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Abstract

This thesis is focused on the development of new palladium and eopper
mediated reactions for fationalization of alkenes and ggargylic alcohol
derivatives.The synthetic utility of the 2;diborylated butadienes symth
sized inone ofthese processdms also been demonstrated

We have developed an efficient procedure for the synthesis of allenyl
boronats from propargylic carbonates and acetafBisis was achievetly
using a bimetallic system of palladium andoger or silver as coatalyst
The reactions were performed under mild conditions for the synthesis of a
variety of allenyl boronates. Furérmore, the synthesis of idiborylated
butadienes was achieved with high diasieelectivity from propargylic
epoxides. The reactivity of the i¢kborylated butadienes with aldehydes
was studied. It was found that the initidlylboration reaction prceedsvia
an allenylboronate intermediat€he dlenylboronatereacts readily with an
addtional aldehyde to constructethynylbutanel,4-diols with moderate to
high diastereselectivty.

We have also studied the copeediated trifluoromethylation ofrppa-
gylic halides and trifluoroacetates. It was also shown that a transfer df chira
ity occurred when an enantioenriched starting material was used.

In the last part of the thesis, we have described a method for paltadium
catalyzed functionalization ofllglic C- H bonds forthe selective synthesis
of allylic silanes. The protocol only works under highly @kide conditions
which suggest a mechanism involving high oxidation state palladium inte
mediates.
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Abbreviations

Abbreviationsand acronymsare used in agreement wittandards of the
subject: Only nonstandard and unconventional ones that appear inedie th
are listed here.

BQ 1,4-benzoquinone

bpy 2 , -Bigyridine

CMD concerted metallatiedeprotonation

DABCO 1,4-diazabicyclo[2.2.2]octane

dba dibenzylideneadene

DBU 1,8-diazabicyclo[5.4.0lunde@-ene

DPEPhos bis(2-diphenylphosphinophenyl)ether

dppb 1,4-bis(diphenylphosphino)butane

dr diastereomeric ratio

HSQC heteronuclear single quantum correlation

IPr 1,3-bis(2,6diisopropylphenyl)imidazeR-ylidene

L.A. Lewis acid

LG leaving group

M.S. molecular sieves

Nu nucleophile

Piv pivaloyl

pin pinacolato

PTS polyoxyethany -tddophery sebacate

TEMPO 2,2,6,6tetramethyl1-piperidinyloxy

Tf trifluoromethanesulfonyl

TRIP 3, -8sly,4,6triisopropylphenyh1 , -Hdi-Rpaphthol
cyclic monophegphate

TS transition state

rt room temperature

X anionic ligand

AThe ACS Style Guid8rd ed.; Oxford UniversitPress: New York, 2006.



1. Introduct ion

Transitiornmetal catalysis is one of the most important tools in modern
organic synthesis.Transition méal-catalyzed regtions have been widely
utilized for a range of transformations, such as, ecosgling® substittion®
and G H functionalization reaction’

1.1 Transition metalcatalyzed allylic substitution

One of the most utilized and studied reactions are transition -metal
catalyzedsubstitutionof allylic compounds® ® The mostwell-known is the
Tsuji-Trost reactiorf,where palladium is used to catalyze the reactiog-(Fi
ure 1)>7

u
)\/ + R/\/\Nu
R [PdY

nucleophilic attack o
or coordination

reductive elimination

R
\‘\/x

®[Pd”]

X

0
oxidative [Pd]

W

Figure 1. General mechanism of the palladitratalyzed Tsujirrost reaction

These reactions generally start with an oxidative addition of a pre
functionalized allylic substrate to Pevhich forms a cation c¢3-aligl Pd'-
complex. The oxidative addition of allylic substrates to Rtbmmonly oc-
curswith inversion of stereochemistf§ "® ® However, it has been shown
thatsynadditionis also possible using appropridigands andsolvens.”® #°
The resulting cati n i *allyl ghalladum-complexthenundergoes a nuake
philic attack.The overall stereochemistry of the reactionakso affected by
the type of nucleophileised Stabilized orsocalledi s of t 6 nucl eoph
tack the carbon center directiydthusyields a net retentioof the configu-



ration with regard to the leaving grouf’ "® '° On the other handyon
st abi | i z endcleaphiles fattackire dnetalcenter After a reductive
elimination the reactiorresuls in a net inversiorof the configuration with
regard to the leaving grodp’® ** Dependingon the reaction coritions, the
regioselectivity of the nucleophilic attack can differ to give Stlgtgn at
the least or most substituted positiar> " *?

1.2 Transition metalcatalyzed propargylc substitution

Similar to the allylic substitution, the substitution of a leaving grona
propargylic substratean either occur at the- or o-positions(Scheme 1)
Depending on the regioselectivity of the displacement, the outcomea-can e
ther yield the propadienyl (allene) or acetylene (propargyl) metal intérmed
ates'® After transmetkation and subsequent reductive eliminatithe, rea-
tion yields the corresponding allene or propargylic produibts is in ca-
trast to the Hylic substitution, which only affords different alkenes (Figure
1). In many transitionmetalcatalyzed propargylic substiton reactions,
high levels of selectivity can be achieved for the synthesis of propargylic or
allenylic structureg> 1130 13¢ 14

Mm!
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R R R? R R?
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Schemel. Possible reaction pathways for metakdiated propargylic substitution
reactions

The allene moiety is built up by orthogonal, cuntuia +sgstems which
gives it a unique reactivity compared to alkenes and alkyrdslike subst
tuted alkenes, allenes may possess axial chirality, which gives a nemdime
sion to their synthetiatility ™ In recent years, allenes have become useful
and important intermediates in organic synth&siHovel reactions have
been developedhere allenesre used as precursdfsillenes has also been
shown to be able transfer chirality to the newly formestereocaters®®
17819 The dlene structural motifs va also been discovered in many natural

products and started to attract an increased attention in pharmaceastical r
search® 7



1.3 Reactions ddllyl and allenyl boronates with aldehydes

The stereoselective allylation and propargylation of carbonyl compounds
areimportant transformatianin modern orgaic synthesig’ The allylation
of ddehydes can be performed with allylsilanes atiglboronatesaffording
homoallylic alcohols in high diastereoselectivitySimilarly, theaddtion of
allenyl boronates to aldehydes provides the synthesis of homogybtpa
alcoho|?4 %

The high diastereoselectivigf the allylboration reactiors attributed to
an internal Lewis acid activation of the aldehyde by the empusbital of
boron. The addition proceedda a sixmembered (Zimmermairaxler
type) transition statéScheme 2a3* Compared to allylboration, allenyltmr
tion usually proceedwith lower diastereoselectivitgScheme 2c§* 3 In
contrast,the addiion of allylic silanes and allyt stannanego aldehydes
requires activation from an external Leveisid and proceedgiaa n  fido p e n
transition statéScheme 2bj?" 20 23324

(a) o] r +

Re-_~~_ Bpin R3M\H R A1 Bpin ™
YV —_— E\(#O S RN
Rz RZR3 Re Rz
Zimmerman-Traxler TS
(b) o r ¥
I A M OH
Ree~_M _RH Q
ENSN Ry R3J\(\
Mes R3 H Re Rz
=Si, Sn L Re
(c) o *
R? . k R2 R

> N R® “H \ S OH R’
Bpin HH/ i 3" Z
H p ' _--Bpin R
»¥—0 R?

RS

Scheme2. (a) Allylboration of aldehydes viZimmermanTraxler TS(b) Type I
allylation mechanism via an open.T€) Allylboration of aldehydes, synthesis of
homopropargylic alcohols

The addition of Lewis or Brgnsted acids may accelerate the allylation and
allenylation of aldehyde®® #*¢ 32|t has been proposed that the Lewiida
interacts with the loe pairof the boronate oxygen which renders the boron
atom more electron deficient and thus more rea¢igure 2)*¢ 2142332 A
similar mode of activation has been proposed for cHiadnsted acids
which havebeen shown to givase tohigh levels of eantioselectivity in the
alylation and propargylation of aldehyd@8 2 23326



t $

Y )

B. B

Re~ /-, O Re /-, O
R3 R3 LA.

Rz Rz

LA~

Figure 2. Possible modes of Lewisid activaion for theallylation of aldehydes

1.4 Trifluoromethylationof organiccompounds

During recent years several new methods for fluorinaticrF{Gnd ti-
fluoromethylation (ECF;) reactions have been develop&dThis is mainly
due to the unique properties of the fluorine atom. The introduction @f flu
rine into organic compounds can make them more lipophilic and métabol
cally stable® Fluorinated compounds can also show increased gffinit
proteins, most likely de to increased polar interactidfi&?®* % The inca-
poraion of fluorine into drug candidates can tfere be highly desirable
and is demonstrated by the fact that about 20% of all pharmaceutioals co
tains fluoring e.g. Efavirenz, Flucatine and Celecoxib shown in Figuré’3

NH__O %
ig N HAN"S
o _N o 2
cl g -N
ll CF3 =

Efavirenz Fluoxetine Celecoxib
antiretroviral anti-depressant anti-inflammatory
treatment

Figure 3. Examples of pharmaceuticals includiagrifluoromethyl group

1.5 Objectives of the thiss

This thesiss mainly centeredon the development of novel and efficient
methods for the synthesis of tlionalized alkenes and allenes, based on
copper and palladiummediated reactions. THecushas been on devele
ing new methods for formin@- B and C- Si bonds, as well as investitzg
the possibilityof introducingtrifluoromethyl groups by metahediated po-
pargylic substitutionWe also aimed to study the synthetic utility of thevhe
ly preparedL,2-diborylated butadienesa sequential additio to aldehydes.



2. Borylation of propargylic alcohol
derivatives (Paper )

The Szabd group has previously developed efficient methods foripallad
um pincer complexatalyzed stannylation and silylation of propargylic a
cohol derivatives (Schen®a) >’ When propargylic epoxides were used, the
opening of the epoxides resulted in stannylated homoallenylic alcohols
(Schemesb) 3

2.5 mol% 1a SnMes
1.05 equiv. (SnMe), g2 Me;Sn
THF, 0-22°C . Z + < 2
X
a 2 —
(@) 1 ///\R
R 2.5 mol% 1a SiMe,R®
X=Cl,MsO  |1.50 equiv. R®Me,Si-SnR*; . R®Me,Si
THF, 40 °C =z * —Pd—
, R R R? | Me;N—Pd—NMe,
2 % 1 Br
1 5 mol% 1a 1
) R<© 1.05 equiv. (SnMes), Me3Sn R
b =z oo
H R2 THF, 0-22°C, H OH

R2

Schemes. Palladium pincefcatalyzed synthesis of allenylic and propargylic
silanes/stannanes

Furthermore, thgroup has developeéfficient protocols for palladium
catalyzed borylation of allyliclaohols (Schemd).®* An analogousmetal
catalyzed borylation of propargglialcohols andheir derivatives (similarly
to the Pecatalyzed stannylation, Scherig) was attempted, buthese &
forts remained unsuccessful. However, considering the more recemt deve
oped protocof°® and mechanistic investigatitfiby the Szabo group, itas
appealing to resume the studies for finding new methodeddgr boryla-
tion of propargyl alcohol deraives.



5 mol% 1b

1.2 equiv. Bo(OH),
e Y

DMSO/MeOH 1:1 R B(OH),

40-60°C,7-24h used in one-pot reaction PhSe—Pd—SePh
with electrophiles él

OH

R1J\/ 5 mol% 1c

1.2 equiv. Bopin,
or DMSO:MeOH 1:1

R17NA"ppin

1c
R1/\/\OH 22°C,1.5h [Pd(BF4)2](MeCN),

0.5-5 mol% 1d or 1c
1.2 equiv. B5(OH),

A 1d
DMSO:MeOH 1:1 RN B(OH), H,PdCl,

22°C,0.2-18h isolated

Schemed. Various methods for the formation of allylic boronates and boronic acids

The group of Sawamura and Ito have presented a novel and uses proc
dure for the synthesis of allenyl borona(8s from propargylic carbonates
(2) using a catalyticsystem of Cu@Bu and Xantphos (Schen®®.?® The
authors were able to selectively synthesize various allenyl boror&teis @
formal S2Njype displacement. Thprocedurevas shown to béighly ste-
reoselectiveyielding a chiral allenyl boronateith high enantiomeric yrity
from an enatiomerically enriched propargylic carbonate.

10 mol% CuOtBu PPh, PPhy

OCO,Me 10 mol% Xantphos Bpin o
/\ ) 2 equiv. Bypin, 1,\ O O
R R
Z THF, 50 °C, 1.5-5h

2 3 Xantphos

R!

Schemeb. Synthesis of allenyl boronates using CuOtBd Xantphos

The reactiorrequiresthe use of Cu@u whichis airsensitive and unat
ble. Therefore,sublimationof CuQtBu is requiredto ensurereproducibility
of the catalytic reaction. The above proté€b{Schemeb) is ineffective for
borylation of terminal alkyne@vhen R = H). This is most likely due to the
basicity of thereactionwhich maylead to formation ofnetalacetylide n-
termediatesWe therefore sought to develop an alternativéhoaology for
the syithesis of allenyl boronatesy circumvent the use of a basand air
sensitive catalyst such as CiBD.
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allenyl boronates

The initial experiments were focused on the developroémalladium
catalyzed borylation of propgylic alcoholsusing the previously developed
reaction conditionsvith allylic alcohols (Schemd).**

The initial screning revealedhiat the previous methadsuitable for
borylation of allylic atohols* (Table 1, cf. entries 16 and Scheme4) did
not afford the desired allenploronate3a. Instead, a mixture of the unreac
ed starting materiada (entries 1 and 3) as well as side products from the
corresponding eliminatiorbg) and MeyeiSchuster reaangement@a) were
obtained(entries 2 and 4). The formation oba and6a are probably facil-
tated by the Lewis and Brgnsted acids. However, without the Lewis acidic
ligands the reaction does nmtoceedunder the applied reaction rwditions
(entries 78).

Table 1. Selected experiments with propargylicathols?

OH 10 mol% Pdy (1) Bpin
/\/[\ 1.2 equiv. Bypin, _ /\i)\
7 =
Ph Solvent (0.25 M) PhA/\/ " ph " bn &
3a

1 equiv. 4a Temp, 16 h 5a 6a
Temp Yield 5a
Entry Pd.4 (1) (°C) Solvent and 6"
1 Pd(BF4)2(MeCN), 50 DMSO-dg:MeOD-d, (1:1) nir
@‘GBFA .
2 50 DMSO-de:MeOD-d; (1:1) B 22
& 1= 6a: 25%
Ph*Se*Rd*Se*Ph
MeCN
aesa
3 22 DMSO-ds:MeOD-d, (1:1) n/r
Ph*Se*Rd*Se*Ph
MeCN
Pd,(dba);" e A (1 - 650
+2 equiv. BFyOER, 50 DMSO-dg:MeOD-d, (1:1) 6a: 65%
. 5a: 55%
5 H,PdCl, in H,0 50 DMSO-ds oo 40%
6 H,PdCl, in H,O 50 MeOD-d, 6a: 75%
7 Pd(PPhz), 50 MeOD-d, n/r
8 Pd,(dba)™ 50 MeOD-d, nir

[BIReactdbn conditions4a (0.100 mmol), Pg, (1) (0.010 mmol), Bpin, (0.120 mmol), solvent
(0.4 mL) were weighed inside an -filed glovebox and then taken out and stirred at the
indicated temperature for 16Misolated yieldsn/r = no reactiod’s mol% Pd(dba; was
used



We sought to improve our methodology by using a propargylic alcohol
derivative that may be more ize, and trying to find a way to activate the
B,pin,. Using carbonat@a and 5 mol% Ps{dbas, enyne5a was obtained
(cf. Table 1, entry &and Table 2, entry 1). We hypothesized that the fo
mation of5a occurred dueo b-hydride elimination of the organopalladium
intermediate which is formed. This could be a consequence sibva
transmetalation of gin,.

We examined differenpossibilitiesto accelerate the transmetalation of
B,pin, to Pd It was proposed that Geomplexes readily react with,@in,
via (-bond metaiesis to form CBpin.** We decied to use IRCUOtBu, an
air-stable analog of GDtBu.>® However, the gaction with IPrkCuOtBu was
ineffective (Table 2, entry 2)Jsing the protocol by Ito, Sawamura and co
workers (Scheme 5hllenyl boronate3a could be isolated in 65% yiefd®
We alsocarried out the reaction using an4®uOtBu and Pe(dbg); bimetd-
lic catalyst system (entry 4). Althougtpplyingthese conditionsesulted in
the formation ofide products from elimination and rearramgnt, wewere
able toisolate theallenyl boronate8ain 16% yield Subgquently, we found
that replacinglPr-CuOtBu with Cul suppressed the formation of sidegro
uctsS5aand6aand producBacould be solated in 55% yield (entry 5).

Table2. Selected experiemts vith propargylic carbonated

PPh2 PPh2
OCO:Me , o equiv. Bypin, Bpin Q @
Z 10 mol% Meay Ipqu lPr
Ph Solvent (0.25 M) Ph
1 equiv. 2a 50°C, 16 h 3a IPr- CuOtBu Xantphos
Entry M cat Sdvent Yield®
1 Pd,(dba); MeOD-d, 5a: 45%
2 IPr-CuOtBu THF n/r
0,
39 C“ofa“n;'pﬁg‘o' % THF 3a: 65%
4 'Egc(gbos“fcf“ THF 3a: 16% 5a: 40%, 6a: 32%
2 3
5 Cul + Pd,(dba)s ¥ THF 3a: 55% 5a: 20% 6a: 20%

[BIReaction conditions: propargylic alcohol (0.100 mmol),ND.010 mmol), Bpin, (0. 200
mmol), solvent (0.4 mL) were weighed inside anfiled glovebox and then taken out and
stirred & 50 °Cfor 16 h®lIsolated yields, n/r = no reactioli5 mol% Pd,(dba), was used
Reaction conditionseportecby Sawamura and [t

As a model reaction for the optimization of the expental conditions
we chose the borylation of a secondary propargyliba@ate2b and its
analoggTable 3) A practical advantage of using this substrate is that-pro
uct 3b and the byproducts give characteristic peak&iétH NMR spestrum



allowing easy ssessment of the reaction conditions. First the aftéotar-

ous leaving groups evestudied.As shown in Table 3, the best results were
obtained with carbonate as leaving group, as it gave high yields and also the
highest conversion of the starting mée(Table 3, entry 1). It was possible

to obtain similar results using propargylic phosphaters (entry 2) where

the reaction gave a relatively high yield and high conversion. The side rea
tion was the formation of enyrisb from the elimination reactn. Futher
experiments were conducted to optimize the yield of the reaction wigy pho
phate esters, but we were never able to fully suppress ttimatfon of5b.
Neither the use of acetate (entry 3) or trifluoroacetate (entry 4) leaving
groups was efficienas the desired allenyl prodig was not obtained from

the coresponding reactions.

Table3. Screening of various leaving grolf}s

2 equiv. Bypin,
LG 5 mol% Pd,(dba)s

10 mol% Cul I N }
A THF (0.25 M) ©/\/\/ : ©/\/\n8ui
nBu 50 °C, 16 h Bpin | :

Entry Leaving Group Yield 3b (%)™

1 -OCO,Me (2b) 55 (90)
2 -OPO(OE), 43 (80)
3 -OCOCH; nir
4 -OCOCF; nir

[BIReaction conditions: propargylic alcohol derivative (0.100 mmoly(ddea), (0.005 mmol),
Cul (0.010 mmol), Bpin, (0.200 mmol), THF (0.4 mL) were weighed inside anfifed
glovebox and then taken band stirred at thindicated temperature for 16%isolated yields,
n/r = no reaction (in parenthesis, conversion of starting matei@rminedoy *H NMR
spectroscopyf the crude reaction mixtuye

Considering the above results, we decided to coatthe method dele
opment using propargylic carbonates (sucBl@sas it gave the highest o
version rate and was selective in the formation of allenyl boronate.

We have briefly studied the effects of different solvents on the reaction
(Table 4). The higbst conversion to the desired allenyl prodélziwas do-
served using THF (entry 1). The reaction in Cpeéld GDe resulted only in
formation of enynéb (entries 2 and 3), while the reaction in Me@pPonly
resulted in the fonation of 6b (entry 4). Althaigh, using 1,2
dimethoxyethane as solvent yielded the allenyl prodlxta substantial
amount of undesired produdib and6b was formed. Considering the above
results, we concluded that THF was the best solvent for the borylation rea
tion.



Table4. Solvent screenilyg

1 Z }
3 ©/\/\ |
2 equiv. Bypin, i 5b nBu :

0CO,Me 5 mol% Pd,(dba)s ; o ‘
10 mol% Cul ! N |
N nBu nBu |
X solvent (0.25 M) ' b '
1 equiv. 2b nBu 50°C, 16 h 3b Bpin ; ~ & .
Entry Solvent Yield 3b (%)™
1 THF 55 (~90)
2 CDCls <5 (~45)
3 CeDs 15! (~95)
4 MeOD-d, <5 (~95)
5 1,2-dimethoxyethane 371 (>95)

[{Reaction conditions2b (0.100 mmo), Pdy(dba) (0.005 mmol), Cul (0.010 mmol),,Bin,
(0.200 mmol), solvent (0.4 mL) were weighed inside a#filfed glovebox and then taken bu
and stirred at 50 °C for 16 Mlin parenthesis, conversion of starting matedieermined by
!H NMR spectrosepy of the crude reaction mixtuféisolated yields

Severalmetal catalystsvere evaluatedfor their ability to promote the
borylation of preargylic carbonate¢Table 5). The best results werbe-o
tained with Pd(PPJ, and Cul (Table 5, entr®), where thecombination of
the two metal catalysts gave a high conversion and the formatisim arid
6b was suppressed.

Table5. Selectecexamples ofnetal catalyss screened

2 equiv. Bopin,
10 mol% Pdy
QCOMe 10 Mol% Mgyt

©/\)\ THF (0.25 M) @/\/\/nBu
2b nBu 50 °C, 16 h 3b B

pin
Entry Pdcar M cat Yield (%) "’
1 Pd,(dba)s™ Cul 55 (90)
2 Pd(PPhs)s Cul 92 (>95)
3 Pd(PPha), Cu(BF4)(MeCN), 38 (>95)
4 Pd(PPhg)s Agz0 32 (>95)
5 Pd(PPhz), - n/r
6 - Cul n/r
7 5 mol% Pd(PPha), 10 mol% Cul 40 (55)
8 10 mol% Pd(PPhs), 30 mol% Cul 74 (89)
9 5 mol% (Pd(PPhs)s 5 mol% Cul 92 (>95)

[BIReaction conditions2b (0.100 mmol), Pgy (0.010 mmol), My (0.010 mmol), Bpin,
(0.200 mmol), solvent (0.4 mL) were weighed inside a#iilfed glovebox and then taken bu
and stirred at 50 °C for 16MIsolated yieldsn/r = noreaction(In parenthesis, conversion of
starting materiatletermined byH NMR spectroscopyf the crude reaction mixture)
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Furthermore, it was found that AQ could be used as a-catalyst instead

of a coppeispecies (entry 4). Without the Bdurce or te second metal
additive (Table 5, entries 5 and 6) formation3bfwas not observednter-
estingly, changing the Pd:Cu ratio from 1:1 to 1:2 (Table 5, éitand 1:3
(Table 5, entryB) led to a decreased conversion2bf Further tming of the
reaction onditions involved decreasing the catalyst loading to 5 mol% for
both Pd(PP§), and Cul which did not decrease the conversion and yield of
the reactior{entry 9) Further attempts to optimize the reaction conditions by
lowering the temperature, reducingetieaction time, and decreasing the
B,pin, loading led to a drop in conversion of the starting material to product.
Increasing the temperature above 50 °C increasedtimation of enynéb.

P8¢ 3UI OROGEXD EiCHAidshtuted hlldnyl |
boronates

After studying the reaitity of propargylic carbonat@b under various
conditions we decided to explore the scope of the reaction. Using the above
described method we successfully systhed various allenyl boronates
from different propargylic carbonates (Table 6).

A broadvariety of allenyl boronates could be isolated from primarg-(T
ble 6, entries 6, 7 and 10), secondary (entri®€sald 11) and tertiary pr
pargylic carbonates (entdel, 8 and 9)Compared t®aand2b the reactiv
ty was acreased wheicwas used as substrate (entryT)is could be due
to the steric bulk at the-position. Similarly, wher2j and2k was used, the
conversion to the desired allenyl boron3jtevas low (entried0and 11).

Although the reaction gave full conversion to the desired allenyl boronate,
the isolationvia column chromatography had to be fpemed quickly; oh-
erwise e&composition of the product occurred.

11



Table6. Palladium and coppecatalyzed borylation of propargylic caonate¥’

2 equiv. Bypiny

oco,Me S mol% Cul Bpin
5mol% Pd(PPha);,
RGN\ _ THF,50°C, 16h
R3
2
Entry Substrate Product Yield (%) !

65

0CcOo,Me
1 2a Bpin
X
Ph
0CO,Me
2 A)\ Bpin 92
OCO,Me
3 )\/\ 3c /Ymn 55

0COo,Me

4 2d )\ 3d /\/ Bpin 76
OCO,Me

5 2e )\ 3e /\/Bpm 85

6 2f MeOZCO/\ 3f \/ Bpin 56

7 29 MeOQCO\ 3g
nBu
nBi

OCO,Me
2 %Bpm 88

Bpin 97

=

0CO,Me

9 2i \4\

0COo,Me .

10 2 \ 3 \,Bpln 14
X

Pl

Bpin 61

/

0COo,Me .
11 2k \ 3K /\/BP'" <5
\ "
SiMe, sty

[BIReaction conditions: propargylic carbon&té0.300 mmol), Pd(PP¥), (0.015 mmol), Cul
(0.015 mmol), Bpin, (0.6 mmol), THF (1.2 mL) were weighed ingidan Arfilled
glovebox and then taken band stirred at 50 °C for 16Misolated yields

12



o8x -AOET A AAOAI T bi-dubs@itutedEl O ¢
allenyl boronates

As mentioned abovesoppercatalyzedborylation of terminal alkynes is
difficult due tothe possibleformation of metahcetylide intermediates
Thus, weinvestigatedalternative rea@n conditionsto include terminal
alkynes as substrates for the borylation of propargylic carborftssthe
samereaction conditions for the borylation of propargylichmmates2a|
(Table5, entry 9 were applied to terminal propargylicrbanate2l (Scheme
7). However the'H NMR spectrumof the crude mixturelid not show any
formation of allenyl boronate3l). Instead formation ofcompound?7 was
observed, which ariségom the competing homocoupling reton

2 equiv. Bypiny
10 mol% Cul
OCOzMe 10 mol% Pd(PPha)s

nBu AN

Pr_~

H

Y4

[
., THF.50°C,16h N or 31 Bpin
2| 7 desired product

Schemeb. Initial attempt for Pdcatalyzed borylation of terminal alkynes

We sought out ways to suppress tmmpeting homocoupling reaction.
Fairlamb and cavorkers reported thgbropargylic carbonates, such 2k
readily give homocoupling product ithe presence of a @uatalyst® In
contrastjt was shown thathe use of propargylic acetaealogs, such &a
did not urmdergo the same homocoupling proce&scordingly, homoca-
pling product? was not formed when usingropargylic acetat8a as sib-
strate(Scheme8). However, fomation of the desired allenyl borona&8m
was not dserved.

2 equiv. Bopin,

10 mol% Cul nCaH
OAc 10 mol% Pd(PPhs), s
+> H
"C5H11)\
8a { THF.50°C,16h 3m thpin

Scheme?. Attempts for borylation of propargylic acetates using our developed
reaction conditions

Crudden and cavorkers reported thatg,O facilitates the transmetation
of organoboronate¥. Furthermore, w have previously shown that
Pd(PPh); and AgO is able to catalyze the borylation of propargylic-ca
bonates (Table 5, entd). Thus, we envisioned that using siliestead of
copperas cocatalystwould prevent the formation of the metatetylide
intermediate that is involved in the formation of the homocoupling product
7. By replacing Cul with AgO and using acetat®a as precursowe were

13



able to suacessfully suppress the formatiohthe homocoupling product and
isolate the desired allenyl lmrate3m in 18% yield (Schem8).

2 equiv. Bypiny

10 mol% Ag,0 nCeH
OAc 10 mol% Pd(PPh), s
_ > H  18% isolated yield
nCsHii™ THF, 50 °C, 16h ’ Y
8a H 3m Bpin

SchemeB. Palladium and silveicatalyzed borylation of propargylic acetate

To improve the yield othe desired product we screened differert so
vents, temperatures and sikaurces. We found that replacing ,8gwith
AgOAc or AgOPIv increased theelectiveformation of3m. Next we inves-
tigated the role of the solventve found that using toluene supgsed the
formation of side prducts more efficiently than the other screened solvents.
Further tuning of theeactionparameters by decreasing the temperature and
decreasing the amount of solvent reduced the formation of sidieiqbso
even moreand we weg able to isolate the desired prod8ot in 32% vyield
(Schemel0).

2 equiv. Bypin, nCsHqq

10 mol% Pd(PPh;),
Ohc 10 mol% AgOPiv H
”CsHﬂ)\ Toluene (1 M) 3m Bpin
8a H 35°C,16h isolated in 32% yield

Scheme9. Results from initial screening

After the initial screeningthe remaining major side produsfs ident
fied asthe probdeborylated capound9 which isprobably formed from the
allenyl boronate8m. Thereforewe investigatedhe possibilitiedo suppress
the formation of the proteborylated produd@ (Table 7).

We first directed our efforts to reduce the forroatbf probdeborylated
product9 by removal of potential proton sources, such as residual water.
This was attempted by addingplecular sieves (Table 7, entry 2) andyanh
drous MgSQ (entry 3). However, the addition of molecular sieves oryanh
drous MgSQ decreased thyield of 3m without significantly suppresng
the formation o (Table 7, entries 2 and 3). We have alsdlistlithe ligand
effects on the formation of protodeborylated prodicinterestingly, add
tion of PPRh reducel the conversion oBa (entry 4). We therefore ecided to
investigate the effects of the phosphine ligand toagiain ratio (entries 5
7). The highest conversion rate was obtained when using 20 mol% gf PPh
which also reduced the formation ®f(entry 6). The ligand screeningnfe
tries 813) indicated that using more electrsapplying (such as in entries 8
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and 11) omoreelectronwithdrawing ligands than PRfsuch as in itries 9
and 10) gave lower yields. Using bidentate gpiinine ligands (such as in
entries 12 and 13) did not improveetyield of3m either.

Table 7. Further investigéon of the reaction condition® suppress the formation
of the protodeborylated prodift

2 equiv. Bypiny

OAc 10 MoI% Pdy nCsH11 nCsHi1
10 mol% AgOPiv H ? H
nCSH”)_\H additives, toluene Bpin H
1 equiv. 8a 35(°C),16 h 3m 9
Entry Pdcat Additives Conversion Yield 3m
%)" (%)
1 Pd(PPh;), - 82 32
2 Pd(PPhs), 4AMS. 80 12
3 Pd(PPhg), MgSO, anhyd. >95 <5
4 Pd(PPh), 10 mol% PPhs 22 17
5 Pda(dba)s™ 10 mol% PPhs 72 40
6 Pda(dba)s™ 20 mol% PPh; 78 42
7 Pda(dba)s™ 30 mol% PPh; 65 38
8 Pd(dba)s 20 mol% (4-MeOPh)sP 53 37
9 Pd,(dba)s™ 20 mol% (4-CIPh)sP 60 40
10 Pd,(dba)s™ 20 mol% (OPh)sP 0 <5
11 Pd,(dba)s™ 20 mol% PCys 95 <5
12 Pd(dba)s™ 20 mol% Xantphos 20 <5
13 Pd,(dba)s™ 20 mol% dppb 33 28

[BIReaction conditions8a (0.100 mmol), Pgy 1 (0.010 mmol), AgOPiv (0.010 mmol), Bin,
(0.200 mmol), toluene (0.1 mL), weighed inside arfifed glovebox and then takeruband
stirred at 35 °C for 16[f!Conversionof 8awas determined bjH NMR spectroscopyf the
crude reaction mixtur€isolated yields!¥5mol% Pd(dbgs was used

To summarize the above findings, the best conditions for the borylation of
terminal propargylic acetates involved using 2 equivalents ,ing 10
mol% AgOPiv, 5 mol% Pgdba) and 20 mol% PR{{Table 7, entry 6)The
reacton time and temperature was varied to decrease the amount @f prot
deborylated bypmucts. Using these optimized conditionsllenylboronates
3m-o could be synthesized from propargylic acet&as. Secondary (Table
8, entries 1 and 2) and tertiary (entdypBopargylic acetates were converted
to thecorrespoding allenylboronates.
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Table8. Palladium and silvercatalyzed synthesis of allenyl boron&tes

2 equiv. Bypin,
10 mol% AgOPiv

OAc 5 mol% Pd(dba); R’
20 mol% PPhg <2 y
R R2 \\ toluene
7 H temp (°C), time 3 Bpin
Entry Substrate T(eorcr;)p TEE])E Product Z)'/Oe)l[%

1 8a 40 12 3m . 45
nCgH Bpin
nC5H11)\\\ 5! 11/X/ i

OAc
2 8b 45 8 3n ; 36
Ph/\)\ PR Bpin

35 16 30 31
Bpin

[{IReaction conditions: propargylic acet8t¢0.300 mmol), Pg{dba); (0.015 mmol), AgOPiv
(0.030 mmol), Bpin, (0.600 mmol), PPH(0.060 mmol), toluene (0.1 mL) were weighed
inside an Afilled glovebox and then taken out and stirrechatindicated tegerature for the
indicated timé” Isolated yield® 0.2 mL toluene was used instead

3 8c

99
/2

2 4 Stereochemistry of the formation of allenyl boronate

As mentionedn the introduction, the procedudeveloped by the group
of Sawamura and ltocourswith chirality transfer (sectio@).??® Therfore,
we investigated whether the same chirality transfer may ogban using
the Pd/Cu bimetallic system as well. We synthesized the enantiorerical
enriched propargylic carbonatg§){2d and subjected it to our standardaea
tion conditions (Tabl®).

Table9. Investigation of the enansipecificityof the reactioff’

10 mol% Pd(PPhs),,

10 mol% Cul
QCOZMe 2 equiv. Bypin, Bpin
_—

N o, THF. temp (C), 161 nBu
(Sy-2d ™! (S)-3d
98% ee

Temp Yield ee

Entry C) % )[b] % )[c]
1 50 95 12

2 22 98 >90

[Reaction conditions:gj-2d (0.300 mmol), Pd(PR}y (0.030 mmol), Cul (0.030 mmol),
B,pin, (0.600 mmol), THF (1.2 mL), weighed inside anfiled glovebox and then taken out
and stirred at théndicated temperate for 16 h®lIsolated yields?Measuredby GC and
optical rotation
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At 50 °C, the reaction gave low enaspecificity (entry 1). However,
lowering the temperature to room temperature led to full conversion and a
high level of chirality transfer was obsed (entry 2). The absolute stere
chemestry of the enantiomeric allenyl boronate was determined on the basis
of optical rotation data. Theign and value abptical rotation ofproduct §-
3d was in agrement with the data reported by Sawamura andiakers for
the same&ompound?®®

25 Borylative goening of propargylic epoxides; synthesis
of 1,2diborylated butadienes

As mentioned aboveséction2, Scheme 2)pur group has previously
demonstrad that the palladiumatalyzed stannylation can be performed
using propargylic epoxides as substrateFhis reaction involved an ego
ide opening to form the stannylated homoallenylic alcohol. Therefore, we
decided to examine if the borylation reaction follows the same reactivity
patten with propargylic epoxides.

2 equiv. Byping

5 10 mol% Cul Bpin OBpin
n 10 mol% Pd(PPh i
U\(‘ mol% Pd( 3)4 nBu A . 4 Bpin
THF Bpin nBu B
O s0°c, 16h "5 3p

11a 5¢
32% isolated yield 52% isolated yield expected product

10a

SchemelO. Initial experiments of borylation of propargylic epoxides

According to the'H NMR spectrumof the crude reaction mixture, the
starting materiallOa was fuly converted. Upon isolating the product by
column chomatography weound that the borylated product walse 1,2-
diborylated butadiemderivativella instead of the expectedlenyl boronate
3p (Scheme @). Although the yield was acceptable, the main pobdvas
the enynésc. By increasing the amount ogjin, to 3 equivalents and redu
ing the temperaturdormationof the enyne byprodudic could be reduced
Without a coppesource full conversion of the starting madéto the enyne
5cwas observed, wbh demonstrates that copper is neeidetie borylation
reaction, perhap® activate Bpin,.

Recently, Tsuji and cworkers presented a related study on the Cu
catal yzed bakoxy hllanes (8ameme 11¥)Cbnsidering the
results of this study, the formation of the -tljporylated butadien&lacan
be explained by an additional borylation 3 under the applied reaction
condtions (Scheme 11b).
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R 1.1 equiv. Bypiny iPr iPr

R4 RS 2 mol% [LCuCl] R' RS L /—/\
(@) RZ\/kOBn 10 mol% KOtBu szﬁ/&('ﬁ N\“/N
THF, rt, 30 min PhsC ) CPhy

R? Bpin R® Pr o iPr
. 2 equiv. Bypin, .
Bpin 10 mol% Cul Bpin
® ey 10 mol% PA(PPhg)y g~
OBpin — _— — > )
THF Bpin
3p 50 °C, 16 h 11a

Schemell (a) Copperc at al y z ed kalkaxyalleaes with Bin,prée- U
sented by Tsuji and emorkers’ (b) Formation of 1,Aiborylated butadienéla
from expected intermedia8p

The previously developed methodology using a bimetallic system of
Pd/Cu gavella-b (Table D, entries 1 and 2) antlld (entry 4)in moderate
yields.

Table 10. Palladium and coppecatalyzed diborylation of propargylic epoxiéfés

3 equiv. Bypiny
R3 10 moI:ﬁu Cu: ) Bpin
X 10 mol% Pd(PPh3), 3
R o RWRZ

R’ THF, 22 °C, 16 h

Bpin R’
2
10 R 1
Yiel
Entry Substrate Product e[cbl] E/Z9
(%)
Bpin
B
1 10a " U\QO 11a nsu\%\]/ 59 8:1
Bpin
Ph Bpin
2 10b V\d) 11b  Ph / 42 41
Bpin
nBu Bpin
3 10c \Qo 11c nBuW <5
Ph Bpin Ph
U Bpin
49 10d SR 11d g 70 >955
Bpin

nBu

Bpin
59 10e o 1le  nBu 19  >955
Bpin

[{Reaction conditions: propargylic epoxid8 (0.300 mmol), Pd(PR)y (0.030 mmol), Cul
(0.030 mmol), Bpin, (0.900 mmol), HF (1.2 mL) were weighed inside an -Alted

glovebox and then taken band stirred at 22 °C for 16 Hisolated yields®E/z ratio
determined byH NMR spectroscopof the crude reaction mixtuféReactions performeahi
MeOH (1.2 mL) instead of THF
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The reaction generally proceeds with good diastereoselectivityge *
2), whereas cyclic structures provided only one diastereomeiee4 and
5). Compound40ed (entries 4 and 5) gave a higher yield in MeOH than in
THF. However substrat&0c gave noconversion to the correspding 1,2
diborylated butadieng&ld. The major side product was therf@tion of the
correspoding enyne.

As mentioned above, Ito and Sawamura demonstrated thatBGu®
able to catalyze the borylation of propargylic carbond@sheme 5§2°
Thus, wehypothesizedthat epoxidel0 can undergo borylativepoxide
opening with a in situgeneratedatalyst from CCl and KOtBu. The inte-
mediate product is then able to undesan additional borylation to give the
1,2-diborylated butadien#l (seeScheme 1b).

Table11 Copper and baseatalyzed diborylation of propargylic epoxiéfés

3 equiv. Bypin,
10 mol% CuCl
NN 30 mol% PCy; Bpin
A 0] 0, 3
» 30 mol% KOtBu RNRZ
R2 THF, 22 °C, 16 h Bpin R’
10 1

Entry Substrate Product (\g/'(g'[%’] E/z

Bpin

1la nBuW 94 12:1

Bpin

Bpin
11b Phw 83 10:1
Bpin

1 10a n

Bpin

11c nBuW 62 8:1

Bpin Ph

4 10d

2 10b PhV\Q
nl
ni

Bpin
1le nBu% 91 >95:5
Bpin

[{Reaction conditions: propargylic epoxid® (0.300 mmol), CuCl(0.030 mmol), PCy
(0.090 mmol), K@Bu (0.090 mmol), Bpin, (0.900 mmol), THF (1.2 mL) were weighed
inside an Affilled glovebox and stirred for 16 h at 22 Plisolated vyieldsof both
diastereomerd”E/Z raio determinedby H NMR spectroscopy from therude reaction
mixture

5 10e

Bu
\Qo
Xx_ o
Bu
\Qo
Ph
N Bpin
S 1d g 97 >955
Bpin
Bu S
o
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Indeed, wheriOae reacted with Bpin, (3 equiv.) in the presence of CuCl
(10 mol%), KQBu (30 mol%) and PGY30 mol%), 1,2diborylated butad
enesllae could be synthesized selectively and isolated in high yields: Gra
ifyingly, the formation of the enyne was completely suppressed. In addition,
the diastereosatgvity was also improved compared to the corresponding
reactions using the bimetallic catalyst system (cf. Table 10, entries 1 and 2
and Table 11,ries 1 and 2).

The sterechemistry of the major diastereonidia wasdeterminedy X-
ray crystallographyAccording to the Xray structure,hie Bpin moieties are
in the (E)-configuration(Figure 4)

Figure 4. ORTEPrepresentation ofla
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2.6 Proposeccatalytic cycle

The exact mechanism for the palladigatalyzed borylation of propa
gylic alcohol derivatives is not fiy understood. However, we are able to
propose a catalytic cycleased on the above experiments.

2.6.1 Proposed catalytic cycle for the borylation of
propargylic carbonates

Figure 5. Proposed catalytic cycle for the boagilon of propargylic carbonates
X =-Cl,-l

The catalytic cycle is proposed to start with oxidative addivibpropa-
gylic carbonate to the Pd complex1 to form 12a(Figure5). It has prei
ously been reported that palladitgatalyzed reactions of propargylic alc
hol derivatives give highanti-selectivity**® *® The high stereoselectivityf
the palladum-catalyzed borylatioiishown above igection2.5 Table9) can
be explained by stereoselective displacement o tleaving group from the
substrateWe proposethat the ¢ c* of the alkynea n ¢ cfiof the leaing
groupMOs interact with the filledd-orbital of palladium in aranti-fashion
during oxidative addition (Figuré).
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