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ABSTRACT
MATTHEW VINCENT JOANNOU: Stereoselective Incorporation of Boron into Molecules via
Additions of alphaBorylated Organometallics #lectrophiles
(Under the direction of Simon J. Meek)
A Chapter 1: Enantio- a n d Di ast er eos el e-dydroxyberondges rvia ICe s i s
catalyzed Addition of gemDiboronate Esters to Aldehydes The development of an enantaind
diastereoselective adiin of gemdiboronate esters to aryl and alkenyl aldehydes in the presence of
stoichiometric Li@-Am is presented. The reaction proceeds in up to 92% yield, >99:1 d.r., and 96:4

e.r. Mechanistic studies reveal the formation of a lithierrbutylboratespecies that stereospecifically

transmetallates to a copper catalyst, which then diastereoselectively adds to the aldehyde.
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A Chapter 2: Ag(l)-Catalyzed Synthesis ofinti-1,2Hy dr o x y bor o n a-BoeysAlkyl hr ou g h

Silver Additions to Aldehydes The Ag(l)}catalyzed, diastereoselective addition of variges:

diboronate esters to aryl, alkenyl, and alkyl aldehydes is discussed. The reactions proceed in the



presence of either stoichiometric kBu or n-BuLi at -25 °Cin thf. Mechanistic studies indicate an

U-boryl-alkyl silver species as the active nucleophile in the reaction. The hydroxyboronates are isolated

in up to 77% yield and 99:1 d.r. favoring tueti diastereomer.

130 mol % KOt-Bu

Me (o)
- 10 mol % AgOA

Y

+ thf, -25°C, 24 h B

67% yield
99:1d.r.

A Chapter 3: Enantio- and Diastereoselective Synthesis ofHydroxy-2,3-Bisboronates via a

Copperi Catalyzed Multicomponent Reaction The multicomponent coupling of vinyl boronic acid

pinacol ester, Bpin),, and various aldehydes in the presence of a cdpp@hosphine catalyss

discussed The reaction can be accomplished both diastereoselectively and enantioselectively.

Mechanistic investigations reveal that nitrile ligands have a deleterious effect on the enantioselectivity

of the reaction, manifested ihe isolation of a copper(keteneimide) complex, which is potentially the

first ever of its kind to be reported. Théhydroxy-2,3-bisboronate esters are isolable via ailgel

chromatography in up to 8dyield, >99:1 d.r., and 97:8.r.
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Chapter 1: Enantio- and Diastereoselective y n t h e 41ydeoxyloofonafes via Cu-catalyzed
Addition of gemDiboronate Esters to Aldehydes

1.1 Introduction

Enantiopureorganoboroncompoundsare an extremely important class of molecules in
chemical synthesisThey are configurationally stable and carstereospecificallyransformed into a
plethora of different functional groups, making them useful synthetic intkéates (Figure 1.).!
Carbonboron bonds are most commonly oxidized to theasponding alcohols @mines but several
carboncarbon bond forming transformations have been developed, with the field still gr@asigles
being valuable building blockin chemical synthesis, there are a number of bommaining
biologically active molecules and pharmaceutical products in use today. Most notably Bortezomib
(Velcade®), which is an FDApproved drug for the treatment of several types of blood cancers
(multiple myeloma, lymphoma, etc.), contains a stereogenic organoboron moiety in the niolecule
Stereoselective preparationsyf-organoborons, therefore,asvaluablenethod in chemical synthesis
worthy of further investigation and development.

The enaribselective preparation ef-alkyl organoboron compounds has been accomplished
via a number of methods, including: hydroboratjodiboratiort, and conjugate boration among
several othets These approachedirectly generate a carbdioron bond througha metatboryl
intermediate. These methodologies have been showcased in the efficient synthesis of several

biologically active molecules, and highlights the utility of the alkyl organoboron products formed.

" A portion of this chapter appeared as a communication iddhmal of the American Chemical Socieatye
reference is as follows: donou, M. V.; Moyer, B. S.; Meek, S.J.Am. Chem. So2015 137, 6176 6179
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Figure 1.1List of Stereospecific Functionalizations of Boronic Acid Esters

Over the past decaddpveyda and cevorkers have developed a number of methodologies for
the asymmetric conjugate additonf v ar i ous n wrshtwaep ¢taibong@ds 2000gthe U, b
groupdevelopedan enantioselective conjugate boratiorf -Unsatbirated esters and thioesteith
chiral N-heterocyclic carbeneopper catalysts The tertiary boronate estef$.2, 1.3, and1.4) are
produced in good to excellent yields, with goo@xoellent enantioselectivities. The authors propose
a mechanism that involves a copperyl intermediate 1.6) (formed from the transmetallation of a
copperalkoxide andBx(pin),) insertinga c r 0 s st hunsatbrated eslers (an activated alkene).
These organoboron products have been used by Hoveyda amorkars as intermediates in the
synthesis of several biologically active molecules, most notably crassinervic acid, a potent antifungal
compound This demonstrates the utility afnantiopureorganoboroncompounds as synthetic

intermediates to efficiently and rapidly synthesize complex, skigdatiomer molecules.



Scheme1.Bt ereosel ecti ve C-tmsatwated Esters &d Thoesterswith o f U,

Ba(pin).
5 mol% CuCl
5 mol% 1.5
13 mol% NaO'Bu
0 Me Me, B( Me, B( o]
)j\/k 110 mol% B,(pin), w )l\;( o w
EtO R > EtO Ph EtO
1.1a;R=Ph 1.2 equiv MeOH 80% yield; 91% ee  80% yield; 93% ee  90% yield: 88% ee
1.1b; R = (CH,),Ph thf,-50 °C, 12 h 1.2 1.3 1.4
e N _Via.' Ph Ph Ph \Ph ]

©

Phy  PhBF, Ph ,\?jN ,\?jN ipr,
~F>h®>_\ Pr, @/ T iPr @/ T’F:Q\

N N
@/ g ’P\FQ\"Pr }——\>/‘ W i
1.5 5

Diboration of alkenes is anothesefulmethod for installing boron into moleculesich has

the added advantage of incorporating tvaoon moieties into a moleculhich in some cases may be
selectively transformed into different group®orken and cavorkers disclosed an enantioselective
diboration of terminal aryl and alkyl alkenes witls(pinacolato)diboronutilizing a phtinum
phosphoramidite catalysystenf® The 1,2diboronate ester products are able to be isolatedibg si

gel column chromaigraphy. Br ease of isolation and determination of enantioselectivity, the products
were oxidized to the corresponding diols. The diols are produced in good to excellent yields with
varying levels of enantioselectivity; alkyl olefins produce the higee# values (9606%), while
styrenyl olefins give between &80% ee. The mechanism of the reaction was elucidated through
combined KIE, kinetics analysis, and computational studies. The Pt(0) catalyst undergoes oxidative
addition of B(pin). to form theplatinum bisboryl compound.11). Boryl insertion onto the bound
olefin and subsequent reductive elimination forms thedib@ronate esterScheme 1.2 Morken
demonstrates the value of this methodology intthial synthesis of pregabal{bhyrica®), which is
accomplished in 5 steps with a total yield of 36%, highlighting the usefulness of-dmrtaining

molecules



Scheme 1.PlatinumCatalyzed Enantioselective Diboration of Terminal Olefins

1 mol% Pt(dba);

1.2 mol% L1 OH OH
105 mol% By(pin),
N b By(p \/'\/ o S _on /\)\/OH
0] H
thf, 60 °C, 12 h; 78% yield; 96% ee 83% yield; 88% ee o)
then NaOH/H,0, 1.8 1.9 Me” 1.10
51% yield; 20:1 d.r.
( -
Ar via: _ - <
Ar Ph, B(pin) Ph, B(pin) Ve _/NH%)
Me O, O\ O—P Pt B(pin) —= O=p—pt B(pin) )\/:\)J\
'V'e><o p—Ph d H I\ )J Me OH
© 1.11 R1.12 (-)-pregabalin (Lyrica®)
A Ar 36% overall yield, 5 steps
Ar = 3,5-isopropy! L 1 purification )
L1
. J

One of the oldest anahost weltstudiedmethods for incorporating boron into molecules is
hydroboration. There ammultiple variants with ad without a trasition metal catalystbut most
enantioselective hydroborations utilize a transition metal cafilf&tgioselectivityis often a problem
and careful selection doth the borane and the olefin help to address these proltayashi and co
workers developed protocol for theenantioselective hydroboration of styrenes using a cationic
rhodium bis-phosphinecatalyst® With catecholboranel(14 and 2 mol% of the cationichodium
complex, styrene camndergo hydroboratioim up to 96%eeand 92% yield. The mechanism of the
reaction is as follows: Thenitial Rh(l)-phosphine complex undergoes oxidative addition of
catechdborane to form the cationic Rh(Ill) compl&xl5 This speciesndergoes migratory insertion
of the bound strene with the hydride ligand to produtd6. Reductiveelimination of thebenzyl and
boryl ligandsproduces the carbdsoron bond and furnishéise product.

All of the methods described in the previous section are extremely powerful synthetic tools and
have been demonstrated in the synthesis of a wide variety of complex, biologically active molecules.
In each of these methodologies, a singleohaunit is incorporated into the molecule by inserting a
metatboryl species to an unsaturated€Cond, generating a single stereogenic center. This requires

that the carbon scaffold (i.e., olefins, enones, etc.) already be in place before the afittigdmoron



unit. While there are countless ways to synthesize olefins, what if there was a methodology that could
combine the synthesis of-C bonds (i.e. the carbon skeleton of a molecule) with the stereoselective
incorporation of boron into a singleqeess? One way to accomplish this is through the stereoselective
synthesis and addition of alpbarylated organometallics to carbonyl compounds.

Scheme 1.Enantioselective Hydroboration of Styrenyl Olefins

2 mol % [Rh(COD),]BF,

OH
o\ 2.2 mol % (R)-binap /'\
PR+ ©: JBH > Ph” “Me
0 dme, -78°C, 2 h 92% yield; 96% ee
1.13 1.14 1.17
then NaOH/H,0, 4 .
A

ORI
/—Rh

|
Me B(cat)
1.16

Figure 1.2 depicts a representative exangbléhe addition of a substituted alpbarylated
organometallic specie$, to benzaldehyde. The transformation produtesl,2-hydroxyboronate
ester Il which contains new carbottarbon bond and two vicinatereogenic centers. Onethbse
stereocenters contains a boronate agtenp which can be functionalized into a number of different
molecules. lllustrated in the figure are three commotiusefulfunctionalizations Crosscoupling a
vinyl bromide wth Il p r o d u ¢ estereogemie alcbhdll . These types of products are usually
formed by di ast er ehra adelplest substetesatthtchie bfigresriabdriaus td)
synthesize. Whil&uzukiMiyaura sosscouplings of secondargp-organdoron groups is a difficult
problem in synthetic chemistryecently, methodologidsave emergedhere this carbecrarbon bond
forming reaction can be carried out undelatively mild conditions® Oxidation a weltknown
functionalization of orgamboron groups, allows the2-hydroxyboronate estéo be converted into

diol IV. This transformationyields products similar a those of theSharplessasymmetric



dihydroxylation, but with differentchemaelectivity and bond disconnectiolts Onecarbon
homologation of organoboron compounds is anotfek-studiedfunctionalization first developed by
Matteson and cavorkers,homologationinsers a methyleneunit (and other CER groups) into the
boroncarbon bond? Oxidation of organoboron® the corresponding amine derivative has gained
attention in recent years and a useful protocothimrtransformation has been developed by Morken
and ceworkers'® Onecarbon homologation df , followed by oxidation to the amine produces the
aminoatohol VV, a moiety which is found a number of biologically active molectileall of these
transformations are stereospecific, meaning that any stereochemical purity gained in the initial

formation ofll is retained upon functionalization of the boronugro

B(pin) Me
*L M/'\/\OTBS diastereo and SN Me
n enantioselective Br Z “Me
| B 1,2-addition Me Ph
> NN N TRQ e >
p - OTBS
P N0 cross-coupling W .
5 ... oxidation
homologation .
& then amination !
(0] ;
\ R :
B—O N | .
Ph A~
R ; OTBS Fh ; OTBS
a-boryl metal OH OH 1v

. \4
species

Figure 1.2Strategy and gpl i cat i on f o rboryl brganometallic Spedciesrtcsaldehydesy
concomitaniC-C bond formation and boron incorporation for further synthetic functionalizations
Figure 1.2 highlightsthe significancef U-boryl organometallics, and how they can be utilized
to (1) stereoselectivelygenerate carbeocarbon bonds (2) stereoselectively incorporate boron into
molecules (3) generate multiple stereocenters in a single transfammaiibe 1,Zhydroxyboronate
ester products formed are also versatile synthetic intermediates, and can be functionalizess @ acce
number of different scaffolds relevant to the synthesis of biologiealiye molecules.While the

synthesis of chiral me mi-boryl thetal species has been previously reported, these methods require
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air/water sensitive reagents to generate them, and have only been shown in stoichiometric reactions
with electrophiles. Our strategy, depicted in Figure 1.3, invobatalytically g e ner aborying U
organometallic species frogemdiboronate estersThesaeagents are air and water stable and can be
synthesized through a number of different methods, some developed by our owliliaing a chiral
transition metal catalysthe gemdiboronate ester undergoes a stereoselective transmetallation to form

t he enant-booykenmetalispeties,dvhidh then reacts with an electrophiferto chiral sp*-
organoboron products and regenerate the catalyst.combined strategiegpicted in Figures 1.2 and

1.3 wereapplied to many of the reactions | studied throughout my graduateawdrform the basis of

my first two publications.

B(pin)
. LnM—< ’ ®
RO—B(pin) R E
a-boryl metal
species
Stereoselective Electrophile
Transmetallation Addition
B(pin) B(pin)
(pin)B E
_<R- *L,M—OR ~

RI
gem-diboronate ester

Figure 1.3Catalytic generation and addition @boryl metal spcies through stereoselective

transmetallation ofjemdiboronate esters to transition metal catalysts

1.2 Background

Polyborylatedcompounddiavegained much attention in recent yeas they can be utilized
in the synthesis of complex, mydte functionalgroupcontaining moleculesGemdiboronate esters
have been shown to undergo several usefill ©€ bond forming reactionsuch as crossoupling,
alkylation, 1,2-addition, and allylic substitution both racemically atereoselectively?° While their
prevalencen organic methodologies is only a recent occurrence, the synthgsistdiboronate esters

and otherpolyborylated alkanesh a s been known  #attesore andt dwerkerd 9 6 0 6 s .



synthesized di, tri, and tetrabdmethane utilizing a novel hismethoxy)chloroborate speciek]19.2

Two equivalents ofrimethylborate reaatith BCl; gas to fornil.19, which then reactwith a lithiated

chloromethane to form a new borbicarbon bondreleasing LiCl as a byproductThe lthiation and

alkylationprocesss then repeatenh-1 times fn=number of chlorines in the starting chloromethane) to

form the desired borylated metharWhile the yields are low, the synthesis is amenable to large scales

and allowed Matteson and-gmrkers to explore the propesti andeactivity of these compoundéde

infra).

Scheme 1.#reparation of dj tris-, and tetraborylmethanéa lithiation of chloromethanes and

subsequent alkylation with bis(methoxy)chloroborate

MeQ BCl3 )
2 B—OMe ———
MeO thf, -70 °C

1.18

1. Li(s), CH,Clpy
-78°C,2h
reflux, 30 min

2. pinacol (excess)
thf, 25 °C, 24 h

B(pin) B(pin)
pimg’ B
n=2, m=2 n=1, m=3
27% yield 35% yield
1.20 1.21
B(pin)
(PinBrA
pimg’ PP
n=0, m=4
15% yield
1.22

Heey, e

B(pin)

In the last decade, a number of syntheses of substituted and unsulgptitatiidoronate esters

have been published (Schein§). In 2001, Srebnik and egorkers synthesized diborylmethate?4

through a platinum catalyzed insertion of diazomethamelispinacolato)diborord,.23.2?> The yield

is good, but the high platinum catalyst loading and excess diazomethane (a toxghinexplosive

reagent) preverthis reaction from being conducted on large, synthetically relevant scales (i.e. >500

mg). Shibata and cavorkers developed a rhodivoatalyzed synthesis afemdiboronate esters

through the regioselective dihydroboration of terminal alkyfAeEhe reaction has a broad substrate

scope, but a limitation is that the substituents on the alkyne tioave aryl or large alkyl groups (e.g.

tert-butyl, benzyl, etc.) to ensure good yields and high regioselectivityhgbldoboration over 1;2

hydroboration). Recently, the lab of James P. Morken developed a @applgzed diborylation of



1,1-dibromoallanes to generate a numbergeindiboronate este® The products are generated in

good to excellent yields, and despite some limitations (eXc28and 2 step synthesis of thbromide

starting material) it is still a useful methodology that can sxeevariety offemdiboronate esters.
Scheme 1.%reparation of substituted and unsubstitgfeakdiboronate esters

m  Srebnik (2001)

a.

Vi
10 mol% Pt(PPhs),
o © CH2=N; (3 equiv) QI\O OJ% N$N® H
— - T :
o’B B\o > B B o

Et,0,0°C, 24 h PhyP—Pt=B(pin)

1.23 1.24
82% yield

m Shibata (2001)
[Rh(cod)Cl], 5 mol%

dppb 10 mol%
HB(pin) 2.1 equiv

0.5 0
/ > H\B/O
R dce, 25°C, 18 h RO

26-75% yield
R = aryl, bulky alkyl

B Morken (2014)

o 0 Br 10 mol % Cul O\B/O
AN / .
B—B + 300 mol % LiOMe
O/ \O R/I\Br - R)\B‘/O
(0]
1.23

dmf, 22 °C, 12 h

50-89% yield
R = H, alkyl

Scheme 1.®ynthesis of diborylmethane using isopropylmagnesium chloride #pth)3

By(pin), (1 equ:v)
MgCl thf I__MgCl o 0
)\ X _B B-

Me _7goc 25h H H -78 °C to -55 °C, 24 h o 7( ~0
1.25 1.26 1.27
1.24
86% yield
15 g scale



During my gradute work, | developed an efficient, cesffective, and scalablgynthesis of
diborylmethane, which could be further functionalized to other substituted vafiarReacting
diiodomethane with isopropylmagsiam chlorideat -78 °Cresults in magnesiwhalogen exchange
t o f o r-iodonetmy Grignardl.27. This thencomplexego a boron on bis(pinacolato)diboron
and enacts a 1,2 borotropic shittleasing the iodide and generating diborylmethane. Tlodaoeas
efficient and aranable to large scale synthesgigh an 86% yield on a 15 g scale (relative t¢pi).
used). Diborylmethane can also be used to generate substijetestiiboronate esters utilizing a
deprotonati on/ al kpytors ofidiborylmsthianeare mucly more acidit thanormal
alkanes (pK~ 30) due to the stabilirig effect of the boryl groups, and can be deprotonated using
hindered lithium amide®¥ T h e r e sdibdryl darbamionldan be quenched with a variety kylal
halides to produce substitutgdmdiboronate esters in excellent yields. This methodology has good
functional group tolerance, as the alkylation is tolerareneg1.29, alkeneg1.32) alkyneg(1.31),
esterg1.33, andsilylethers (.30 (Scheme 1.65° The reaction is limited to primary alkyl halides, as

secondary alkyl bromides and iodides (e.g. cyclohexyl iodide) are formed in <25% vyield.
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Scheme 1.Bynthesis of substitutegkmdiboronate esters througltkylationof dibarylmethane

N LITMP, 0 °C, 10 min 0.0

H%\ _0 g )\ 0
H

E‘i then R-X, 22 °C, 18 h R B\
o o)
1.24

e e e

o_ 0O O\B O Oo. O

g0 Ph ~0. TBSO/\)\B/O

?575 575

1.28 1.29 1.30
88% yield 92% yield 96% yield
>8g scale
o. O o. O Oo. O
TIPS ~B” ~B” o B’

B
A
\/kB/O MGNB/O lBuO/U\)\B/O

57Z< 5 57{< 572<

1.31 1.32 1.33
71% yield 90% yield 67% yield

Gemdiboronate esters are stable to both air and moisture, but are readily adiivatais
bases Figure 1.4 demonstrates thathen reacted with Lewis bases suctwdroxide, fluoride, and
alkoxides,gemdiboronate esters form borate complexts, which can react with electrophiles in a
deborylative fashion. Electrophiles include alkyl halides, carbonyls, epoxides, transition metals, etc.
Under certain conditionsll hasbeen known to deborylaia solutiona n d  f-tworylrarbianions,
which can also reautith electrophilesimilar tolll .2 Gemdiboronate esters can also be deprotonated
at the base of d{pdsiton)twhea largecamigiel basgsra® uspds(e.g. LUTMP, LANCy
LDA, etc.) which prevent complexatioof the baseo the boron through steric repulsitn The
resulting carbanion is stabilized by both boryl groups and is stable in the solid state under an inert

atmosphere, or in solution at low temperatures. These carba@iongact with a similar scope of

11



electrophiles as borate complexes, however both boryl groups are retained in the prbiduistthe
species that is generated during the synthesis of substientediboronate esters in Scheme 1.7, where
the electrophi is an alkyl iodide or bromide.

Figure 1.4 Different reactivity patterns afemd i b o r o n a teprotenstiorevs Isorate fdrmation

dependent on the Lewis base, i.e.4goordinating vs. coordinating.
Hindered __é< Electrophile —
Amide Base 0 Addition < \

a-diboryl carbanion
1I

H
I —_ —_
Lewis Base _< 0 Deborylative _< 0
borat O‘B> o/l ° Electrophil O~B>
orate ectrophile
—-B., i —FE
formation R |5| 6 (¢} Addition R |5|

borate complex
111

Even thouglgemdiboronate esters have been known for decgdieis utilization in transition
metal catalyzed processes has bemtadivelyrecent developmentThe first instance of their use in a
transition metal catalyzed reaction was from the labs of Takanori Shibata id’201€nheir J. Am.
Chem. Socommunication, various substitutgdmdiboronate esters are crassupled to aryl iodides
using a palladim (0) catalyst and aqueous KOH as the activiggoheme 1.8) Two aspects of the
methodology are of note: 1) the reaction occurs at ambient temperature and 2) the reaction is selective
for gemdiboronate esters over primary boronate esMost SuzukiMiyaura reactioa that involve
the formationof sp>-sp? C i C bonds (alkyl boronate esters with aryl halides) requireattel
temperatures. This demonstrates tigirdiboronate esters have a substantially lower energy barrier
for activationand transmedllation to palladium than their monoboryl counterpartsShibata took

advantage of this reactivity disparity addmonstratedhat the crossoupling ofgemboronate ester

12



1.34 with 1.35 producedl1.36 in 84% vyield wth >98% chemoselectivity for couplintpe gem
diboronate ester ovéne alkylboronate estg/Scheme 1.8)
Scheme 1.&irst example ofemdiboronate esters being used in transition metal catalysis: Pd

catalyzed SuzukMiyaura cross coupling.

o._0 5 mol % Pd[P(Bu)s], o, 0
Ph g© Br B(pin) ™ Ph B(pin)
5 H,O:dioxane, 25 °C, 12 h
1.34 1.35 1.36
84% yield

B <2% coupling of
primary boronate ester

Shibata waslae to shed light on whgemdiboronate estere more easily activated by Lewis
bases usindpensity Functional TheoryDFT). The optimized geometrgnd molecular orbitals for
truncated diborylethang Figure 1.5 where the pinacol groups are reduceelthylene glycol groups)
were generated usirgB3LYP level of theorywith a 631G** basis set. The LUMO dfis depicted
in Figure 1.5 on the left. The LUMG@ highly delocalized across eabtloron atom, most likely a
combination of bottp orbitals on lbron This overlap lowers the relative energy of the LUMO
compared ta monoboryl compound (7.1 kcal/mol lower than-tljBorylethane)and assists in the

formation of borateomplexes via Lewis base activation.
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Figure 1.5Left: LUMO of truncated diborylethane. Right: HOMO of truncated dibgihane
activated with a methoxide anion. Both were generated using Gaussian09 with a B3LYP level of
theory with a 631G** basis set for the left structure, and-816++G** basis set for the right
structure.
| generated the optimized geometries and molecular orbitals for the methckidced
diborylethandl using a similar basis setH ++G** (see Experimental Section for details) The @A+ +0
is a diffuse functional on lawy atoms and hydrogen and assists in calculations involving asichs
as boratesThe HOMO ofll is depicted in Figure 1.5 on the right. It contains a large coefficient along
the bororcarbon bond (expected for a borate, which is nucleophilic atpbu also has large lobes
at the methoxy and ethylene glycoxy oxygens. This might indicate that transmetallation of a borate
like Il would involve initial coordination of the borate to the metal complex through an oxygen donor,
followed by metaicarbonbondformation. This is the mechanism that Shibata proposes for the Suzuki
Miyaura reaction and is presented in Scheme Cénplex1.37is formed afer phosphine dissociation
and oxidative addition of the aryl iodide to the palladipre-catalyst. Borae 1.38 (which Shibata
observeghrough''B NMR studies) binds to the palladium catalyst and undergoes transmetallation to
f o r m -boril palladium alkyl specie$.39 Subsequent reductive elimination produces the cross
coupled product and regeneraties palladium (Ogatalyst.
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Scheme 1.%ctivation of gemidiboronate ester andechanism btransmetallation to palladiugi)

phosphinecatalyst

1.38
©_OH - -
(RO)ZB P(IBU)3
T(fBu)s R')\B(OR)Z Ar—P oH P(Bu)s
Ar—Pd g Lo — > A—Pd
N Rl eB(OR)2 7/B(OR)2
1.37 H B(OR), R1 20

In 2014, Morken and cworkers published a stereoselective version of the reaction Shibata
disclosed in 2010. Using a chiral phosphoramilditeand palladium catalyst, Morken could cross
couple a number of different substitutgenidiboronate esters to dripdides in good to excellent
yields in good enantioselectivities (Scheme Z°L0Jhe use of 15 equivalents of KOH is essential for
high yield and enantioselectivity, which Morken attributes to hydrolysis of the pinacol estegémthe
diboronic acid. Boronic acids transmetallate faster and at lower temperatures than boronate esters.
Dennis Hall and cavorkers confirmed this hypothesis in a subsequent @wsgling paper using
similar ligands and substrat&s.

Scheme 1.1E&nantioselective crossowling of gemdiboronate esters to aryl halides. Catalyst

controlled stereoselective transmetallatiogefdiboronate ester.

Pd(OAc), 5 mol% \/\_k
ph/\)\B/O Ligand 10 mol% Osg-°
140 4 KOH (15 equiv) o
> Ph >
* dioxane:H,0, 25 °C o
12h
| o 1.42 _
> 88% yield Arl_ioa'\r/"gph
5 84% ee . 9 J

1.41

To elucidate the mechanism of the transmetallation step of the reaction in Scheme 1.10, Morken

and ceworkers synthesized an enantioenricgedidiboronate esterl.43, where one boron was
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