F for the Synthesis of CrosSoupled Product 1.175:

Tetrakis(triphenylphosphine) palladium (& mol %),1.1713 CsCQ (3 equiv), and 4
iodoanisole (2 equiv) were put in a 15 mL micro@aube and purged with argon. After addition
of toluene, the mixture was heated af8dor 10 minutes in a CEM Discover microwave reactor.
The solvent was removed vacuoand the crude product was purified by flash chromatography

(30% EtOAc in hexanesd afford productl.175

General Procedure 1G for the Bdan Deprotection/Bpin Reprotection of 1.175 to form 1.176:

Productl.175was dissolved in THF, and 2 M sulfuric acid (6 equiv) as well as pinacol (5
equiv) was added. The mixture was stirred at rtl® h, diluted with water, and extracted with
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EtOAc. The combined organic layers were dried over sodium sulfate, concentrated under vacuum,

and purified by flash chromatography (40% EtOAc in hexanes) to futrniSt&

General Procedure 1H for Coupling 0f1.176 to form 1.177:

Productl.176,sodiumtert-butoxide (3 equiv), Pd(OAg)5 mol %), RuPhos (10 mol %),
and1-(4iodophenethyl)piperidin€ equiv) were added to a 15 mL microwave tube and purged
with Ar. A toluene/water mixture (10:1) was added, and the mixture was heated and stirred in a
CEM Discover microwave reactor at 80 for 10 min. The mixture was concentratedsacuo

and the resiue was purified by flash chromatography (10% MeOH in DCM) to affdtd?.

Characterization data for alkynamides1.161al.161ae:

N-methyl-3-phenylpropiolamide (1.161a):

o]

rd
Z K

Synthesized bgBeneral ProcedurelC in 88%% yield as avhite solid *H and'*C NMR

spectra areonsistent with the literature.
3-phenylpropiolamide (1.161b):

O
// NH2
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Synthesized by conversion wiethyl 3phenylpropiolatéo product. The ester was stirred at

room temperature for 6h in methanol with 100 equiv. ammonium hydroxide to furnish the amide

in 83% yield.'H and*C NMR spectra areonsistent with the literature.

N,N-dimethyl-3-phenylpropiolamide (1.161c):

Synthesized bgeneral ProcedurelB in 16% yield as avhite solid *H and*C NMR spectra

areconsistent with the literatufe.

N-ethyl-3-phenylpropiolamide (1.161d):

Syrthesized byGeneral Procedure 1Bin 88% vyield as avhite solid *H NMR (500 MHz,
CDClL) U i 7.49%7G 2H), 7.45 7.31 (m, 3), 5.96 (s, 1H), 5.77(s, 1H), 3.60i 3.48* (m,
2H), 3.40 (qdJ = 7.2, 5.7 Hz, B), 1.29i 1.26 (m, 3H), 1.21 (t,J = 7.3 Hz,3H). 3C NMR
(126 MHz,CDC¥) U 153 .*3132,47,138.26.13041, 128.56 128.51, 120.27, 84.39,

83.10, 38.30, 34.89, 16.02, 14.62.HRMS data is consistent with the literatdre.

3-phenyl-N-propylpropiolamide (1.161e):
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Syrthesized byGeneral Procedure 1Bin 88% yield as avhite solid *H and*C NMR spectra

areconsistent with the literaturé.
N-butyl-3-phenylpropiolamide (1.161f):

o]

NN
Z N

Syrthesized byGeneral Procedure 1Din 56% yield as awvhite solid *H and'3C NMR spectra

areconsistent with the literature.

N-allyl-3-phenylpropiolamide (1.161g):

ANF
Z §

Syrthesized byGeneral Procedure 1Din 40% yield as ayellow oil. *H and*3C NMR spectra

areconsistent with the literatufe.
N-cyclopentyl-3-phenylpropiolamide (1.161h):

(L
Z N

N

Synthesized beneral Procedure 1Bin 90% yield as a white solidH NMR (400 MHz,
CDCl) *i56-7.53 (m, 2H), 7.52 7.50 (m, 2H), 7.41 7.37 (m, 1H), 7.3% 7.32 (m, 2H),

6.05 (brs, 1H), *5.98 (brs, 1H), 4.29 (m, 1H), 2.01 (m, 2H), 1.70 (dd, J = 9.8, 5.7 Hz, 2H), 1.61
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(m, 2H), 1.47 (dd, J = 13.6, 7.7 Hz, 2MC NMR (100 MHz, CDC)) U 8t 15505 *132.6,
132.4,*130.3, 129.9, *128.7, 128.5, 120.3, 84.2, 83.3, *55.2, 51.7, *34.0, 33.0, 23.7. HRMS:

(ESI) [M+H]" calcd. for G4H16NO, 214.1226, observed, 214.1230.
N-cyclohexylt3-phenylpropiolamide (1.161i):

O Q
Z N
H

z

Synthesized benerad Procedure 1Din 32% yield as a white solidH and*3C NMR spectra

areconsistent with the literature.
N,3-diphenylpropiolamide (1.161)):

O O
Z N
H

z

Synthesized benerd Procedure 1Bin 2%% yield as a white solidH and**C NMR spectra

areconsistent with the literaturé.
N-benzyl-3-phenylpropiolamide (1.161k):

O

o

Synthesized beneral ProcedurelB in 2%% yield as a white solidH and**C NMR spectra

areconsistent with the literaturé.
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N-methyl-3-(p-tolyl)propiolamide (1.161l):

o]

rd
Z K

Synthesized b@eneral ProcedurelB in 88% yieldas a white soliddH NMR (400 MHz, CDCJ)

G *7.45 (d, J = 7.9 Hz, 2H), 7.41 (d, J = 8.0
(brs, 1H), *3.11 (d, J = 5.2 Hz, 3H), 2.91 (d, J= 5.0 Hz, 3H), *2.38 (s, 3H), 2.36 (S3BHYMR

(100 MHz, CDC}) u 154. 2,,1324,012%4, 129.31 B12.85DH, 82.5, 26.6, 21.6.

HRMS: (ESI) [M+H] calcd. For GiH12NO, 174.0913, observed, 174.0924.
N-methyl-3-(m-tolyl)propiolamide (1.161m):

0]

'
Z N

Synthesized b@eneral Procedure 1B in 90% yield as a white solidH NMR (400 MHz, CDCY)
a * 77.38(mM, 1H), 7.34 7.32 (m, 1H), 7.31 7.30 (m, 1H), 7.2% 7.23 (m, 1H), 7.23 7.21
(m, 1H), 6.02 (brs, 1H), *5.79 (brs, 1H), *3.11 (d, J = 5.2 Hz, 3H), 2.91 (d, J = 5.0H)Z 2335

154. 1, 138. 3, *133.1,

a4

(s, 3H), 2.33 (s, 3H)}3C NMR (100 MHz, CDGJ)
*129.7, 129.6, *128.5, 128.4, 120.0, 84.8, 82.6, 26.6, 21.2. HRMS: (ESI) [Meitd for

C11H1oNO, 174.0913, observed, 174.0923.
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N-methyl-3-(o-tolyl)propiolamide (1.161n):

o]

Z K

7

Synthesized beneral ProcedurelB in 88% yield as a white solidH and**C NMR spectra

areconsistent with the literaturé.
3-(4-(tert-butyl )phenyl)-N-methylpropiolamide (1.1610):

0]

7
= N

Synthesized b&eneral Procedure 1Bn 77% yield as a white solidH NMR (400MHz, CDCly)
d7.46 (d, J=8.4 Hz, 2H), 7.36(d, J = 8.4 Hz, 2H), 5.98 (brs, 1H), 2.92 (d, J=5.1 Hz, 3H), 1.30
(s, 9H); 1°C NMR (100 MHz, CDCls) d 153.6, 132.3, 125.5,117.1, 84.9,82.5, 34.9,31.0, 26 6.

HRMS: (ESI) [M+H]" calcd. forC,,H,;gNO, 216.1383, observed216.1386.
N-methyl-3-(4-propylphenyl)propiolamide (1.161p):

0]

7
=z N

Synthesized beneral ProcedurelCin 81% yield as a light yellowolid. *H NMR (400 MHz,
cbCk)y o *7.48 (d, J = 8.2 Hz, 2H), 7.43 (d,

= 8.1 Hz, 2H), 5.89 (brs, 1H), *5.59 (brs, 1H), *3.12 (d, J = 5.2 Hz, 3H), 2.92 (d, J = 5.0 Hz, 3H),
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2.59 (t, J = 7.6 Hz, 2H), 1.63 (qt, J = 7.6, 7.3 Hz, 2H)3@t, J = 7.3, 3H)}°C NMR (100 MHz,
CDCk)i 154.4, 145.4, *132.7, 132.6, *128.9, 12

HRMS: (ESI) [M+H] calcd. for GaH16NO, 202.1126, observed, 202.1126.
3-(4-butylphenyl)-N-methylpropiolamide (1.161q):

0

= N

Ve

Synthesized bgeneral ProcedurelBin 83% yield as a light yellowolid. *H NMR (400 MHz,

CDCk) U *7.48 (d, J =8.3 Hz, 2H), 7.43 (d, J =
1H), *5.68 (brs, 1H), *3.11 (d, J = 5.2 Hz, 3H), 2.91 (d, J = 5.0 Hz, 3H), 2.61 (t, J = 7.7 Hz, 2H),

1.627 1.54 (m, 2H), 1.38 1.29 (m, 2H), 0.92 (t, J = 7.3 H&H); 13C NMR (100 MHz, CDGJ)

a 154. 4, 145. 6, *132. 7, 132. 6, *128. 8, 128. 8

*25.1, 22.4, 14.0. HRMS: (ESI) [M+Hcalcd. for GsH1sNO, 216.1383, observed, 216.1390.
3-mesityl-N-methylpro piolamide (1.161r):

o]

7
7

Synthesized byseneral Procedure 1Cin 54% yield as a Wite solid. *H NMR (400 MHz,
CDCl) U *6.90 (s, 2H), 6.87 (s, 2H), 5.84 (s
3H), 2.93 (d, J= 5.0 Hz, 3H), *2.45 (s, 6H), 2.41 (s, 6H), *2.30 (s, 3H), 2.29 (s,3€);
NMR (100 MHz, CDC}%) a4 154. 6, 141. 7, 139. 9, 1°22.8.. 0, 1]

HRMS: (ESI) [M+H] calcd. for GsH16NO, 202.1226, observed, 202.1243.
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3-(4-ethoxyphenyl)-N-methylpropi olamide (1.1613:

0]

e
Z K

EtO

Synthesized byseneral Procedure 1Bin 73% vyield as a white solid'H NMR (400 MHz,
cbCls) u *7.50 (d, J = 7.7 Hz, 2H), 7.44 (d,

6.84 (d, J = 7.7 Hz, 2H), 5.95 (brs, 1H), *5.68 (brs, 1H), 4.04 (q, J = 7.0 Hz, 2H), *3.10

(d, J = 5.2 Hz, 3H), 2.91 (d, J = 5.1 Hz, 3H), *1.42 (d, J = 7.0 Hz, 3H), 1.41 &7.0
Hz, 3H); 3C NMR (100 MHz, CDCY4) 11 160.5,154.6, *134.5, 134.4, *114.8, 114.8,
112.0, 85.4, 82.3, 63.8, 26.8, 14.8. HRMS: (ESI) [M*Hhlcd. for G2H1sNO>,
204.1019, observed, 204.1036.

3-(4-methoxyphenyl)}N-methylpropiolamide (1.161):

o]

7
=z N

MeO

Synthesized bgeneral Procedure 1Gn 83% yield as a white solid'H and**C NMR spectra

areconsistent with the literaturé.

3-(3-methoxyphenyl)-N-methylpropiolamide (1.161u):

(0]
7
N
MeO // H
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Synthesized bGeneral Procedure 1Bas dight yellow sdidin 81%yield. *H NMR (400 MHz,

CDChL) 4 7.25 (t, J = 7.7 Hz, 1H), *7.16 (ddd
7.7, 1.4, 1.0 Hz, 1H), *7.09 (dd, J = 2.6, 1.4, 1H), 7.05 (dd, J = 2.6, 1.4 Hz, 1H), *7.00

(dd, J =2.6, 1.0 Hz, 1H), 6.96 (ddd, J = 7.7, 2.6, 1.4 Hz, 1H), 5.93 (brs*3H) (brs,

1H), *3.82 (s, 3H), 3.80 (s, 3H), *3.13 (d, J =5.2 Hz, 3H), 2.92 (d, J = 5.0 Hz, 88);

NMR (100 MHz, CDC%) a 159. 5, 156. 8, 129. 8, 125. 1,
55.5, 26.8. HRMS: (ESI) [M+H]calcd. for GiH12NO>, 190.0863, obsernet190.0876.3
-(2-methoxyphenyl)-N-methylpropiolamide (1.161V):

0]

OMe e
Z N

Synthesized byeneral Procedure 1Bas awhite solid in 72% yield. *H NMR (400 MHz,

cbClz) & *7.52 (dd, J = 7.7, 1.7 Hz, 1H), 7.
= 8.4, 1.7 Hz, 1H),7.37 (td, J = 8.4,1.7 Hz, 1H), 6.92 (td, J = 7.7, 1.7, 1H), 6.88

(d, J = 8.4, 1H), 6.00 (brs, 1H), *5.69 (brs, 1H), *3.89 (s, 3H), 3.88, (s, 3H), *3.15

(d, J= 5.2 Hz, 3H), 2.91 (d, J = 5.0, 3H}3C NMR (100 MHz, CDC4) U0 161 . 1,
154.4, 134.7, *134.6, *132.1, 131.8, 120.7, 110.8, 109.6, 87.0, 81.6, 55.9, 26.7.
HRMS: (ESI) [M+H]* calcd for GiH12NO», 190.0863, observed, 190.0875.

N -methyl-3-(4-(trifluoromethy l)phenyl)propiolamide (1.161w):

0

7~
Z N

FsC
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Synthesized beneral Procedure 1Cas awhite solid in 85% yield. *H and'*C NMR spectra

areconsistent with the literaturé.

3-(4-chlorophenyl)-N-methylpropiolamide (1.161X:

(0]
7

Z |
of
Synthesized byseneral Procedure 1Bas a white solid in 71% yield. *H NMR (400 MHz,
cbClz)y u *7.50 (d, J = 8.7 Hz, 2H), 7.44 (d,
7.32 (d, J = 8.8 Hz, 2H), 6.00 (brs, 1H), *5.66 (brs, 1H), *3.12 (d, J = 5.2 Hz, 3H), 2.91
(d, J =5.0 Hz, 3H)**C NMR (100 MHz,CDCls) u 153. 9, 136. 5, *133.
129.1, 118.8, 83.9, 83.5, 26.8. HRMS: (ESI) [M+HJalcd. for GoH9oNOCI, 194.0367,
observed,194.0372.
3-(2-chlorophenyl)-N-methylpropiolamide (1.161y):

0

Cl 7
7

Synthesized bgeneral Procedure 1Cas a vhite solid in 85% yield. *H NMR (400 MHz, CDCJ)

8 *7.60 (dd, J = 7.7, 1.7 Hz, 1H), 7.51 (dd,
7.37 (dd, J = 7.7, 1.3 Hz, 1H), *7.34 (m, 1H), 7.30 (td, J = 7.7, 1.7 Hz, 1H), *7.24 (m, 1H), 7.20

(td, J = 7.7, 1.3 Hz, 1H), 6.41 (brs, 1H), *6.01 (brs),113.13 (d, J = 5.2 Hz, 3H), 2.90 (d, J =

5.0 Hz, 3H);}3C NMR (100 MHz, CDG)) G 153.8, 136.9, *134.8, 1
129.6, *126.9, 126.8, 120.6, 87.5, 81.0, *30.0 26.8. HRMS: (ESI) [MebEd. for GoHoNOCI,

194.0367, observed, 19385.
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3-(3,5-diflu or ophenyl)-N-methylpro piolamide (1.161z):

O

F

Synthesized byGeneral Procedure 1Cas awhite solid in 85% yield. 'H NMR (400
MHz, CDCkL) *1.10-7.04 (m, 2H), 7.03 (ddd, J = 6.1, 2.3, 1.4 Hz, 2H), *6.93 (t, J =
2.3 Hz, 1H), 6.88 (tt, J = 8.8, 2.3 Hz, 1H), 6.03 (brs, 1H), *5.76 (brs, 1H), *3.11 (d, J
= 5.2 Hz, 3H), 2.93 (d, J = 5.1 Hz, 3HC NMR (100 MHz, CDC4) 11162.8 (dd, J =
250, 13.0 H), 153.4, 123.0, 115.5 (dd, J = 20, 8 Hz), 106.5 (d, J = 25 Hz), 84.3, 81.8,
26.8. HRMS: (ESI) [M+HT calcd. for GoHsNOF,, 196.0568, observed, 196.0576.

N-methyl-3-(thiophen-3-yl)propiolamide (1.161a3g:

Synthesized b@eneral Procedure 1Cas awhite solid in 63% yield. *H NMR (400 MHz, CDCJ)

8 *7.70 (dd, J =2.9, 1.0 Hz, 1H), 7.64 (dd, J
7.30 (dd, J = 5.0, 3.0 Hz, 1H), *7.21 (dd, J =5.0, 1.0 Hz, 1H), 7.17 (dd, J = 5.0, 1.0 Hz, 1H), 5.98

(brs, 1H), *5.72 (brs, 1H), *3.10 (d, J =5.2 Hz, 3R91 (d, J = 5.1 Hz, 3HY3C NMR (100 MHz,

CDClk) 4 154. 3, *132. 7, 132. 3, ,1299260.HRMS ESI). 2, 12

[M+H] * calcd. for GHsNOS, 166.0321, observed, 166.0334.
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N-methyl-3-(naphthalen-2-yl)propiolamide (1.161ab):
0

Z §

Ve

L2

Synthesized byGeneral Procedure 1Bas awhite solid in 85% yield. *H NMR (400 MHz,

CDClk) U *8.13 (brs, 1 HJB0mM®BH)07SH6 1.301(ns 3H), 5.96)(brs, 7. 8 4
1H), *5.67 (brs, 1H), *3.18 (d, J = 5.1 Hz, 3H), 2.95 (d, J = 5.1 Hz, ¥8)NMR (100 MHz,

CDCl) U 154. 2, 133. 7, 133. 5, 1327.0,817.6,B223834,, 128.

26.8. HRMS: (ESI) [M+H] calcd. for G4H12NO, 210.0913, observed, 210.0930.

3-(4-(methoxymethoxy)phenyl)-N- methylpropiolamide (1.161a9:

O
7
Q% ”
\O/\O

Synthesized b@eneral Procedure 1Cas a vhite solidin 73% yield.*H NMR (400 MHz, CDCJ)
8 *7.51 (d, J = 8.9 Hz, 2H), 7.46 (d, J = 8.9
2H),5.89 (brs, 1H), *5.69 (brs, 1H), *5.20 (s, 1H), 5.19 (s, 1H), *3.48 (s, 3H), 3.47 (s, 3H), *3.11
(d, J=5.1 Hz, 3H), 2.91 (d, J = 5.1 Hz, 3B NMR (100 MHz, CDC}) U 158. 7, 154 . 4,
134.3, *116.5, 116.4, 113.4, 94.3, 85.0, 82.4, 56.4, 26.8. HRMS: (ESI) [Me&l¢d. for
C12H14N O3, 220.0968, observed20.0966.
3-(4-(benzyloxy)phenyl)-N-methylpr opiolamide (1.161ad
0

7
2

©/\o
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Synthesized b@eneral Procedure 1Bas awhite solidin 90% yield. *H NMR (400 MHz, CDCJ)

i@ *7.51 (d, J = 9.0 Hz, 1712789 (n, 5H), *6.96 (d, H=59.0Hz, = 8. 9
2H), 6.94 (d, J = 8.9 Hz, 2H), 5.89 (brs, 1H), *5.62 (brs, 1H), *5.09 (s, 2H), 5.08 (s, 2H), *3.11 (d,

J =5.0 Hz, 3H), 2.91 (d, J = 5.1 Hz, 3" NMR (100 MHz, CDCk) U4 160. 3, 154. ¢
*134.6, 134.4, 128.8, *128.4, 128.4, 127.6, *115.3, 115.2, 112.5, 85.2, 82.4, 70.2, 26.8. HRMS:
(ESI) [M+H]" calcd. for G7H16NO2, 266.1176, observed, 266.1187.

N-methyloct-2-ynamide (1.161ag

Synthesized bgeneral Procedure 1Bas a yellow oil in 76% yieldH NMR (400 MHz, CDCY)

8 5.75 (brs, 1H), *3.01 (d, J = 5.0 Hz, 3H),
(t, J = 7.2 Hz, 2H), *1.60 (dff = 14.5, 6.9 Hz, 2H), 1.54 (dt, J = 14.5, 6.9 Hz, 2H), *1.38 (m, 4H),

*1.34 (m, 4H), *0.90 (t, J = 7.2 Hz, 3H), 0.89 (t, J = 7.2 Hz, 3f0;NMR (100 MHz, CDG)

154.5, 87.5, 75.6, *34.1, 31.1, 27.6, 26.6, *25.8, *25.1, 22.3, *19.0, 18.7, 14.0 HEE3Y:

[M+H] * calcd. for GH16NO, 154.1126, observed, 154.1128.

Characterization Data for Diborated Alkynamides 1.171al.171ae:

(E)-N-methyl-2-(1H-naphtho[1,8-d€][1,3,2]diazaborinin-2(3H)-yl)-3-phenyl-3-(4,4,5,5

tetramethyl-1,3,2-dioxaborolan-2-yl)acrylamide (1.1719:
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Synthesized byseneral Procedure 1Eas a gllow sdid in 67% yield. One equiv. NaH/15
crown5 used*H NMR (500 MHz, CDC4) U i77.68 @n, 2H), 7.33 7.23 (m, 3H),
7.117 6.98 (m, 4H), 6.49 (q, J = 5.0 Hz, 1H), 6.14 (dd, J = 6.3, 2.0 Hz, 2H), 5.54 (s,
2H), 3.13 (d, J = 5.0 Hz, 3H), 1.25 (s, 12HJC NMR (125 MHz, CDC4) & 17 6.
140.0, 139.4, 136.2, 128.7, 128.2, 12712/7.6, 120.0, 118.7, 106.7, 80.8, 28.9, 26.0.
1B NMR (128 MHz, CDC$) & 27 .6, 14. 1. *dakMMSr (ESI)
C26H30B2N303, 454.2468, observed, 454.2463.

(E)-2-(1H-naphtho[1,8-d€][1,3,2]di azaborinin -2(3H)-yl)-3-phenyl-3-(4,4,55-tetramethyl-

1,3,2- dioxaborolan-2-yl)acrylamide (1.171b:

Synthesized byseneral Procedure 1Eas a glow sdid in 57% yield. One equiv. NaH/15
crown5 used!H NMR (400 MHz, CDC}) U 177.58 (1, 2H), 7.30 7.23 (m, 3H),

7.07i 6.99 (m, 4H), 6.22 (t, J = 4.2 Hz, 2H), 5.74 (s, 2H), 2.21 (s, 2H), 1.24 (s, 12H).

13C NMR (125 MHz,CDCY) U 178. 2, 140. 1, 139. 0, 136.

120.0, 118.6, 106.8, 81.1, 25.9'B NMR (128 MHz, CDC}) d 29. 6, 15.

(ESI) [M+H]" calcd. for GsH2sB2N3O3, 440.2311, observed 440.2292.
(E)-N-ethyl-2-(1H-naphtho[1,8-de][ 1,3,2]diazabori nin-2(3H)-yl)-3-phenyl-3-(4,4 5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)acrylamide (1.1719:
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e

(O O

©)\(\L

Synthesized byseneral Procedure 1Eas a gllow solidin 85% yield. Two equiv. NaH/15

crown5 used!H NMR (400 MHz, CDC$}) U 7.61 (dd, J = i7. 6, 1
7.24 (m, 3H), 7.10° 7.04 (m, 4H), 6.29 (brs, 1H), 6.24 (dd, J = 6.6, 1.7 Hz,

2H), 5.54 (s, 2H), 3.59 (q, J = 7.3 Hz, 2H), 1.29 (t, J = 7.3 Hz, 3H), 1.23 (s,
12H).3C NMR (100 MHz, CDC}) a 176. 1, 134.D, 128.6, 12819 . 4 , 1
127.9, 127.7, 120.0, 118.8, 106.8, 80.7, 37.4, 26.0, 14¥BNMR (128 MHz,

CDCls) @ 28.5, 13. 9. HHRINSfor GH:BiNEOs, [468+26214,

observed, 468.2625.
(E)-N-propyl-2-(1H-naphtho[1,8-d€][1,3,2]diazaborinin-2(3H)-yl)-3-phenyl-3-(4,4,5,5

tetramethyl-1,3,2-dioxaborolan-2-yl)acrylamide (1.171e):

gt

Synthesized byseneral Procedure 1Eas a gllow solid in 68% yield. Two equiv. NaH/15
crown5 used!H NMR (500 MHz, CDC}) &4 7.62 (d, J 785 7 Hz,

(m, 3H), 7.08i 7.04 (m, 4H), 6.31 (brs, 1H), 6.22 (dd, J = 6.8, 1.5 Hz, 2H), 5.50
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(s, 2H), 3.50 (q, J = 6.5 Hz, 2H), 1.67 (q, J = 7.3 Hz, 3H), 1.24 (s, 12H), 0.97

(t, J = 7.3 Hz, 3H)13C NMR (125 MHz, CDC4) {i6.2] 40.0, 139.4, 136.2,
128.6, 128.1, 127.9, 127.7, 119.9, 118.7, 106.8, 80.7, 44.1, 26.0, 22.5,'1R.5.

NMR (128 MHz, CDCh) g 27. 9, 13. 9. H'Rd4Rd. fof ES 1 )
C2gH34B2N303, 482.2781, observed, 482.2765.
(E)-N-n-butyl-2-(1H-naphtho[1,8-de][1,3,2]diazabori nin-2(3H)-yl)-3-phenyl-3-(4,4 5,5

tetramethyl-1,3,2-dioxaborolan-2-yl)acrylamide (1.17X):

B O
H

/B\
Synthesized byseneral Procedure 1Eas a gllow solid in 73% yield. Two equiv. NaH/15
crown5 used!H NMR (500MHz, CDCl;)) &4 7.62 (d, J $7.88 7 Hz
(m, 3H), 7.10i 7.05 (m, 4H), 6.27 (brs, 1H), 6.22 (d, J = 6.7 Hz, 2H), 5.48 (s,
2H), 3.54 (q, J = 6.9 Hz, 2H), 1.661.61(m, 2H), 1.38 (h, J = 7.3 Hz, 2H), 1.24
(s, 12H), 0.95 (t, J = 7.3 Hz, 3H}3C NMR (125 MHz, CDCk) 4 176. 2, 14
139.4, 136.2, 128.6, 128.1, 127.9, 127.7, 119.9, 118.8, 106.8, 80.7, 42.2, 31.2,
26.0, 20.1, 13.8.11B NMR (128 MHz, CDCY) a 28. 1, 13. 9.
[M+H] " calcd. for GoH36B2N303, 496.2937, observed, 496.2949.
(E)-N-allyl-2-(1H-naphtho[1,8-d€|[1,3,2]diazaborinin-2(3H)-yl)-3-phenyl-3-(4,4,5,5

tetramethyl-1,3,2-dioxaborolan-2-yl)acrylamide (1.171g):
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B O
WNV
H
IB\
HN” " ~NH
Synthesized byseneral Procedure 1Eas a gllow solid in 51% vyield. Two equiv. NaH/15
crown5 used!H NMR (500 MHz, CDC}) 4 7.63 (dd, J = 1i8. 1,

7.25 (m, 3H), 7.1Q0 7.04 (m, 4H), 6.35 (brs, 1H), 6.22 (dd, J = 6.8, 1.5 Hz, 2H),

5.88 (ddt, J = 16.6, 10.1, 6.1 Hz, 1H), 5.51 (s, 2H), 5.28 (m, 2H), 4.16 (t, J = 6.0

Hz, 2H), 1.24 (s, 12H)!3C NMR (125 MHz,CDG@3) & 176.0, 139.9, 1

131.8, 128.8, 128.1, 127.9, 127.7, 119.9, 119.5 118.8, 106.8, 80.8, 44.8, 26.0.
113 NMR (128 MHz, CDC}) u 28. 1, 14. 3. HRalcH.: for( ES I )
C28H32B2N303, 480.2624, observed, 480.2619.
(E)-N-cyclopentyl-2-(1H-naphtho[1,8-de][1,3,2]diazabori nin-2(3H)-yl)-3-phenyl-

3-(4,45,5- tetramethyl-1,3,2-dioxaborolan-2-yl)acrylamide (1.171h:

Sy

Synthesized byseneral Procedure 1Eas a bown solid in 35% vyield. Four equiv. NaH/15

Iz

crown5 used. Reaction run at 8G after addition of diboron reagerttd{ NMR (400 MHz,

CDCls) U4 7.61 (dd, J = 87.22,(m,1BH)47.48z7.02¢nH) , 7.
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4H), 6.22 (dd, J = 6.8, 1.4 Hz, 2H), 6.17 (d, J = 7.5 Hz, 1H), 5.51 (s, 2H), 4.41
(h, J = 7.2 Hz, 1H), 2.12 (tt, J = 12.1, 5.5 Hz, 2H), 1i71.59 (m, 4H), 1.52
(dg, J = 14.0, 7.5, 7.1 Hz, 2H), 1.24 (s, 12HJC NMR (100 MHz, CDC4$) U
175.6, 140.1, 139.4136.2, 128.5, 128.0, 127.8, 127.7, 120.0, 118.7, 106.8,
80.7, 54.2, 33.1, 30.5, 29.8, 26.0, 23.9'B NMR (128 MHz, CDC}) a
27.7,14.1. HRMS: (ESI) [M+H] calcd. for GoH36B2N303, 508.2948, observed,
508.2953.
(E)-N-cyclohexyl-2-(1H-naphtho[1,8-de][1,3,2]diazaborinin-2(3H)-yl)-3-phenyl-3-(4,4 5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)acrylamide (1.171):
SYQ
WN
By

HN” " ~NH
Synthesized byseneral Procedure 1Eas a wlow sdid in 68% yield. Four equiv. NaH/15
crown5 used. Reaction run at 8C after addition of diboron reagerttd NMR (400 MHz,
CDCls) u 7.60 (dd, J =i780(@n,3H), 7.40 702 (m, A4HH .24 7 . 2 9
(dd, J = 6.8, 1.2 Hz, 2H), 6.10 (d, J = 8.1 Hz, 1H), 5.53 (s, 2H), #.8480 (m, 1H),
2.0771 1.98 (m, 2H), 1.79 1.67 (m, 2H), 1.63 (dt, J = 13.1, 3.8 Hz, 1H), 1i147.23
(m, 5H), 1.21 (s, 12H)!3C NMR (100 MHz, CDC4) U 175.3, 140. 1, 1
128.5, 128.0, 127.9, 127.7, 120.0, 118.7, 106.8, 80.7, 51.8, 32.7, 25.9, 25.3''B4.7.

NMR (128 MHz, CDCY) & 28. 4, 13. 8. *HaRd Sor GidlBSNEOs, [ M+ H]

522.309, observed,522.3100.
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(E)-N-phenyl-2-(1H-naphtho[1,8-de][1,3,2]diazabor inin-2(3H)-yl)-3-phenyl-3-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)acrylamide (1.171)):

S PE
WN

ey

HN” " ~NH

Synthesized byseneral Procedure 1Eas a gllow sdid in 44% yield. Two equiv. NaH/15
crown5 used. Reaction run at 8C after addition of diboron reagerttd NMR (500 MHz,
cChCly) u 7.86 (s, 1H), 7.67 (d, J = 7.5 Hz, 2
7.2 Hz, 2H), 7.32 (m, 3H), 7.24 (m, 1H), 7.137.10 (m, 4H), 6.28 (d, J = 6.3 Hz,
2H), 5.64 (m, 2H), 1.28 (s, 12H)3C NMR (125 MHz,CDC4) U4 173.9, 139. 9
136.3, B5.8, 129.4, 129.1, 128.2, 128.1, 127.7, 126.7, 121.5, 120.1, 119.0, 107.0,
81.2, 26.0.)'B NMR (128 MHz, CDC}) U 28. 1, 15. 7. *H&dS: (ES
for C31H32B2N303, 516.2624, observed, 516.2608.

(E)-N-benzyl-2-(1H-naphtho[1,8-d€|[ 1,3,2]diazaborinin-2(3H)-yl)-3-phenyl-3-(4,4,55-

tetramethyl-1,3,2-dioxaborolan-2-yl)acrylamide (1.17Xk):
j\_/ok
B O
QAHLN/\Q
- N
HN” " ~NH
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Synthesized byseneral Procedure 1Eas a gllow solid in 56% yield. One equiv. NaH/15
crown5 used!H NMR (500 MHz, CDC}) U 7.63 (d, J 3 7.88 8
(m, 8H), 7.07i 7.02 (m, 4H), 6.56 (brs, 1H), 6.19 (d, J = 6.8 Hz, 2H), 5.52 (s,
2H), 4.71 (d, J = 5.7 Hz, 2H), 1.26 (s, 12H¥C NMR (125 MHz, CDC4) i
176.5, 143.0, 139.6, 136.2, 130.1, 127.9 , 127.7 , 125.8,.2,2120.0, 119.0,
106.9, 80.9, 29.0, 26.0''B NMR (128 MHz, CDC}) o 28 . 1, 14. 5.
[M+H] " calcd. for G2H34B2N303, 530.2781, observed, 530.2789.
(E)-N-methyl-2-(1H-naphtho[ 1,8-de][1,3,2]diazaborinin-2(3H)-yl)-3-(4,4,55-

tetramethyl-1,3,2 dioxaborolan-2-yl)-3-(p-tolyl) acrylamide (1.171):

Synthesized byseneral Procedure 1Eas a ydbw solid in 71% yield. Two equiv. NaH/15

crown5 used!H NMR (500 MHz,CDC4) G 7.58 (d, J = 8.1 Hz,
2H), 7.08i 7.03 (m, 4H), 6.38 (brs, 1H), 6.16 (dd, J = 7.0, 0.9 Hz, 2H), 5.52 (brs, 2H), 3.12

(d, J = 5.0 Hz, 3H), 2.30 (s, 3H), 1.26 (s, 12HC NMR (125 MHz,CDCf) & 176 . 8,

138.9, 136.3, 136,2128.9, 128.3, 127.6, 119.9, 118.6, 106.7, 80.7, 28.8, 26.2, ZB5.

HRI

14

NMR (128 MHz, CDCY) U 28. 5, 14. 4. *EaRdSor GBSOy, [ M+ H]

468.2624, observed, 468.2608.
(E)-N-methyl-2-(1H-naphtho[1,8-de][1,3,2]diazaborinin-2(3H)-yl)-3-(4,4,55-

tetramethyl-1,3,2 dioxaborolan-2-yl)-3-(m-tolyl)acryl amide (1.17m):
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Synthesized byseneral Procedure 1Eas a glow sdid in 70% yield. Two equiv. NaH/15

crown5 used!H NMR (500 MHz,CDC}) U4 7.53 (s, 1H), 7.37 (d,
J =7.7 Hz, 1H) 7.08 7.01 (m, 5H), 6.38 (brs, 1H), 6.18 (d, J = 7.0 Hz, 2H), 5.52 (brs, 2H),

3.13 (d, J = 5.0 Hz, 3H), 2.28 (s, 3H), 1.25 (s, 1288¢. NMR (125 MHz, CDCf) & 176. 9,
140.0, 139.2, 137,5136.2, 129.5, 128.9, 128.1, 127.6, 124.8, 119.9, 118.7, 106.7, 80.8,
28.9,26.1, 21.62'BNMR (128 MHz,CDC4) U 27 .5, 14. 0. *cHl®RMS: ( ESI
C27H32B2N303, 468.2624, observed, 468.2616.
(E)-N-methyl-2-(1H-naphtho[1,8-de][1,3,2]diazaborinin-2(3H)-yl)-3-(4,4,5,5-

tetramethyl-1,3,2- dioxaborolan-2-yl)-3-(o-tolyl) acrylamide (1.171r):

Synthesized byseneral Procedure 1Eas a gllow solid in 70% yield. Two equiv. NaH/15
crown5 used!H NMR (500 MHz, CDCJ) U 1 7.081m 4H), 6.99 7.05 (m, 4H), 6.49 (brs,
1H), 6.12 (dd, J = 7.0, 0.9 Hz, 2H), 5.30 (brs, 2H), 3.17 (d, J = 4.9 Hz, 3H), 2.30 (s, 3H), 1.07 (s,

12H); %C NMR (125 MHz,CDC}) & 177.2, 140.5, 139.9, 136.2
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125.2, 5.0, 119.8, 118.7, 106.7, 80.6, 29.0, 25.2, 26BNMR (128 MHz, CDC) i
13.7. HRMS: (ESI) [M+H] calcd. for G7H32B2N3Os, 468.2624, observed, 468.2613.
(E)-3-(4-(tert-butyl)p henyl)-N-methyl-2-(1H-naphtho[1,8-de][1,3,2]dazabor inin-

2(3H)-yl)-3- (4,4,5,5tetramethyl-1,3,2-dioxaborolan-2-yl)acrylamide (1.1719:

B

HN” " ~NH

Synthesized byGeneral Procedure 1Eas a ydbw solid in 56% yield. Two equiv.
NaH/15crown5 used!H NMR (400 MHz,CDC$) 4 7.62 (d, J =
(d, J =8.4Hz, 2H), 7.0v 7.02 (m, 4H), 6.46 (d, J = 5.3 Hz, 1H), 6.13 (dd, J = 5.8,

2.6 Hz, 2H), 5.60 (s, 2H), 3.11 (d, J = 4.9 Hz, 3H), 1.27 (s, 9H), 1.26 (s, 13®).

26.

8 .

NMR (150 MHz,CDC$) a4 17 7. 0, 152. 1, 140. 2, 136.

120.0, 118.5, 106.7, 80.9, 34.8, 31.4, 28.9, 26'B.NMR (128 MHz, CDC}%) a
29.1, 14.9. HRMS: (ESI) [M+H]calcd. for GoH3sB2N303, 510.3094, observed,
510.3083.

(E)-N-methyl-2-(1H-naphtho[1,8-d€][1,3,2]diazaborinin-2(3H)-yl)-3-(4-propylphenyl)-

3-(4,4,55- tetramethyl-1,3,2-dioxaborolan-2-yl)acrylamide (1.171p:
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o. O
B O
N

N/
-
HN” " NH

Synthesized byGeneral Procedure 1Eas a ydbw solid in 77% yield. One equiv. NaH/15

crown5 used.!H NMR (500 MHz, CDC}) a 7.61 (d, J = 8.1 Hz, 2
2H), 7.061 6.99 (m, 4H), 6.47 (q, J = 4.6 Hz, 1H), 6.09 (dd, J = 5.6, 2.7 Hz, 2H), 5.52 (s,

2H), 3.13 (d, J = 5.0 Hz, 3H), 2.53 (t, J = 7.7 Hz, 2H), 1.59 (h, J = 7.4 Hz, 2H), 122}

0.89 (t, J = 7.3 Hz, 3H}"*C NMR (125 MHz, CDCJ) 4 176.8, 143.8, 140.
128.3, 128.3, 127.6, 119.9, 118.5, 106.7, 80.7, 38.0, 28.9, 26.2, 24.4'BANMR (128

MHz, CDCk) & 28. 2, 14. 3. *HddcMSar GoH:EBN:Qs, 496293 H |
observed, 496.2936.
(E)-3-(4-butylphenyl)-N-methyl-2-(1H-naphtho[1,8-de][1,3,2]diazaborinin-2(3H)-yl) -

3-(4,4,55- tetramethyl-1,3,2-dioxaborolan-2-yl)acrylamide (1.1719:

Synthesized byseneral Procedure 1Eas a gllow solid in 67% yield. Two equiv. NaH/15
crown5 used!H NMR (500 MHz, CDC#}) a 7.56 (d, J F7.82 0 Hz,

(m, 6H), 6.47 (brs, 1H), 6.16 (t, J = 4.1 Hz, 2H), 5.72 (brs, 2H), 3.12 (d, J = 5.0
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Hz, 3H), 2.52 (t, J = 7.7 Hz, 2H), 1.53 (tt, J = 7.7 Hz, 7.7 Hz, 2H), 1.30 (h, J =
7.4 Hz, 2H), 1.07 (s, 12H), 0.89 (t, J = 7.4 Hz, 3M3C NMR (125 MHz, CDC}%)

a 177 . 0, 143. 9, 140. 2, 136. 4, 136. 2, 128.
80.9, 35.7, 3%, 28.9, 26.0, 22.5, 14.11'B NMR (128 MHz, CDC}) a 28. 4,
14.2. HRMS: (ESI) [M+H] calcd. for GoH3sB2N303, 510.3094, observed,
510.3085.

(E)-3-mesityl-N-methyl-2-(1H-naphtho[1,8-de][1,3,2]diazaborinin-2(3H)-yl)-3-(4,4,5,5

tetramethyl-1,3,2-dioxaborolan-2-yl)acrylamide (1.171):

Synthesized byGeneral Procedure 1Eas a wlow sdid in 49% yield. One equiv. NaH/15
crown5 used!H NMR (500 MHz, CDC4) U 176.99 (f, 4H), 6.80 (s, 2H), 6.51 (brs,
1H), 6.10 (d, J = 6.7 Hz, 2H), 5.33 (brs, 2H), 3.18 (d, J = 4.9 Hz, 3H), 2.25 (s, 3H), 2.22
(s, 6H), 1.06 (s, 12H)3C NMR (125 MHz,CDCd) & 177 .1, 140.0, 137.
132.3, 127.9, 127.5, 119.8,18.5, 106.6, 80.5, 28.9, 25.0, 21.1, 208 NMR (128
MHz, CDCk) U 26. 4, 14.0. *idacM Sor GolsBN:Qs, 496\93M7,]
observed, 496.2971.
(E)-3-(4-ethoxyphenyl)-N-methyl-2-(1H-naphtho[1,8-d€|[1,3,2]diazaborinin-2(3H)-yl)-

3-(4,4,55- tetramethyl-1,3,2-dioxaborolan-2-yl)acrylamide (1.1719:
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Synthesized byseneral Procedure 1Eas a gllow solid in 74% vyield. Two equiv. NaH/15

crown5 used!H NMR (500 MHz, CDC}) a 7.60 (d, J %781 7 Hz,
(m, 4H), 6.68 (d, J = 8.7 Hz, 2H), 6.41 (brs, 1H), 6.24 (dd, J = 5.9, 2.4 Hz, 2H),

5.87 (s, 2H), 3.88 (q, J = 7.0 Hz, 2H), 3.11 (d, J = 5.0 Hz, 3H), 1.33 (t, J = 7.0

Hz, 3H), 1.24 (s, 12H)'3C NMR (125 MHz,CDC4)ti 177 .2, 159. 9, 14C¢C
131.4, 130.2, 127.7, 120.1, 118.5, 114.0, 106.8, 81.0, 63.4, 28.8, 26.0,'1B.9.

NMR (128 MHz, CDCk) U4 27. 2, 13. 2. H'R&EBd. fof ES | )
C28H34B2N304, 498.2730, observed, 498.2730.
(E)-3-(4-methoxyphenyl)-N-methyl-2-(1H-naphtho[1,8-d€][ 1,3,2]diazaborinin-2(3H)-yl)-

3-(4,4,5,5 tetramethyl-1,3,2-dioxaborolan-2-yl)acrylamide (1.1719:

Synthesized byseneral Procedure 1Eas a gllow solid in 72% vyield. One equiv. NaH/15
crown5 used!H NMR (500 MHz, CDC}) a 7.70 (d, J F781L 8 Hz,

(m, 4H), 6.83 (d, J = 8.8 Hz, 2H), 6.34 (q, J = 4.7 Hz, 1H), 6.18 (dd, J = 6.7, 1.3
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Hz, 2H), 5.54 (s, 2H), 3.77 (s, 3H), 3.12 (d, J = 5.0 Hz, 3H), 1.28 (s, 1%9).
NMR (125 MHz, CDC}) V] 176. 9, 160. 5, 140. 1, 136.
119.9, 118.7, 113.6, 106.8, 80.7, 55.3, 28.8, 2618 NMR (128 MHz, CDC})
U 28. 8, 14. 3. HR MS&alcd. (fé& SG7H32B2N3D4 HB4.2573,
observed, 484.2598.
(E)-3-(3-methoxyphenyl)-N-methyl-2-(1H-naphtho[1,8-d€][1,3,2]diazaborinin-2(3H)-yl)-

3-(4,4,55- tetramethyl-1,3,2-dioxaborolan-2-yl)acrylamide (1.1714:

Synthesized byeneral Procedure 1Eas a ydbw solid in 61% yield. Two equiv. NaH/15

crown5 used!H NMR (500 MHz,CDC%) G 7.30 (m, 1H), 7.18 (t,
J =7.8 Hz, 1H), 7.08 7.03 (m, 4H), 6.81 (dd, J = 7.7, 2.2 Hz, 1H), 6.37 (brs, 1H), 6.20

(dd, J = 6.7, 1.3 Hz, 2H), 5.51 (s, 2H), 3.74 (s, 3H), 3.13 (d, J = 5.0 Hz, 3H), 1.25 (s, 12H).
13C NMR (125 MHz CDCk) ua 176. 9, 159. 2, 140. 7, 139. 9,
119.9, 118.7, 115.2, 112.5, 106.7, 80.8, 55.2, 28.9, 26A NMR (128 MHz, CDC}) a

28.2, 14.2. HRMS: (ESI) [M+H] calcd. for G7H32B2N30a4, 484.2573, observed,

484.2561.

(E)-3-(2-methoxyphenyl)-N-methyl-2-(1H-naphtho[1,8-de][1,3,2]diazabor inin-2(3H)-yI)-

3-(4,4,5,5 tetramethyl-1,3,2-dioxaborolan-2-yl)acrylamide (1.171V):
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Synthesized byseneral Procedure 1Eas a gllow solid in 68% yield. Twoequiv. NaH/15

crown5 used!H NMR (500 MHz,CDC}) & 7.89 (dd, J = 7.6, 1.
J=7.6, 1.7 Hz, 1H),7.09 7.05 (m, 2H), 6.97 7.02 (m, 3H), 6.79 (d, J = 8.2 Hz,
1H),6.39 (brs, 1H), 6.23 (d, J = 7.2 Hz, 2H), 5.54 (brs, 2H), 3.59 (s, 3HRB (d, J

= 5.0 Hz, 3H), 1.22 (s, 12H)3C NMR (125 MHz, CDC}) & 177. 2, 155. 3
136.3, 130.4, 129.5, 128.3, 127.6, 120.4, 119.7, 118.0, 111.3, 106.3, 80.6, 55.3, 28.8,
25.9. 1B NMR (128 MHz, CDC4}) & 27. 0, 13.8. ‘HARIstSfor (ESI )
C27H32B2N304, 484.2573, observed, 484.2561.
(E)-N-methyl-2-(1H-naphtho[1,8-de][1,3,2]diazaborinin-2(3H)-yl)-3-(4,4,55-

tetramethyl-1,3,2-dioxaborolan-2-yl)-3-(4-(tr ifluor omethyl)phenyl)acrylamide

(1.171w):
Ees
B o
& ”/
FsC HN” B NH

Synthesized byGeneral Procedure 1Eas a ydbw solid in 71% yield. One equiv. NaH/15

crown5 used!H NMR (500 MHz,CDC$) G 7.71 (d, J = 8.1 Hz, 2
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2H), 7.10i 7.07 (m, 4H), 6.46 (brs, 1H), 6.21 (d, J = 7.7 Hz, 2H), 5.47 (s, 2H), 3.15 (d, J =

5.0 Hz, 3H), 1.23 (s, 12H}3C NMR (125 MHz,CDC4) & 176.5, 143.0, 139
(q, J = 3.6 Hz), 127.9, 127.7, 125.1 (q, J = 3.6 Hz), 124.3 (q, J =H2J2119.9, 119.1,

106.8, 80.9, 29.0, 26.0!B NMR (128 MHz, CDC}) a 28. 0, 14. 0. '"HRMS:
calcd. for GsHseB4FsKN6Os, 1081.4201, observed, 1081.4246.
(E)-3-(4-chlorophenyl)-N-methyl-2-(1H-naphtho[1,8-de][1,3 2]diazaborinin-2(3H)-yl)-

3-(4,4,55- tetramethyl-1,3,2-dioxaborolan-2-yl)acrylamide (1.171X:

/B\
cl HN”"~NH

Synthesized byseneral Procedure 1Eas a wllow solid in 70% yield. Two equiv. NaH/15

crown5 used.!H NMR (500 MHz, CDC}) &4 7.58 (d, J = 8.4 Hz
8.4 Hz 2H), 7.11i 7.04 (m, 4H), 6.42 (d, J = 4.6 Hz, 1H), 6.22 (dd, J = 6.5,

1.4 Hz, 2H), 5.52 (s, 2H), 3.13 (d, J = 5.0 Hz, 3H), 1.24 (s, 128¢. NMR

(125 MHz, CDCk) u 176. 7, 139. 8, 137. 84, 12736 . 2,
120.0, 118.9, 106.9, 80.9, 28.9, 2619B NMR (128 MHz, CDC}) a 28. 5, 14
HRMS: (ESI) [M+H]" calcd. for GsH20B2CIN30O3, 488.2088, observed,
488.2079.

(E)-3-(2-chlorophenyl)-N-methyl-2-(1H-naphth o[ 1,8-de][ 1,3,2]diazabor inin-2(3H)-yl)-

3-(4,4,5,5- tetramethyl-1,3,2-dioxaborolan-2-yl)acrylamide (1.171y):
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Synthesized byGeneral Procedure 1Eas a glow solid in 76% yield. One equiv. NaH/15

crown5 used!H NMR (500 MHz,CDC}) 4 7.35 (d, J = 8.0 Hz, 1%
Hz, 1H), 7.23 (td, J = 7.5, 1.2 Hz, 1H), 7.14 (td, J = 7.7, 1.8 Hz, 1H), 7898 (m, 4H),

6.48 (q, J = 6.0 Hz, 1H), 6.21 (d, J = 7.1 Hz, 2H), 5.56 (s, 2H), 3.17 (d, J = 5.0 Hz, 3H),

1.09 (s, 12H).°C NMR (125 MHz, CDCJ) ua 176. 9, 139. 9, 139. 4,
128.0, 127.6, 126.2, 120.0, 118.7, 106.7, 80.6, 29.0, 282 NMR (128 MHz, CDC}) a

27.4, 14.5. HRMS: (ESI) [M+H] calcd. for GeH29B2CIN3Os, 488.2078,
observed,488.2075.

(E)-3-(3,5-difluoro phenyl)-N-methyl-2-(1H-naphtho[1,8-de][1,3,2]diazabor inin -2(3H)-

yl)-3-(4,4,5,5- tetramethyl-1,3,2-dioxaborolan-2-yl)acrylamide (1.1713:

Synthesized byGeneral Procedure 1Eas a gllow solid in 74% yield. One equiv. NaH/1b
crown5 used!H NMR (500 MHz, CDC}) U 177.01 (B, 6H), 6.70 (tt, J = 8.8, 2.1 Hz,

1H), 6.42 (g, J = 6.0 Hz, 1H), 6.26 (dd, J = 6.7, 1.7 Hz, 2H), 5.50 (s, 2H), 3.14 (d, J = 5.0
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Hz, 3H), 1.23 (s, 12H}3C NMR (125 MHz,CDCf) & 176.5, 162.7 (dd,
142.7 (J = 9.7 Hz), 139.6, 136.2, 127.7, 120.0, 119.1, 110.3 (dd, J = 20, 8 Hz), 106.9, 103.6

(d, J = 25.4 Hz), 81.0, 29.0, 258B NMR (128 MHz, CDC}) a 27. 6, 13. 8. HR
[M+H] " calcd. for GeH28F2B2N303, 490.2279, observed, 490.2288.
(E)-N-methyl-2-(1H-naphtho[1,8-d€][1,3,2]diazaborinin-2(3H)-yl)-3-(4,4,55

tetramethyl-1,3,2 dioxaborolan-2-yl)-3-(thiophen-2-yl)acrylamide (1.71ag:

Synthesized byGeneral Procedure 1Easa yelow solid in 71% yield. One equiv. NaH/15

crown5 used!H NMR (500 MHz,CDCJ) G4 7.92 (d, J = 2.9 Hz, 1H)
7.20 (dd, J = 5.0, 2.9 Hz, 1H), 7.12.02 (m, 4H), 6.37 (q, J = 5.0 Hz, 1H), 6.19 (dd, J = 6.7, 1.7

Hz, 2H), 5.62 (s, 2H), 3.12 (d, J = 5.0 Hz, 3H), 1.31 (s, 131@).NMR (125 MHz, CDG) U
177.0,140.1, 140.0, 136.3, 128.0, 127.8, 127.7, 125.5, 120.0, 118.8, 106.8, 80.8, 28 ¥B26.5.

NMR (128 MHz,CDCJ) U 28. 5, 14. 5 .*caldRidh SNBSS, 360.2082+ H |
observed, 460.2035.
(E)-N-methyl-3-(naphthalen-2-yl)-2-(1H-naphtho[1,8-de][1,3,2]diazaborinin-2(3H)-

yl)-3-(4,4 5,5 tetramethyl-1,3,2-dioxaborolan-2-yl)acrylamide (1.171ab:
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Synthesized byseneral Procedure 1Eas a gllow sdid in 44%yield. Two equiv. NaH/15

crown5 used!H NMR (500 MHz, CDC) & 8.31 (s, 1H), 7.82 (m,
7.73 (d, J = 8.5 Hz, 1H), 7.67 (d, J = 8.5 Hz, 1H), 7.44 (m, 2H), 7.003 (m, 4H),

6.41 (brs, 1H), 6.16 (t, J = 4.1 Hz, 2H), 5.55 (brs, 2H), 3.16 (d, J = 5.0 Hz, 3H), 1.28

(s, 12H),**C NMR (125 MHz, CDC}) a 176. 9, 139. 9, 136. 7, 1:
128.8, 128.0, 127.8, 127.7, 127.6, 126.5, 126.2, 126.1, 120.0, 118.8, 106.8, 80.9, 28.9,
26.2.11B NMR (128 MHz, CDC4) & 28. 0, 14. 3. *HdeMSar (ESI)
C30H32B2N303, 504.2624, observed04.2626.
(E)-3-(4-(methoxymethoxy)phenyl)-N-methyl-2-(1H-naphtho[1,8-de][1,3,2]diazaborini n-

2(3H)-yl)-3-(4,4,5,5tetramethyl-1,3 2-dioxabor olan-2-yl)acrylamide (1.171ag:
B O
jonel
5. H
oo HN”" “NH

Synthesized byseneral Procedure 1Eas a gllow solid in 58% yield. One equiv. NaH/15
crown5 used!H NMR (500 MHz, CDCy) &4 7.67 (d, J 783 7 Hz,

(m, 4H), 6.91 (d, J = 8.7 Hz, 2H), 6.34 (d, J = 4.7 Hz, 1H), 6.20 (dd, J = 6.6, 1.5
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Hz, 2H), 5.60 (brs, 2H), 5.11 (s, 2H), 3.43 (s, 3H), 3.09 (d, J = 5.0 Hz, 3H), 1.25
(s, 12H).13C NMR (125 MHz,CDC4}) U 176. 9, 158.2, 140. 1,
127.6, 120.0, 118.6, 115.8, 106.7, 94.4, 80.8, 56.2, 26.2, 28BDNMR (128

MHz, CDClIs) i3 84.1. HRMS: (ESI) [M+H] calcd. for GgH34B2N3Os,
514.2679, observed, 514.2691.
(E)-3-(4-(benzyloxy)phenyl)-N-methyl-2-(1H-naphtho[1,8-de][1,3,2]diazaborinin-

2(3H)-yl)-3- (4,4,5,5tetramethyl-1,3,2-dioxaborolan-2-yl)acrylamide (1.171ad:

©/\o HN B SNH

Synthesized byGeneral Procedure 1Eas a gllow solid in 59% vyield. Two equiv.
NaH/15crown5 used!H NMR (500 MHz, CDC§) G0 7.69 (d, J = 8.
7.4071 7.31 (m, 5H), 7.100 7.05 (m, 4H), 6.90 (d, J = 8.7 Hz, 2H), 6.50

(brs, 1H), 6.20 (dd, J = 5.9, 2.2 Hz, 2H), 5.55 (brs, 2H), 5.02 (s, 2H), 3.11

(d, J = 5.0 Hz, 3H), 1.28 (s, 12H}3C NMR (125 MHz, CDC4) U 177 . 0,
159.7, 140.0, 136.9, 136.2, 131.9, 130.2, 128.7, 128.1, 127.7, 120.0,
118.7, 114.5, 106.8, 80.8, 70.0, 28.8, 26! NMR (128 MHz, CDC}) a

28.0, 14.2. HRMS: (ESI) [M+H] calcd. for GsHzsB2N304, 560.2886,
observed, 560.2892.
(E)-N-methyl-2-(1H-naphtho[1,8-de][1,3,2]diazaborinin-2(3H)-yl)-3-(4,4,5,5tetramethy}

1,3,2dioxaborolan-2-yl)oct-2-enamide(1.171ae):
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Synthesized byseneral Procedure 1Eas a vhite solid in 67% yield. Two equiv NaH/15

crown5 usedH NMR (400 MHz,CDCl) G 7.12 (d, J = 7.7 Hz, 2H)
6.33 (d, J = 7.1 Hz, 2H), 6.09 (m, 1H), 5.60 (brs, 2H), 3.06 (d, J = 5.0 Hz, 3H), 2.49 (m, 2H),

1.63 (p, J = 6.9 Hz, 2H), 1.30 (m, 4H), 1.27 (s, 12H), 0.86 (t, J = 6.9 HZ"BHNMR (125

MHz,CDCk) 4 177. 2, 140. 1, 136. 3, 127. 7, 120. 0, 1
*29.5, 28.6, 25.7, *25.0, *22.8, 22.6, *14.3, 14'BNMR (128 MHz,CDCJ) 4 27 . 8, 14.0
HRMS: (ESI) [M+H]' calcd. for GsH3gB2N3Os, 448.2937, observed, 448.2976.

Characterization Data for Cross-coupling Products 1.1751.177:

(2)-3-(4-methoxyphenyl}N-methyl-2-(1H-naphtho[1,8-de][1,3,2]diazaborinin-2(3H)-yl)3-

phenylacrylamide (1.179:

Synthesized bfBeneral Procedure 1Fn 80% yieldas a yellow solid*H NMR (500 MHz,

CDCk) & 7.42 (m, 3H), 7.30 (m, 2H), 7.24 (d, I
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2H), 6.84 (d, J = 8.8 Hz, 2H), 5.97 (d, J = 7.0 Hz, 2H), 5.55 (brs, 2H), 5.35 (g, J = 4.5 Hz, 1H),
3.81 (s, 3H), 2.68 (dl = 5.0 Hz, 3H)**C NMR (125 MHz,CDG) & 173.7, 159. 9,
141.0, 136.2, 133.7, 130.3, 129.1, 128.7, 128.6, 127.6, 119.7, 117.4, 113.8, 106.0, 558 26.8;
NMR (128 MHz,CDC{) U 26. 9. H R M&lcd. for E614s8N:0p, A84.2034,

observed434.2076.

(2)-3-(4-methoxyphenyl}N-methyl-3-phenyl-2-(4,4,5,5tetramethyl-1,3,2dioxaborolan-

2yl)acrylamide (1176):

o
0
N
N/
_B
0" o

Synthesized beneral Procedure 1Gin 83%yield as a light yellow solid*H NMR (500
MHz,CDCk) G4 7.29 (m, 3H), 7.20 (m, 2H), 7.16 (d,
5.19 (m, 1H), 3.80 (s, 3H), 2.61 (d, J = 5.0 Hz, 3H), 1.13 (s, 12E)NMR (125 MHz, CDGJ)

171.5, 159.9, 155. 3, D&I131186,840,3%4,265,2481. 0, 1

¢

NMR (128 MHz, CDCY) U 2 9. 3. H R M&lcd. for BS4BNO.] 39K,

observed394.2232.

(2)-3-(4-methoxyphenyl)}N-methyl-3-phenyl-2-(4-(2-(piperidin -

lyl)ethoxy)phenyl)acrylamide (1.177:
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Synthesized beneral Procedure 1Hin 66% yieldas a light yellow solidtH NMR (500

MHz, CDCI3) o 7.21 (d, J = 8.8 Hz, 2H), 7.14
Hz, 2H), 6.98 (m, 2H), 6.83 (d, J = &&, 2H), 6.66 (d, J = 8.8 Hz, 2H), 5.50 (g, J = 4.8 Hz,

1H), 4.10 (t, J = 5.7 Hz, 2H), 3.81 (s, 3H), 2.83 (t, J = 5.7 Hz, 2H), 2.68 (d, J = 5.0 Hz, 3H), 2.61
(brs, 4H), 1.67 (m, 4H), 1.48 (brs, 2HJC NMR (125 MHz,CDGJ)) U 172. 2, 159. 4,
142.3,14.7, 136.0, 134.7, 131.5, 131.1, 131.0, 130.7, 128.0, 127.4, 114.4, 113.7, 65.4, 57.7,

55.4, 55.0, 26.8, 24.8, 22.8. HRMS: (ESI) [M+¥Hdhlcd. for GoHssN20s, 471.2647, observed,

471.2642.

3.4 Synthetic Proceduresand Characterization Data for Novel Compaunds in

Chapter Two:

General Procedure 2A for the Synthesis of Dibromocyclopropanprecursors 2.65al:

Styrene (1.0 equiv, bromoform (1.5 equiv), and triethylbenzylammonium chloride (0.01
equiv) were added to a 25 mL round bottomed flask equipped with a stir bar. The flask was
attached to a reflux condenser under nitrogen and heated % @@h stirring. An agueous

solution of NaOH (50 wt %, 4 equiv) was added sdmopwise to the solution such that the
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temperature of the reaction was maintained. After addition of this solution, a dark purple and

highly viscous reaction mixture was observedd. The mixt@® allowed to stir overnight (16 h).

The product mixture was quenched with water and extracted thrice with chloroform. The
combined organic layers were dried over sodium sulfate and filtered. After removal of the solvent
in vacuq the remaining residueas purified by either flash chromatography (100% hexane) or

Kugel rohr distillation to furnish the products as viscous oils.

R Bromoform (1.5 equiv) Br, Br
X Triethylbenzylammonium chloride (1 mol %) R
NaOH (aq, 50 wt%, 4 equiv)
2.64a-1 60°C, 16 h

2.65a-l

General Procedure 2B for the Synthesis of Phenylallene Derivatives (2.66#&) from

Dibromocyclopropane precursors 2.68-I:

The dbromocylopropaneprecursorwas dissolved in THF (0.5 M) and stirred under
nitrogen. A solution of EtMgBr (3 M in diethyl ether, 124equiv) was added dropwise to the
solution, which turned from clear to yellow. After compmetof Grignard addition, the solution

was allowed to stir until all dibromocyclopropane was consumed as monitored by TLC.

The reaction mixture was then quenched with water (added dropwise) and extracted with
hexanes or petroleum ether thrice. The comtbiarganic layers were dried over sodium sulfate,
filtered, and removeth vacuoto furnish ayellow residue. This residue was then purified by a
silica plug (eluting with hexanes) or flash column (again, eluting with hexanes) to furnish the pure

allene.

Br_ Br R

R EtMgBr (3M, Et,0, 1.4-2 equiv)
THF, rt, 1h

2.65a-1 2.66a-1
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General Procedure2C for the Synthesis of Alenes 2.66a from Terminal Alkynes :

Paraformaldehyde (2.5 equiv), coppéri@dide (0.5 equiv), dioxanalkyne2.71nr (1
equiv), and dicyclohexylamine (1.8 equiv) were adtted round bottom flask equipped with a
stirbar and attached to a reflux condenser under nitrogen. The mixture was stirred overnight (16 h)
at reflux during which time a dark solution formed. Deionized water was then added to the reaction
mixture, and themixture was extracted thrice with diethyl ether, dried over sodium sulfate, and
fitered. The ether was removdad vacuo and the resulting residue was purified by flash

chromatography (eluting with hexanes) to furnish the allene products as clear, vitsous

Cul (0.5 equiv)
Cy,NH (1.8 equiv)
Z (CH,0), (2.5 equiv) R

R Dioxane, reflux, overnight ==
2.71n-r 2.66n-r

General Procedure 2D for the Synthesis of Protoborated Allene Products 2.74/2.75a

Reactions were run in a 2 DR vial equipped with a small stir bar. The vial was charged
with allene (1 equiv),bis(pinacoloto)diboron (1.1 equiv), benzylamine (5 mol %), and
triphenylphosphine (10 mol%\Itrapure wateand a 2.6 mg/mICuSQ solution were added in
equal amounts such thatmol % CuS@was dispensed into threaction mixture Immediately
upon addition of copper solution, the mixture turned black. The reaction was stirred and monitored
by TLC/GC until all starting material was consumed. The reaction was quenched with chloroform,
and the water layer was extracted thrice with chloroform. Upon remoealabformin vacuq
the resulting yellow residue was purified by flash chromatograp#4®EtOAc in hexanes) to

yield borylation products as affellow oils.
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:.:/R CuSO, (1.0 mol %), NH,Bn (5 mol %), PPh3 (10 mol %) B-0 o-B
By (pin), (1.1 equiv), water, 22 °C, 2-4 h O’ >Kﬁo
2.66a-r )&
Major Minor
isomer isomer
2.74a-r 2.75a-r

Characterization Data for Dibromocyclopropanes?.65ail:

(2,2-dibromocyclopropyl)benzene(2.65a)

Br, Br

Synthesized by General Procedure 2A in 47% yield; isolated as a clédranild*C NMR spectra

are consistent with the literatute.
1-(2,2-dibromocyclopropyl)-4-methylbenzeneg(2.65b)

Br, Br

Synthesized by General Procedure 2A in 42% yield; isolated as a clédranild*C NMR spectra

are consistent with the literatute.
1-(tert-butyl) -4-(2,2-dibromocyclopropyl)benzene(2.65c)

Br, Br
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Synthesized by General Procedure 2A in 96% vyield; isolated as a clé#t NiMR (400 MHz,
Chloroformd) 0 T 7.354h, 2H), 7.22 7.14 (m, 2H), 2.93 (ddd} = 10.5, 8.3, 0.8 Hz, 1H),
2.12 (dd,J = 10.6, 7.7 Hz, 1H), 1.99 (dd= 8.3, 7.7 Hz, 1H), B3 (s, 9H)*C NMR (101 MHz,

cbds) U 150.69, 133.07, 128.65, 125.33, 35.74,
1-chloro-4-(2,2-dibromocyclopropyl)benzene(2.65d)

Br. Br

Cl

Synthesized by General Procedure 28060 yield isolated as a clear otH and**C NMR spectra

are consistent with the literatut.
1-chloro-3-(2,2-dibromocyclopropyl)benzene(2.65e€)

Br. Br

Cl

Synthesized by General Procedure 2A3f0 yield isolated as a clear otH and**C NMR spectra

are consistent with the literatute.
1-chloro-2-(2,2-dibromocyclopropyl)benzene(2.65f)

Br. Br
Cl
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Synthesized by General Procedure 2A1f0 yield isolated as a clear otH and**C NMR spectra

are consistent with the literatute.

1-(2,2-dibromocyclopropyl)-4-(trifluoromethyl)benzene (2.659)

Br, Br

FsC
Synthesized by General Procedure 2A in 52% yield; isolated as a clédrant**C NMR spectra

are consistenwith the literature:?
1-(2,2-dibromocyclopropyl)-4-fluorobenzene(2.65i)

Br. Br

Synthesized by General Procedure 2A in 41% yield; isolated as a clédranild*C NMR spectra
areconsistent with the literaturé.
1-(2,2-dibromocyclopropyl)-4-methoxybenzeng?2.65j)

Br. Br

MeO

Synthesized by General Procedure 2A in 32% yield; isolated as a clédranid**C NMR spectra

are consistent with the literatute.

1-(benzyloxy)4-(2,2-dibromocyclopropyl)benzene(2.65k)
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Br, Br

BnO

Synthesized by General Procedure 2A in 84% yield; isolated as a clédranid*C NMR spectra

are consistent with the literatute.
1-(allyloxy)-4-(2,2-dibromocyclopropyl)benzene(2.65I):

Br. Br

OM

Synthesized by General Procedure 2A in 15% yield; isolated as a clear liquid. Product contains
ethyl acetate impurities as was taken forward crude in General Pro2&itieNMR (400MHz,

CDClL) U 7 7.11Xnd, M), 6.88 (dJ = 8.7 Hz, M), 6.121 5.94(m, 1H), 5.40 (ddd) = 17.2,

1.6, 0.5 Hz, H), 5.27 (dqd, = 10.5, 1.4, 0.5 Hz, 1H), 4.52 (dt= 5.3, 1.5 Hz, B), 2.92i 2.77

(m, 1H), 2.12 2.05 (m, 1H), 1.93 (dd,= 8.3, 7.7 Hz, 1H:*C NMR (101 MHz,CDCJ) & 158. 21,

133.30, 130.21, 130.1128.48, 117.91, 114.60, 68.97, 35.46, 29.35, 27.45.

Characterization Data for Allenes?2.66ar :

Propa-1,2-dien-1-ylbenzene(2.66a):

-

Synthesized byeneral Procedure 2Bin 40% yield as a clear oitH and**C NMR spectra are

consistent with the literaturé.
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1-methyl-4-(propa-1,2-dien-1-yl)benzene(2.66b):

Synthesized byseneral Procedure 2Bin 82% yieldas a clear oil*H and'*C NMR spectra are

consistent with théteraturel®

1-(tert-butyl) -4-(propa-1,2-dien-1-yl)benzene(2.66¢):

Synthesized b@eneral Procedure 2Bin 95% yield.'H and**C NMR spectra are consistent with

the literature-’
1-chloro-4-(propa-1,2-dien-1-yl)benzene(2.66d):

Cl

Synthesized bgeneral Procedure 2Bin 97% vyield as a clear oil. 2B B2% yieldas a clear oil.

'H and*3C NMR spectra are consistent with the literaiire.

1-chloro-3-(propa-1,2-dien-1-yl)benzene(2.66e):
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Cl

Synthesized byseneral Procedure 2Bin 69% vyield, obtained as a clear diH and*C NMR

spectra are consistent with the literattfre.
1-chloro-2-(propa-1,2-dien-1-yl)benzene(2.66f):

o

Synthesized byseneral Procedure 2Bin 95 % yield obtained as a clear ot and**C NMR

spectra are consistent with the literattfre.
1-(propa-1,2-dien-1-yl)-4-(trifluoromethyl)benzene (2.669):

CF;

Synthesized byseneral Procedure 2Bin 57% yield; isolated as a clear diH and'3C NMR

spectra are consistenttivthe literature:?

1-fluoro-4-(propa-1,2-dien-1-yl)benzene(2.66i):
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Synthesized byseneral Procedure 2Bin 60% yield; isolated as a clear oiH and*3C NMR

spectra areonsistent with the literaturé.
1-methoxy-4-(propa-1,2-dien-1-yl)benzene(2.66)):

OMe

Synthesized byseneral Procedure 2B isolated in56% yieldas a clear oil'H and*C NMR

spectra are consistent with thiterature!®
1-(benzyloxy)-4-(propa-1,2-dien-1-yl)benzene(2.66Kk):

OBn

Synthesized byseneral Procedure 2B isolated as a clear oil 83% yield.'H and*C NMR

spectra are consistent with the literattie.

1-(allyloxy)-4-(propa-1,2-dien-1-yl)benzene(2.66l):

f§>

Synthesized byseneral Procedure 2B isolated in74% yieldas a clear oifH NMR (400 MHz,
CDCl) 0 17.172mM, 2H), 6.93 6.82 (m, 2H), 6.12 (t) = 6.8 Hz, 1H), 6.05 (ddt] = 17.2,
10.5, 5.3 Hz, 1H), 5.41 (dd,= 17.3, 1.6 Hz, 1H), 5.29 (dd,= 10.5, 1.4 Hz, 1H), 5.12 (dd,=

6.8, 0.6 Hz, 2H), 4.53 (dfi = 5.3, 1.5 Hz, 2H)!*C NMR (101 MHz, CD@;) U 209 .
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133.37, 127.87, 126.43, 186, 115.12, 93.48, 78.92, 69.QRMS: (EI) [M]* CisH20BCIO:

172.09, observed 172.1

((penta-3,4-dien-1-yloxy)methyl)benzene(2.66n):

OBn

:]I\L

Synthesized byseneral Procedure 2Cin 94% vyield isolated as a yellow oitH and**C NMR

spectra are consistent with the literattire.

((buta-2,3-dien-1-yloxy)methyl)benzeneg(2.660):
0 C

Synthesized byGeneral Procedure 2C isolated as a dark oitH and 3*C NMR spectra are

L

consistent with the literaturé.

Decal,2-diene(2.66p):

D

Synthesized byeneral Procedure 2C isolated in 15% yield as a clear.dihe terminal
protons on the allene display a doublet of triplets due to¥3atbupling andJ (homoallenic)
coupling, the latter of which has been readily established in the literature for'allspectre?
IH NMR (400 MHz, CDCJ) § 5J=6.8 Hz( ), 4.65 (dt] = 6.6, 3.2 Hz, 2H), 1.99 (ddt,

J=10.9, 6.7, 3.4 Hz, 2H), 1.471.18 (m,10H), 0.98 0.81 (m, 3H)C NMR (101 MHz

cbClk) u 208.60, 90.27, 74.66, 32.00, 29.30,
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Undecal,2-diene(2.66q):

D

Synthesized byseneral Procedure 2C isolated in 35% yield as a clear diH and'*C NMR

spectra are consistent with the literattfre.

Pentadecal,2-diene (2.66r):

Synthesized byseneral Procedure 2C isolated in 89% yield as a clear diH and'3C NMR

spectra are consistent with the literattive.

Characterization of Protoboration Products2.74/2.75ar:

Isolated peaks in th&#H and*3C spectracorresponding solg to the minor isomer are
labelled with an asterisk. In some instances, the highest quality spectrum was obtained after
repurification of the borylation products. Because prod@ctdar degrade more rapidly than
2.75ar, the isomeric ratios in those gp& do not reflect the initial isomeric ratios, and a second

14 spectrum is given in these cases to show the true ratios.

4.,4,5,5tetramethyl-2-(3-phenylprop-1-en-2-yl)-1,3,2dioxaborolane (2.74a) and (2)-4,4,5,5

tetramethyl-2-(1-phenylprop-1-en-2-yl)-1,3,2dioxaborolane (2.75a)
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© P

/ 0O-B

o?& 7%0
Isolated as an off yellowil, 78%yield, 87:13 isomeric rati@.74ato 2.75a. *H NMR (500 MHz,
CDCls) U 71 7.048 8n, 5H), 5.76 (dJ = 28 Hz, 1H), 5.45 (s, 1H), 3.41 (s, 2H), 1.92* Jc;
1.4 Hz, 3H), 1.23* (s, 12H), 1.13 (s, 12#C NMR (101 MHz, CDCG)) U 1,44D.804129.94,
129.53, 129.31, 129.26 128.20, 128.15 127.2%, 125.80, 83.68 83.60, 41.50, 24.9924.8],

16.04. 1B NMR (128 MHz, CDCGJ) U 30. 09. 1 RiMSBO, 24416, 0bsenid

244.1.

4,4,5,5tetramethyl-2-(3-(p-tolyl)prop -1-en-2-yl)-1,3,2dioxaborolane (2.74b) and (2)-

4,4,5,5tetramethyl-2-(1-(p-tolyl)prop -1-en-2-yl)-1,3,2dioxaborolane (2.75b)

xS

O-B
75{’
Isolated as an offgtlow oil, 67% yield, 89:11 isomeric ratiof 2.74b to 2.75b. *H NMR (500
MHz, CDCk) U 7 J=8719Hz, @H),,7.23* (s, 1H), 7.17* (d= 7.8 Hz, 2H), 7.12 7.05 (m,
4H), 5.851 5.79 (m, 1H), 5.52 (s, 1H), 3.45 (s, 3H), 2.36* (s, 3H), 2.32 (s, 3H), 2.01* (s, 3H),
1.33*% (s, 12H), 1.24 (s, 12H¥C NMR (126 MHz, CDG)) U 1,437.724187.03 135.30,

135.15, 129.75, 129.57129.13,128.92, 128.89, 83.58, 83.56, 40.98, 25.00, 24.85, 21.38,
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21.14, 16.06. B NMR (128 MHz, CDG@;) & 30. 16. L CMSBO, p5B.18) [ M]

observed 258.3.

2-(3-(4-(tert-butyl)phenyl)prop -1-en-2-yl)-4,4,5,5tetramethyl-1,3,2dioxaborolane  (2.74c)

and (2)-2-(1-(4-(tert-butyl)phenyl)prop-1-en-2-yl)-4,4,5,5tetramethyl-1,3,2dioxaborolane

(2.75¢)
Ol;_év O.-'B\
Xﬁo

Isolated as off gllow oil, 47% yield, 90:10 isomeric ratif 2.74cto 2.75¢ *H NMR (500 MHz,
CDClk) U 7 J386'Hz,(4H), 7.24 (d) = 4.2 Hz, 2H), 7.18* (s, 1H), 7.10 (= 7.9 Hz,

2H), 5.79 (s, 1H), 5.49 (s, 1H), 3.42 (s, 2H), 1.98* (s, 3H), 1.30* (s, 9H), 1.29* (s, 12H), 1.27 (s,
9H), 1.19 (s,12H). 13C NMR (101 MHz,CDCl) U 1,84B.5% 142.37 13773, 129.76,
129.4%, 128.91, 125.12, 83.60, 40.88, 34:734.46, 31.57, 31.44 25.00, 24.83, 16.15.1'B

NMR (128 MHz,CDCY) o 30. 07 . ‘L @RoMSBO. 30023, pbservht]300.3.

2-(3-(4-chlorophenyl)prop-1-en-2-yl)-4,4,5,5tetramethyl-1,3,2dioxaborolane (2.74d) and

(2)-2-(1-(4-chlorophenyl)prop-1-en-2-yl)-4,4,5,5tetramethyl-1,3,2dioxaborolane (2.75d}
O
/B—O =
xS
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Isolated as gllow oil, 87% yield, 90:10 isomeric ratib74dto 2.75d *H NMR (500 MHz, CDCY)

¢

7.31* ( sJ=84H22H), 7.172(< 1H), @.12 (@= 8.1 Hz, 2H), 5.83 (s, 1H), 5.53
(s, 1H), 3.43 (s, 2H), 1.96* (s, 3H), 1.31 (s, 12H), 1.21 (s, 1¥B)NMR (126 MHz, CDGJ) i
141.13, 139.39, 131.60, IB80*, 130.61, 130.31, 128.40128.31, 83.73, 40.96, 25:0124.85,
16.0%. lBNMR (128 MHz, CDCY) & 29. 92. ‘L RMSBCIOA2EBI12, obseipd

278.1.

2-(3-(3-chlorophenyl)prop-1-en-2-yl)-4,4,5,5tetramethyl-1,3,2dioxaborolane (2.74e) and

(2)-2-(1-(4-chlorophenyl)prop-1-en-2-yl)-4,4,5,5tetramethyl-1,3,2dioxaborolane (2.75e€):

ECl Cl
/B-O =
0 0-8B

IH NMR (500 MHz, CDCY) & i 8.96Xn6, 4H), 5.77 (d] = 2.3 Hz, 1H), 5.48 (s, 1H), 3.36 (s,
2H), 1.92i 1.86* (m, 3H), 1.23* (s12H), 1.13 (s, 12H}*C NMR (126 MHz, CDG)) U 143. 03,
140.91*,133.97, 130.50, 129.44, 129.3R7.61* 127.40,127.22* 126.00, 83.74, 41.384.99*,

24.82, 16.0*.

2-(3-(2-chlorophenyl)prop-1-en-2-yl)-4,4,5,5tetramethyl-1,3,2dioxaborolane (2.74f) and

(2)-2-(1-(2-chlorophenyl)prop-1-en-2-yl)-4,4,5,5tetramethyl-1,3,2dioxaborolane (2.75f).
Cl
< — Cl
IB_O
X<
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Isolated as gllow oil, 87% yield, 90:10 isomeric ratth74fto 2.75f *H NMR (500 MHz, CDCY)

U 77742+ (m, 4H), 5.92 ¢, 1H), 5.47 (s, 1H), 3.62 (s, 2H), 1.89* (s, 3H), 1.35 (s, 12H), 1.27
(s, 12H).13C NMR (126 MHz, CDG)) U 1,338.44 336.22 134.53, 133.74 131.26,
130.79, 130.70, 129.48 129.41, 128.42 127.39, 126.55, 126.1183.68, 38.23, 24.9924.85,
15.97* "B NMR (128 MHz, CDCG}) & 3 0. 05. ‘L ®MSBCIOL{2B112, obseied

278.1.

4,4,5,5tetramethyl-2-(3-(4-(trifluoromethyl)phenyl)prop -1-en-2-yl)-1,3,2dioxaborolane
(2.749) and (Z2)4,4,5,5tetramethyl-2-(1-(4-(trifluoromethyl)phenyl)prop -1-en-2-yl)-1,3,2

dioxaborolane (2.759)

CF,
CF,

Isolated as a yellow oil, 19% yield, 93:7 isomeric ratitdgto 2.75g *H NMR (500 MHz, CDCY)
i 7. 438.0Hd, M), 7.23 (d,J= 7.9 Hz, M), 5.80 (d,J = 3.0 Hz, H), 5.48 (dJ = 3.4 Hz,
1H), 3.45 (s, 2) 1.90 (d, J = 1.9 Hz, #), 1.24* (s, 12H), 1.13 (s, H). 13°C NMR (126 MHz,
CDCk) O 143.94, 129 .J6322H1)222.49¢ =271.2Hz)10396 (0.} ,

= 3.8 Hz), 82.62, 40.22, 28.633.64.''B NMR (128 MHz,CDCkL) &4 .29. 80

2-(3-(4-fluorophenyl)prop-1-en-2-yl)-4,4,5,5tetramethyl-1,3,2dioxaborolane (2.74i) and

(2)-2-(1-(4-fluorophenyl)prop -1-en-2-yl)-4,4,5,5tetramethyl-1,3,2dioxaborolane (2.75i):
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B-0

o] 0-8
7K

Isolatedas a gllow oil, 19% isolated yield, 50% NMR yield, 83:17 isomeric r&io4ito 2.75.

IH NMR (500 MHz,CDCl)  § i 7.318(8, 2H), 7.18* (s, 1H), 7.177.12 (m, 2H), 7.03* (t,
J = 8.6 Hz, 2H), 6.94 (t) = 8.6 Hz, 2H), 5.82 (s, 1H), 5.53 (s, 1H}&B.(s, 2H), 1.97* (s, 3H),
1.31* (s, 12H), 1.20 (s12H).23C NMR (126 MHz, CDCJ) U 1 6 J=.243% H#),dl41.30,

136.48(d, J = 3.0 Hz) 131.2% (d, J = 8.1 Hz), 130.60 (d] = 7.7 Hz), 129.98, 114.91 (d= 20.9

Hz), 100.15, 83.69, 40.84, 25.0124.83, 15.98.1'B NMR (128 MHz,CDCJ) U 29. 98.

(El) [M]* C1sH20BF0,262.15, observed 262.3.

2-(3-(4-methoxyphenyl)prop-1-en-2-yl)-4,4,5,5tetramethyl-1,3,2dioxaborolane (2.74j) and

(2)-2-(1-(4-methoxyphenyl)prop-1-en-2-yl)-4,4,5,5tetramethyl-1,3,2dioxaborolane (2.75j:

B-0 —

/
O o_ B\
7%

OMe

Isolated as an offeflow oil, 46% vyield, 67:33 isomeric rat®74jto 2.75j. *H NMR (400 MHz,
CDCk) U i 7.324 (@, 2H),7.18* (d,J = 1.8 Hz, 1H), 7.14 7.05 (m, 2H), 6.92 6.85* (m,
2H), 6.85i 6.77 (m, 2H), 5.81 (dt) = 3.3, 1.2 Hz, 1H), 5.51 (df,= 3.4, 1.6 Hz, 1H), 3.82* (s,

3H), 3.78 (s, 3H), 3.42 (d,= 1.4 Hz, 2H), 2.00* (dJ = 1.7 Hz, 3H), 1.31* (s, 12H), 1.21 (s, 12H).
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13C NMR (101 MHz, CDG) u 1,5%.8% 842.09 132.89, 131.07, 130.88, 130.18
129.57, 113.65, 113.6083.60, 83.54, 55.37, 55.35, 40.61, 24.99, 24.84, 16.07. 1'B NMR

(128 MHz, CDC$) 4 3 0 .S2(HI).[M]'Lt ReM23BO3z 274.17, observed 274.3.

2-(3-(4-(benzyloxy)phenyl)prop-1-en-2-yl)-4,4,5,5tetramethyl-1,3,2dioxaborolane (2.74Kk)
and (2)-2-(1-(3-(benzyloxy)phenyl)prop-1-en-2-yl)-4,4,5,5tetramethyl-1,3,2dioxaborolane

(2.75k):

IB_O
xS

OBn

White solid, 37%, 66:34 isomeric rao74kto 2.75k *H NMR (500 MHz, CDCJ) U -7B0*4 8
(m,5H from2.74kand 7H from2.75K), 7.20* (s, 1H), 7.12 (d] = 7.8 Hz, 2H), 6.97* (dJ=8.1

Hz, OH), 6.90 (d,) = 7.8 Hz, 2H) 5.82 (s, 1H), 5.53 (s, 1H), 5.08* (s, 2H), 5.05* (s, 2H), 3.44 (s,
2H), 2.02* (s, 3H), 1.32* (s, 12H), 1.22 (s, 12C NMR (126 MHz, CDGJ) &  1,35.09) 3
142.04, 137.42, 137.0%, 133.22, 131.14 131.10, 130.22, 129.60, 128.74128.67, 128.13
127.98, 127.65 127.61, 114.67, 114.5283.61, 83.56, 70.16, 70.14, 40.67, 25.00, 24.84
16.10*% 1B NMR (128 MHz, CDC{) U 3 0. 13. 1 R.MSBO; 35E2L,)obserid

350.3.

2-(3-(4-(allyloxy)phenyl)prop-1-en-2-yl)-4,4,5,5tetramethyl-1,3 2-dioxaborolane (2.74l) and

(2)-2-(1-(4-(allyloxy)phenyl)prop-1-en-2-yl)-4,4,5,5tetramethyl-1,3,2dioxaborolane (2.75l):
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Isolated as an offgllow oil, 49% vyield, 75:25 isomeric ratitd NMR (500 MHz, CDCY) 4 7 .

(d,J = 8.6 Hz, 2H), 7.17* (s, 1H), 7.10 (d= 8.4 Hz, 2H), 6.89* (d] = 8.6 Hz, 2H), 6.82 (d] =
8.5 Hz, 2H), 6.06** (ddqy) = 15.7, 10.3, 5.0 Hz, 1H), 5.815.79 (m, 1H), 5.51 (s, 1H), 5.41*
(dd,J = 17.2, 10.3 Hz, 1H), 5.28** (i = 11.6 Hz, 1H), 45* (d,J = 5.2 Hz, 2H), 4.51 (d] = 5.2
Hz, 2H), 3.41 (s, 2H), 1.99* (s, 3H), 1.31* (s, 12H), 1.21 (s, 13¥)NMR (126 MHz, CDGJ)
U 15715679, 141.94, 133.56, 133.25, 133.00, 130*9030.02, 129.38, 117.67117.40,
114.43, 114.27, 83.44, 839", 68.86, 68.77, 40.53, 24.84, 24.69, 15.91. !B NMR (128 MHz,

cdck) @ 30. 02. HR'NSH2:BQ:8D$.20) obserived BD]L.1968.

2-(3-cyclohexylprop-1-en-2-yl)-4,4,5,5tetramethyl-1,3,2dioxaborolane (2.74m) and (Z2)-2-

(1-cyclohexylprop-1-en-2-yl)-4,4,5,5tetramethyl-1,3,2dioxaborolane (2.75m)
/B‘O : =
xS

Isolated as asflow oil, 84% yield, 78:22 isomeric rat®.74mto 2.75m *H NMR (500 MHz,
CDCl) U 6 J487Hz(@HI),5.81 5.70 (m, 1H), 5.53 (s, 1H), 2.432.26* (m, 1H), 2.03
(d,J=6.8 Hz, 2H), 1.74..58 (m, 6H), 1.25 (s, 12H), 1.22205 (m, 3H), 0.84 (g1 = 11.3 Hz, 2H).

13C NMR (126 MHz, CDGJ) U 1,330.08 83.38, 83.14 43.44, 37.84, 386*, 33.33,
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32.39, 26.81, 26.55, 26.2626.1%, 24.95, 24.84, 14.01. 'BNMR (128 MHz,CDC}) U 3 0. 16 .

LRMS: (El) [M]* C1sH27BO2 250.21, observed 250.3.

2-(5-(benzyloxy)pentl-en-2-yl)-4,4,5,5tetramethyl-1,3,2dioxaborolane (2.74n) and (Z2)-2-

(5-(benzyloxy)pent-2-en-2-yl)-4,4,5,5tetramethyl-1,3,2dioxaborolane (2.75n)

:(_/*OBn >_/_/OBn
B-0 0-B
RO &

Isolated as aseflow oil, 34%, 93:7 isomeric rati2.74nto 2.75n *H NMR (500 MHz, CDCJ) U
7.381 7.24 (m, 5H), 6.38 6.28* (m, 1H), 5.79 (d) = 3.3 Hz, 1H), 5.64 5.60 (m, 1H), 4.53* (s,
2H), 4.50 (s, 2H), 3.54 (§,= 7.2 Hz, 2H), 3.48 (t) = 6.7 Hz, 2H), 2.48* (¢ = 7.0 Hz, 2H), 2.24
(t, J= 7.6 Hz, 2H), 1.77 (dt] = 14.1, 6.8 Hz, 2H), 1.71* (s, 3H), 1.26 (s, 12} NMR (126
MHz, CDCbk) 0 1,438.88 138.59 129.47, 128.46 128.43, 127.78, 127.6327.56*,
83.46, 83.29, 72.98 72.91, 70.16, 69.30 31.99, 29.54, 29.26, 24.98, 24.88, 14.19. LRMS:

(El) [M]* Calculated for @H27BOs 302.21, observed 302.3.

2-(4-(benzyloxy)but-1-en-2-yl)-4,4,5,5tetramethyl-1,3,2dioxaborolane (2.740pnd (2)-2-(4-

(benzyloxy)but-2-en-2-yl)-4,4,5,5tetramethyl-1,3,2dioxaborolane (2.750)

Isolated as asflow oil, 53%, 72:18 isomeric rati®.74oto 2.75a *H NMR (400 MHz, CDC}) U

7.397 7.22 (m, 5H), 6.48* (tg) = 5.8, 1.7 Hz, 1H), 5.85 (dd,= 3.5, 0.9 Hz, 1H), 5.70 (df,=
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3.3, 1.4 Hz, 1H), 4.53* (s, 2H), 4.52 (s, 2M)17 (dg,J = 5.8, 1.1 Hz, 2H), 3.56 (= 7.0 Hz,
2H), 2.49 (ttJ = 7.0, 1.1 Hz, 3} 1.69" (dd, J = 1.8, 0.9 Hz, 3H), 1.26* (s, 12H), 1.24 (s, 12H).
13C NMR (101 MHz, cded) & 1,43B.8391B1.17, 128.47128.40, 127.85 127.76, 127.67,
127.50, 83.52, 72.82, 72%6170.09, 67.18, 35.87, 24.98, 24.86, 14.45. LRMS: (El) [M]*

Cald. for G7H25B0O3 288.19, observed 288.3.

2-(dec1-en-2-yl)-4,4,5,5tetramethyl-1,3,2dioxaborolane (2.74p) and (Z32-(dec2-en-2-yl)-

4,4,5,5tetramethyl-1,3,2dioxaborolane (2.75p):

=(_C7H15 \‘ C7H15
H

/B‘O O-_B\
o Xﬁo

Isolated as a yellow oil, 48%. Isomeric ra®i@4pto 2.75pis 74:26H NMR (500 MHz, CDCJ)
0 6.(t3 % 5.9 Hz, 1H), 5.83 5.68 (m, 1H), 5.58 (s,H), 2.12 (q,J = 7.3 Hz, ), 1.66 (s,
3H), 1.26(s, 24H), 0.87 (tJ= 6.4 Hz, H). °C NMR (126MHz, CDCk) U 1,428.77888.39,
83.16, 35.51, 32.06, 31.9929.85*,29.67, 29.64, 29.43, 29.37, 29028.83, 24.95, 24.88,
22.84,14.24,13.98'B NMR (128 MHz,CDClL) & BRMS:1(H) [M]* C16H31BO, 266.24,

observed 266.3.

4,4,5,5tetramethyl-2-(undec-1-en-2-yl)-1,3,2dioxaborolane  (2.74q) and (24,4,5,5

tetramethyl-2-(undec2-en-2-yl)-1,3,2dioxaborolane (2.75q):

CgH17 CgH17

B-0 o-B H

o')(\T X@
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Isolated as aseflow oil, 50% yield, 84:16someric ratio2.74qto 2.75g *H NMR (500 MHz,
Chloroformd) U 6J=3D0 Hz, {H), 5.74 (s, 1H), 5.57 (s, 1H), 2.12 &,7.4 Hz, 2H), 1.66*

(s, 3H), 1.431.20 (m, 26H), 0.87 (t) = 6.5 Hz, 3H. 3°C NMR (126 MHz, CDG)) U 1,46 . 83
128.76, 83.37, 83.15 35.50, 32.08, 29.85 29.73, 29.7229.68, 29.65, 29.49, 29.43, 29.38,

29.01, 28.85, 24.94, 24.88, 22.83, 14.24, 1307#'BNMR (128MHz,CDd3) & 3 0. 1 3. LR

(El) [M]™* Calculated for €H33BO2 280.26, observed 280.4.

4,4,5,5tetramethyl-2-(pentadecl-en-2-yl)-1,3,2dioxaborolane (2.74r) and (2)-4,4,5,5

tetramethyl-2-(pentadec2-en-2-yl)-1,3,2dioxaborolane (2.75r):

=(_C12H25 \l C12H2s
/

Yellow oil, 75% yield, 83:17 isomeric rat®.74rt0 2.75 r. '\H NMR (500 MHz,CDClL) U4 6. 32 *
(d,J=6.4 Hz, 1H), 5.74 (s, 1H), 5.57 (s, 1H), 2.12&, 7.4 Hz, 2H), 1.66* (s, 3H), 1.441.16

(m, 34H), 0.87 (t)= 6.5 Hz, 3H)13C NMR (126 MHz, CDCJ) U 1, 428.77883.36, 83.13

35.51, 32.08, 29.86, 29.82, 29.79, 29.73, 29.52, 29.44, 293P, 28.85, 24.94 24.88, 22.84,
14.24,13.96. "B NMR (128 MHz,CDGJ) U 3 0. 15. *LGRIbUSted f¢r GiHa)BO [ M]

336.32, observed 336.4.
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