Enantioselective Borylations



30.000-foot View

N > \1/[ or \1/[
§ . BR; | H
Good yield
Good dr
Good er

Good chemoselectivity



Enantioenriched Organoboranes
What to do with them...

( O,R CH ,CH,OH
CH,OH

Ar/ /'\
asymmetric B(OR), / ( O-H
Al'/\ ), .

hydroboration Ar ( H;

up to 99% )1eld

C()’s’BU

Ax C“‘ NH; Ph-C” j’
\/‘\CH

Ar CH-‘;

HBPIn BPin Pd.(dba)s Ar?

A" TRhcatalyst A CH; pph, Ag,0  AF'” “CHj

Ar?-]| up to 86% yield
91-94% retention
of configuration

Crudden C. M. et. al., Eur. J. Org. Chem. 2003, 4¢
4712
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Enantioselective Borylations

« Addition of HB(OR,) to styrenes

« Addition of HB(OR,) to olefins with
electron withdrawing groups

« Addition of HB(OR,) to other olefins

« Desymmetrizations and
Cyclopropanations

« Addition of B,(OR,), to simple alkenes
 Addition of B,(OR,), to higher olefins



Alkene Monoborylation

O, (c-hex)s
Scheme 4. Rhodium-catalyzed asymmetric hydroboration of styrene with 7d

ligands 7a-f. a) [Rh(cod),|BF, (1.0mol %), 7a-f (1.2 mol %), catechol-
borane (1.2 equiv), solvent: b) 3m KOH, H,0,.

\ \
84%, 85% ee @ o
CI/©/\ 50%, 84% ee

R =
80%, 58% ee 81%, 82%ee
Fgc’©/\ ©\/C\F3
ge 8n

Ioh
Ve 69%, 93% ee

8f Knochel P. et. al. Angew. Chem. Int. Ed. 2001, 40,



Alkene Monoborylation

BPin
CuCl (3 mol %), NaOtBu (6 mol %
Ar/\/R uCl (3 mol %), NaOtBu (6 mo =) /'\/R
5 (3.3 mol %), PinBH (1.2 equiv) Ar
1 toluene 2
Pl q P ©/‘\/\0Me @A\
> 1i
tBu tBu | 19
61%, 88% ee 90%, 91% ee

‘Very good ee (82-93%) even with o-
substituents

Naphthyl groups gave poor ee
*61-95% vyield

Yl:l[’]:l.i et. al. Angew. Chem. Int. Ed. 2009, 48, 60¢



Enantioselective Borylations

« Addition of HB(OR,) to styrenes

« Addition of HB(OR,) to olefins with
electron withdrawing groups

« Addition of HB(OR,) to other olefins

« Desymmetrizations and
Cyclopropanations

« Addition of B,(OR,), to simple alkenes
 Addition of B,(OR,), to higher olefins



@P@@%B borylation

@ @ HCr PH ph
L1 (R)-(S)josiphos _ L2 (R)-(S)-NMe,-PPh,-mandyphos
B,pi Spin NaBO
PIN, a
EWG - EWG 3
RN AorB N THF/H,0 (1:1) "\/EWG
1 2

Condition A: 2% CuCl, 3% NaOtBu, 4% L1, 2 equiv. MeOH, 1.1 equw B2pin2

in THF
condition B: 3% CuCl, 3% NaOtBu, 3% L2, 2 equiv. MeOH 1.1 equiv B2pin2 in

THF

J‘?"H ' : 3% Eg@é@%mlfﬂ@u é%]lraez qgélth@OH 1.1 equiv B2pin2 in
@délﬁdﬂaf%llﬂﬁﬁﬁﬂ]%q ail &(uw MeOH 1 equiv B2pin2 in THF

. ngh yield ( 89- 97%), 82-92 % ee. Insensitive to

character of R-group or ketone/ester fragment

« MeOH additive found to be critical for this reaction
Yun J. et. al., Adv. Synth. Catal. 2009, 351, 85
Yun J. et. al., Angew. Chem. Int. Ed. 2008, 47,
Yun J. et. al., Chem. Eur. J. 2009, 15, 1939-1



CH,

NCH

@P@@%B borylation

@ HC ' PH Ph

L1 (R)-(S)josiphos L2 (R)-(S)-NMe,-PPh,-mandyphos
0 OEt

3 mol% CuCl, - %

J _ 3 mol% NaOIBu, M AT

R ™ R2 + B,Pin, ~ R R? Ph (@)

3 mol% ligand,
2 alcohol, THF, RT 3
(2)-2

Investigated solvent effects : With Rh(phebox)

« MeOH, iPrOH and tBuOH all effective77%, 93% ee

« Solvent affects product enantiomer ratio
Results :

« Steric factors at R! are minimal for all classes.

« Mainly controlled by R? for ketones.

« (Can add into extended dienones.

Yun J. et. al., Chem. Eur. J. 2009, 15, 1939- 19
Nishiyama H., et al. Chem. Commun., 2009, 59



Yun’s Addition into Cyclic
Enones

O O
2 mol% CucCl, 3 mol% NaOt¢-Bu
, 4 mol% L7
R— + szlnz I e
2 equiv.MeOH, THF, rt, 24 h ""Bpin
n n
1 n=012 2

@ N(CH3),

L7 = (R.S)-Taniaphos 0% yield

0O
Ph,P
2 7@ . 92% yield,
Ph,P Fe iH >99% ee
O

Yun J. et. al. Chem. Commun., 2009, 6577



B-borylation : Yun’s
Mechanism

CuOfBu —=~— CuCl + NaO{Bu — CuOiBu

l L*, B,pin, o lepinz
L*Cu-Bpin \( R1/\)J\ R, Cu-Bpin
szinz\/ B,pin,
pinB O pinB O
*L—CuOR R R, R; R, Cu—-OR

Cul T
.
Boi W ﬂ, ﬂ Bpin O
Pin OCuL* plnB OCu ROH )\/LL

AN ROH  PInB R R
R1 * R2 1 2
R = R, R; = R,
'e) Bpin O
0,
©A\)l\( + B,pin, 3 mol% CuCl/ NaO{Bu/ L; M
. D
MeQOD (1 , THF 0
2 e (1 equiv) (39%) (32%)

[D]-3¢

Yun J. et. al., Chem. Eur. J. 2009, 15, 193



B-borylation

0 (eq. 1) (eq. 2) '0)

o CuPFg(CH3CN)4 (x mol%) @) NaBO;4H,0 32 conc. HCI
i * - _—
(R,Rt)—Qum.oxP (1.2x mol%) Ph THE RO (98% ee) — .Ph
BuOLi (1.5x mol%) R 3 » M2 0
+ 2 oH rt, 3 h 80°C,8h (0K
"SR (1.5 equiv) DMSO, rt, 12 h 4 99% 75% (OH);

. N B(Pin) (94% ee) S

Me\ tBu

NP 3 CUPFg(CH3CN), (10 mol %) O OH
(R.R)-QuinoxP* = @: I (R.R)-Quinox P* (12 mol %) H
N ‘BuOLi (15 mol %), DMF, rt, 6 h; [ I “Ph
R - Ph (eq. 3)
Bu Me

a2 PhCHO, rt, 1.5 h; O,
71% (dr = 6.5/1) 6 OH
(91% ee)
. PF; salt hypothesized to accelarate catalyst
regeneration
by formation of LiPF;
. No protic additive necessary
. Wide scope in R for n=0,1,2: various aryl,

unbranched and branched alkyl (80-99% vield,
70-98% ee)

Shibasaki M.,et. al. J. AM. CHEM. SOC. 2009, 131,



Fernandez’ NHC borylation

CHj3
(NHC)CuX o=<
B.pins/solvent Bpin O NaBO; OH O o
2PINy/solven H,O CH;COOH Y
R X R, R R, —_—
! 2 NaOfBu 1 2 R R, R; R,
MeOH
(NHC)CuX . \ . .
v O , Bpin O , Bpin O , Bpin O . Bpin O
Ri B,pin,/solvent R4 P R4 :p Ry >()L R4 ?p
AN »
Me MeOH Me Me Me Me
A C

cee better for syn than anti

Syn ee 35-74%, anti ee 5 Q @ %} g
42% '

*Poor dr (70:30 syn best
case)
‘R, is an alkoxy group for all

substrates Fernandez et. al. Organometallics, 2009, 28, 659



B-borylation - Hoveyda

5.0 mol % imidazolinium salt 5¢
o R 5.0 mol % CuCl, 13.0 mol % NaOt-Bu, O R B(pin)

EtO/”\)\a Hf EtOMaryl

ryl 44 equiv B,(pin), (1), 1.2 equiv MeO
thf, —78 °C; 30% HCI, MeOH

O Me 5.0 mol % imidazolinium salt 5¢ O Me, B(pin)

R/U\)\Ph 5.0 mol % CuCl, 13.0 mol % NaOt-Bu, . R)]\/‘(Ph

13a R=Me 1.1 equiv B,(pin), (1), 1.2 equiv MeOH, 14 R =Me (-78 °C, 24 h)

13b R =Ph thf; 30% HCI, MeOH 89% yield, 92:8 er
15 R=Ph (=30 °C, 24 h)
73% yield, 82.5:17.5 er

Ph . . .
AR -Viable with esters, thioesters, ketones

® ‘MeOH is not required (can access

NvNAr
ﬁ; boron enolate for further

5a Ar = 2,4,6-MezCgH, (Mes) :
5b Ar = 2.6.(E1),CaH transformations)

5cAr-246-(-Pn.cH,  *Can add to alkyl-substituted esters as
W?’Jyg;{d; A. H. et. al., J. AM. CHEM. SOC. 2010, 132,



Stereochemical Model

No a-substituted «,f-unsaturated esters tried to check
proposal

Hoveyda A. H. et. al., J. AM. CHEM. SOC. 2010, 132, 10€



DFT Calculations

1,4 addition

L/bU""B,‘O
=0 0
‘I:{_ %g‘?) TSB'(ZJ) \)
Cu---8-0_ /o3
L T ’ A
' (3.4) N
TSB(2-3) O\%/,lul.\\
4 =0
0.0 J \
(0.0) /S 2256270\ cﬁ_go
— 82 // e \)
-10.9 O~ 178y || v 3B 0
(223 - L-Cu-Bb] = N, 149
N 1 T ‘\\\‘(-26.1)
O= + é \\—
D S I A
~Cle-O 0 3B —
- B O 264
(-37.7L>

o=/ =0 33.4
I Lo 21.8
|—Cu--8-Q L/C“‘-$’O
o) o
TSca) TSo(2:3)
18.4 \
(5.9)
—
; l . 334
67 /
/194 00 (-5.0) / \
/ =10 - — i
T 114 00 . =0 _|_
86 — o ]
(-19.4)/ o="" L-Cu~8 ] |—Cu~g-0 |
— i o] y
C/o{ |—Cu~g-0 ! o © ‘
u -0, -
s B 0
- o 2¢ =/=9 \} -26.4
¢ L—cu—( 377
O_B,O 3D

1,2-addition

Marder T. B. et. al. Organometallics 2008, 27, 44«



DFT Calculations with Esters

(0] O
<_ \ /
o ,0/2, o E?\c;)
o‘\B" 'B/ (o] L/CU' -0,
OMG + ‘\ Meo>=>
0 |
=<:___‘. L,Cu;fk OMe s o
' - ester(4A-1)
Cur-B-C o) Sa NP
O\) TSester(3a-1) (-17.8)
Tsmmz-a) 18 '—‘
OMe 53 (24.3)
0.0 o =<_ (-8.5) J— J \
00 /s 1 ' \ ’ \\
(—).\ = s \ / : Bzegu \
o“‘( 4 A ;79\ K \
4 -103 ! 1 ] \ ’ \
L-Cu-8_ ] / \ /0 99 / X
\ N -21.4 d ‘\ ! - \ 7| - - . -10.2
4 O 214 \ Beg 4 ~..._{-19.9)/ L-Cu-O o \ (236
OMe y fS0 S 4Aester 7 0
O=g \ ," . / b OMe‘\ L-Cu—B, ]
! Y J i L—-Cu-- \ O-B 1 0
|—~Cu~p-0 'Y o8 } (-gg'g) Lo +
- \ 246 / ’ \(-32.
Q \ s 0 \ —— MeO
2Aester \(-35.2) ¢ 0 Beg
(—)' TS aester(34) L-Cu—E j P g
L—Cu OMe (;Me Beg
- Q
L= PMe; O-B 3Aester
O Beg Beg
(a)

1,4-addition

Marder T. B. et. al. Organometallics 2008, 27, 44«



Enantioselective Borylations

« Addition of HB(OR,) to styrenes

« Addition of HB(OR,) to olefins with
electron withdrawing groups

« Addition of HB(OR,) to other olefins

« Desymmetrizations and
Cyclopropanations

« Addition of B,(OR,), to simple alkenes
 Addition of B,(OR,), to higher olefins



trans-Alkene Monoborylation

F
Fo A F
T// ~
MeO NN /|E
T F
MeO -

OMe 1 OMe 2

QuinapRh” >98%: 88% e.e.; 77% vyield

Pichon C. et. al. Chem. Commun., 2005, 52¢



trans-Alkene Monoborylation

Ph Ph

N

>_\ 7.5 mol %
0...-
i y \/ -Pr
-Pr Me
g\/ 7.5 mol % CuCl, 30 mol % KOt—Bu mmm

1.1 equiv 1, 2.0 equiv MeOH 5
THF, =50 °C, 48 h 99:1 er, 80% yield
AB{pin
OMe > OH @ g
OH
15 16 17
94.5:5.5 er, 51% yield 98:2 er, 74% yield 86:14 er, 63% vyield

Hoveyda A. H. et. al. J. AM. CHEM. SOC. 2009, 131,



Borylation of (Z)-

allylcarbonates
R/\L cat E:Ru,g:giiun)oxp* i Rfﬁg

(2)1 OCO,Me 2 (2.0 equiv.), THF, 0 °C, 48 h (S)-3

MR *64-70%, >90% ee for R=alkyl
E:[ I RR-aunox*  *NoO aryl demonstrated
*No branching at the a-

o e position of R tolerated

Ito et. al., Pure Appl. Chem., 80,



Stereochemical Model

R _ +(pin)B-B(pin) R
/Cu—B(pln) - Cu-OMe (-O-t-Bu)
P — (pin)B—OMe P

R o OR' (pin)B
R'\=_C{):Me i ~C0 | g )_//

. )
PIB~ ‘L‘P (pin)B, (/:u“P

——» Rw-C—C:n
\,, OCO,Me BN TP

7\
i) )
5
o
=
a
I D
\
—<O
mO

(a) -
><p’\/§:N© ><P'\§/

*\.P

(B cU X (pin)B,--;,Q'“@
—»(R)-3

(93 <a— R C=Con fji— !
(major) H/ \H OCO,Me R h (minor)
0CO,Me

TS1 (favored for (2)-1) TS2 (disfavored for (2)-1)

= >< p '\é/ >< P ‘\é/

(pin)B- --Cx( X (pinjE-- 01 X
(A8 -— /C C —» (5)-3

(major) OCO.Me H (minor)
oC 2Me
TS3 (favored for (E)-1) TS4 (disfavored for (E)-1)

Ito et. al., J. AM. CHEM. SOC. 2007, 129, 1485



Hindered Alkene borylation

Ar. Ar
O 1) e inod)aBr O OH HaC° ° 322:%3206H4
Ph‘NM‘/RE %S‘an35r%£rrlielrr]lz|j Ph\N )J\/l\/RE H3C><O\“ dP OPh ; ﬁrigﬁrﬂ%g‘l
" R? THF, it 24h H RZ A F=oo-e2bes
2) ag. NaOH, H,0,
p S S S S —
Scope only demonstrated for LS :
alkyl substrates. o R
‘Norbornene additive increasec : ¢ °
ee OO:JD i 5 20 25

10 18
time (hours)

Amide required for 2-point
binding.
Stereospecific

Figure 2. Comparing the yield of anti-6 (O) and its enantiomeric excess
(@) over time with (red) and without (blue) added norbornene.

Takacs J. M. et. al. J. AM. CHEM. SOC. 2010, 132,



Addition into Trisubstituted
olefins

6.0 mol % imidazolinium salt 4a
Me, OH

5.0 mol % Cu(OTf),, 80 mol % NaOMe, P Ph
alkyl)\/\o OMe > alkyl/v 0 ’
2.0 equiv B,(pin), (1)

i
. 055, N &,NAr
dme, 24 h; H,0,, NaOH ﬁxoev

§ omdint e pn 43K =245, e

0 2y _
aryl/(]x\/\o OMe > aryl/<t</ 4b Ar = 2,6‘Et2C6H3

2.0 equiv Bs(pin), (1)
dme, 24 h; H,0,, NaOH
disubstituted al’jlll alkene trisubstituted aryl alker Me%‘ B(pin) Meﬁ B(pin)
(NHC)Cuyr-B— # P
Hum Eg&.&B.E‘dAR
oW 14 g 15
I >98% yield, 98:2 er 83% yield, 99:1 er

Stereospecific Sy2’ addition, no Sy2 products
detected.

*Also works with disubstituted alkenes (er
<~an-1nN) Hoveyda A. H. et. al., J. AM. CHEM. SOC. 2010, 132, 106:



Monoborylation of Dienes

Cu(O-tBu) (5 mol %)
<\ \> (R,R)-Me-DuPhos (5 mol /2 (pin)B—Q + <(pin) ’f,
R 2 (1.5equiv), 20 °C SR
1 THF, MeOH (2.0 equiv) 3
[ ;[ Me F
Cu(l) cat. (5 mol %) Cu(l) cat. (5 mol °/3)
(pin)B +BUOH (2.0 equiv) MeOH (5.0 equiv) (pin)

(S)-3k toluene, rt, 2 h 1k THF,-40°C,26h (S)-4k

89%, 89% ee 83% 96% ee Me
3k/4k 92:8 Cu(l) cat.: Cu(O-t+Bu)/(R,R)-Me-DuPhos 3k/4k 4:96
(R,R)-Me-
(pin)B . DuPhos
(pin)B / (pin)B Me
CsHHM _\_( M ><:>_<
Me e 3g Me
78% ,42% ee 97% NR

Ito H. et. al., J. AM. CHEM. SOC. 2010, 132,



Enantioselective Borylations

« Addition of HB(OR,) to styrenes

« Addition of HB(OR,) to olefins with
electron withdrawing groups

« Addition of HB(OR,) to other olefins

« Desymmetrizations and
Cyclopropanations

« Addition of B,(OR,), to simple alkenes
 Addition of B,(OR,), to higher olefins



Borodesymmetrization

Me,  (Bu
i NP
Cu(OtBu)-ligand (5.0 mol %) or iPrOCO,:.. j:
iPrOCOQu.Q..\OCOziPr CuCIl-K(OfBu)-ligand (5.0 mol %) Q o
bis(pinacolato)diboron (2) - _ -
(1.5 equiv), -20 °C (pin)B tBu Me

1a
A (R,R)-quinoxP*
PhCHO OH OH
(1.0 equiv) : .
PrOCO» ... iPrOCO» ...
0°C,18h base 2 mph ' ‘ oy O
RT.2h  H,0
3a 3a'
OH
ProcO 7 OH PrOCO
/Proc 21”’@{\(CH2)5CH3 MeOCOQ""QT\ =T 2 OH 3i
H H Ph = Ph (E/Z 66:34)
81%, 97%ee, 98:2 dr 43%, 95% ee, 99:1 dr

36% yield, 84% ee

Ito et. al., Angew. Chem. Int. Ed. 2010, 49, 5



Stereochemical Course

(pin)B-OR R! OCOy;, @ OCOQR1

(pin)B- B(pm}}
(pln)B CuL
& - =

o
RO-CuL Cu
B /Q\ {Bu

(pin)B__Cul R'OCO, _ OCO,R!

R1OCOQ R OC02 6OC02R \ _’/
[' - >/
E (pln)B\c_u,l/F_’P
(pin)B A -\ [Bu
R'OCO OCO,R
l RZCHO - D' 2

R'OCO,:. 7 OH

O C{? H—C): R1OC02I @/\RQ
(pln)B 3 ‘H 3

Ito et. al., Angew. Chem. Int. Ed. 2010, 49, 5



Gevorgyan’s Cyclopropanes

R

* (6 mol%) /=0 )v/
THF 1 M) r.t, 20 min %/J< R2

1 2 cis-3 trans-3

R’ *<
> i 5 [Rh(COD)CI]g (3 mol%) ZV\B s R v

‘R3is H, otherwise rearrangement to furans
OO opn, ODSErved

prh, sEsters, Alkyl, Aryl groups tolerated. Excellent
OO ee (>§e7%, >94% yield)

\) R-1 1.5-2 equiv. -
R2 B(OH) [Pd] R2 ~~ R

4b.f 5-10

*Further Suzuki coupling possible.

Gevorgyan V. et. al., J. AM. CHEM. SOC. 2003, 125, 71



Group Problem

_ Cu(OBu) (3.0 Mol%)
MeBSi/_\OCOZMe + (pinB—B(pin) “anPhos@3mol%)
(£)-1a 2 (2.0 equiv) DMI, 30°C, 1h
B(pin) B(pin)
N
MesSi MesSi
3a 96% 4a 1%

trans/cis 99:1

Cu(OtBu) (10 mol%)

[y)
o + (pin)B—B(pin) xantphos (10 mol%) _

OCOMe 3 (2.0 equv) DM 23°C,29h
(E)-1a

Meg,Si

B(pin) Me3Si  B(pin) B(pin)
+ + )
MesSi Me3Si

trans-3a 52% cis-3a 8% 4a17%

Propose a mechanism, and explain the

selectivites
Ito 7H., Sawamura M. et. al., Angew. Chem. Int. Ed. 2008, 47, .



Group Answer

Cu-OR CO;
B-B Ni“ B-OR
2 C B T H B 1#
Cu-B H B
Y / ‘Y 'ﬂ L)
(212 ~— H§ et —| simCCm INAP
Q/ / o \)‘\,(1 SI o H
—=Si— Cu ,CLOCOZR

OCO,R H § trans-3a

Y\ IB Si B
H“"'C\_C"l'“'H ~/>v</5

%
ciM CroCOoR \ H Y H
7=\ cis-3a
Cu B L 4 €O,
Cu—B - D + Cu-OR
w L» — H —
(Er18 I/ /3)
Cu B ¥
OCO,R hY B B
L Si‘C G
bOCOgR \ S't a 3”
H " C02 rans-sa
E + Cu-OR
= B B
Cu-B /
\ B
L 7 i
S’l/ AY R SN \a
OCO,R  CO; + Cu-OR 4a

Ito H., Sawamura M. et. al., Angew. Chem. Int. Ed. 2008, 47, .



Synthesis of bifunctionalized
cyclopropanes from allylcarbonate
borylation

Me,  fBu 0
Cu(OtBu) (5 mol%) B(pin) 3(pin) N. P 4 O
=\ Chiral ligand (5.5 mol%) v/ + P @: \I O PPh,
R3Si OCO:Me 2 (2 0-2.2 equiv) R,Si R3Si/k/ NT p 0 PPh,
THF, 30 °C
()1 ’ 15,25)-3 4 {4~ O
a: R3Si = Me;Si ( ) Bu Me <O
b: R3Si = PhMe,Si oD .
¢: R3Si = BnMe,Si (R.R)-quinoxP (R)-segphos

B(pin) [Pd(dba)y] (5 mol%) Ph
/v’ SPhos (10 mol%) ,v’
i [% 7 9 BnMe,Si BnMe,Si

A 03 Phl, BUOK/BUOH
MeO,CO_ B H B (15,2S)-3¢ dimethoxyethane  (15,2R)-5, 83%
L % o 60 °C, 24 h o
Y AN 94% ee 94% ee
H=C:=-Cumpp Me0.CO L CUp transicis 99:1 transicis 99:1
\ 4 G
o \P =N C ol
., Ph
H siRCE \NQ R3S H\lc" \NQ 1) TBAF, THF i
2) HzOg aq., KHC03 HO
TS1 TS2

MeOH
(1S,2R)-6, 73%
94% ee
trans/cis 99:1

Ito H., Sawamura M. et. al., Angew. Chem. Int. Ed. 2008, 47, .



Synthesis of Cyclopropanes

CuCl (5 mol%)

= R R)-i-Pr- 1%
W\ OP(OYOR), + (o —B(pim X RH-PT-DUPhos (6 ol \V\

(Z)'1 b—p 3 (1 2 equiv) K(O't'BU) (1 0 eqt."V)
R=2-ethylhexyl toluene/THF, rt
CuCl (10 mol%) Ph  B(pin)
' _ (R.R)-i-Pr-Duphos (12 mol%) \VI cis-4a
(pin)B=B(pin) 3 K(O-t-Bu) (1.0 equiv)
+ THF 50 é 16 h tGC g;eld 9660/(5))427% ee
/=:/—OHOXORh gr cs
CuCl (10 mol%
Ph (R, R)(Qu.noxp*) 12 mol%)_ \V\ (1R2R)-4a
(EV1a, R=2-ethyihexyl  K(O-£Bu) (1.0 equiv) B(pin)
HF, 5 GC yield 73%, 71% ee
trans/cis = 99:1
L = (R,R)-i-Pr-Duphos LCu 8 ph:!., . B Fh B
| = Phe, H—s NC— o —
LCu-B "ok Leu s-4
v retention Giaa
Ph OR
NN LCu B OR LCu\/) B H Ph
I : o H ----- -.cu/—’ H\“.-C_<£_‘ R \V\
L = (R,R)-QuinoxP* PH ’ Ph/ ) OR B
inversion trans-4a

B(pin)
(1R,2R)-4b—p
Me‘ ;tBu

N._P
T
N P
/',
u

(R,R)-quinoxP*

@ erpl’—
DuPhos

iPr
Ito et. al., J. AM. CHEM.
SOC. 2010, 132,



Enantioselective Borylations

« Addition of HB(OR,) to styrenes

« Addition of HB(OR,) to olefins with
electron withdrawing groups

« Addition of HB(OR,) to other olefins

« Desymmetrizations and
Cyclopropanations

 Addition of B,(OR,), to simple alkenes
 Addition of B,(OR,), to higher olefins



R

Styrene diborylation

2.5 mol% Pty(dba),

6 mol% (R,R)-L8

Bo(pin), (1.05 equiv) OH

N

THF, 60 °C <
RO S A OH

then H,0,

Ar Ar
D)
Me 0 W d

Ar Ar

(R,R)-L8: Ar = 3 5-diethyiphenyl

substrate yield (%)° ee (%)°
hexyl” X 83 92
Me Me
'nﬂ(?*/\ /7 ()4
Ph/\/\ 80 04
(j/\ 87 94
Me>'/\
Me 46 9%
Me
= S gl
m 52 87
Me
©/\ 84 86
TBDPSO~_A 93 90 Morken J. P. et.
al. J. AM.
CHEM. SOC.
TBOPSO” X 92 9%

2009, 131,



Diborylation of Terminal

oxidation OH

|_> p-Tol /»(k/OH

Me Me

5% Rh(l) B(cat) ] 74% yield
0

5% (S)-quinap B(cat) 96% ee
p-Tol

p-Tol N —

Me Me B2(cat) Me Me H “ N

I
|—> p-Tol X

Suzuki; M Me ‘
oxidation 598;/?)/yfeld
(4]

‘Best ee’s (>93%) when allylic position is a quaternary cent
Highly sensitive to substitution

«41-82% yields, 48-77 % over two steps for terminal olefin
no allylic hydrogens

«Can couple with numerous bromides and triflates

Cl Me Me
HO
p-Tol O

. Morken J. P.
Me Me  50% Me Me 2 et.al., ORGANIC

90% yield, 87% ee LETTERS 2004,



Extensions by Morken

5% (nbd)Rh(acac)

OH
5% (S)-Quinap
N + B-cat > R
R X 26412 THF, 23°C, 24 h R)\( ‘O
OH PPh,

then H>,O,, NaOH

~N
5% (nbd)Rh(acac) OH O P
5% (S)-Quinap
“X + Bcat, THE 2356 R/'\/OH
then H,O,, NaOH 6

R

*Best results with trans alkenes (>97% ee)
‘Poor selectivity observed without steric hindrance at allylic
position for terminal alkenes.

Mofrken J. P. et. al., J. Org. Chem. 2005, 70,



Alkene Diborylation

R1 5% (nbd)Rh(acac) OH
0 U
R)\/Rz +  Bocat, 5% (S)-Quinap _ OH
THF, 23°C R R
then H,O,, NaOH 1R2

1,1-disubstituted gives poor ee (25-41%), moderate yield (67-

79%)
Good ee (>90%) for trisubstituted, poor yield (8-17%)

M 5% (nbd)Rh(acac) OH Me
e 5% (S)-Quinap _
/\/\/\/\ > Ph Me
Ph™ X Me Bocaty

THF, 23°C, 14 h
then H,O,, NaOH 64% yield
99% ee

Morken J. P. et. al., J. Org. Chem. 2005, 70, 95



Alkene Diborylation

188 i <®C§: |?(catB)( t) (cat)B : P/
Rh. ca ca ;Rh;N_"
80 - y =0.9176x + 0.55 RON == -
_ 70 R? = 0.9993 0 (cat)B
5 60- A B s
P o Q
o 40
< 30 N ‘ \Ig |
SRS bR o
0
0 T T T B B
N N N
0 25 50 75 100 \.L/ ol i B\ :\—%
%ee Quinap T\T<T T | T \_B>Tl| Lé_]
D 5% (nbd)Rh(acac) 5 OH H OH
5% (S)-Quinap
D OH OH
2val2
D THF, 23°C D H
85% 17-Dg 17-Hg

15% 17-D7H,

Morken J. P. et. al., J. Org. Chem. 2005, 70, 95



Enantioselective Borylations

« Addition of HB(OR,) to styrenes

« Addition of HB(OR,) to olefins with
electron withdrawing groups

« Addition of HB(OR,) to other olefins

« Desymmetrizations and
Cyclopropanations

« Addition of B,(OR,), to simple alkenes
« Addition of B,(OR,), to higher olefins



Diborylation of Dienes

2.5 mol% Pt,(dba)s Ar AT

6 mol% (R,R)-L Me><o Q O
B P .
toluei(glrgé °C — Me™ o o '70_92% yleld!

_/_\ —> R OH Ar” A 0
then H;O, OH (R,R)-L1: Ar = 3,5-dimethylphenyl > 84A er
(R,R)-L2: Ar = 3,5-di-t-butylphenyl

I . .
L —M—BR, LB, R\/AL *Cyclic, acyclic
J= L. @ dienes

2.5 mol% Pty(dba)s

_/_\emogféﬁmu { o~ ]PhCHO Hex\/\/o\H Low Yield.When
Hex ene i E; S i x—carbon is a
84% ce o0y quaternary center
nzgjw{'\(ﬂ;e 82% | |
Lo e ‘NR with Z-diene
L (pin)B o HA i

MorkenJ P. et. al. J. AM. CHEM. SOC. 2009, 131,



Allene borylation

. H i R r
Nk R/'\Ws(pm) R1CHO %\)\Fﬁ O Q Ra
N 22°C 22°C g Rar
A B Me \ 1 Rar= H
1. 6 mol % (RA-2 Ny >< . P—NMe, 2:R, = Me
e 3: Ra, = tBu
2.5 mol % Pd.,(dba), AT
Cl)H B(pin) 1.2 equiv B5(pin); Ra
\—B 22°C,10h Q Rar
\04\5 -
% 2. R*CHO (0.6 equiv) Rar R
R Ri 22°C, 14 h A
c 3. NaOH, H,0,
I?RQ R,B
R,B—Pd—L* H e
| " > (7] — R B(pin) (1)
/=.=-|'\H R l H
R L - /Pd\ *
R,B L
1 2

Morken J. et. al., J. AM. CHEM. SOC. 2007, 129, 87
Morken J. P. et. al., ORG. LETT. 2005, 7, 5505-550



Allene Borylation

Scheme 6
P
decyl .
(RRY6—PA(0) + Bylpin) + NP
(Ry9-d; "
[Path C]
PN A B. B
decyl/ '\-lD decyl/ .ﬁ'\D =) -
RRY&. 4 Y, s} decyl/\\/..o(R-R)"
g B g (RR)6 H
(R,R)-6-Pd—B B B decyl/js
decyl | B decyl/'j’"\ d\(R,R)-e H”: Pd—B
D" H D" H (R.FR)-6
(R)-11
B B B
decy! )j[ B decyl )j B decyl /j B
D7 H D~ "H H™ ™D
(R)-Z-10-d, (R)-Z-10-d; (R)-E-10-d,

Morken J. et. al., J. AM. CHEM. SOC. 2007, 129, 87




Allene Borylation One-Pot

2.5 mol % Pds(dba)s

6 mol % (R,R)-3 1
: B(pin) OH
o Balpin) B(Pin) | 98BN ArX
R N R/’\’(B(pln) —_— R)Y\BRz Rn» R Ar
BEN | o, OH
m-xylyl,  m-xylyl
0 0
Me \
(R.R)-3: —
Me><ow P—NMe;

m-xylyl”  m-xylyl

‘R alkyl, branched, benzyl, aryl 37-62% yield, 91-94%
ee
«Can couple with aryl, vinyl halides, pseudohalides

Morken J. P. et. al., ORGANIC LETTERS 2006, 8,



Allene borylation

Tandem

Raoaartinnc

1
MeMe CH;CH,CO,H HN™ “Et
Me Me . - w Bh
4 28 h
diboration; 0 JJ\ ek Ph
A allylation B HN 87%. 97%
Ph 5 — o, o €€
Shen QA
en 5% Pd(dppf)Cl, Ph  NHB
RJI\O)J\R Ph AM KOH(aq) oC
R=Et, 62% > Ph
R = OtBu, 58% Dioxane, 80°C
14 h
61%, 96% ee
A(1,2)
Me
Me (\ & Me  Me )
Me O B(pin) (pin)B 0 Me 0 B(pin
' éHH (pin)B o € MeMe éHR1(p)
e 0~ \q/%‘\‘ )/*#\(//B ~0 Me - \A,%‘\
N | - N N =
| 1 1 I I
R R R' n/ IR H
H H R2
A B C

Morken J. P. et. al. J. AM. CHEM. SOC. 2006, 12¢



Sequential Alkyne
o nilﬁnr\llwtiOn

,#Ph
# 5.0 mol %

Ofg N @ N i-Pr‘

s Ny,

o Y Cl Cl
ﬁ@ 3 N}'—Pf

+ )
CI/—\—: = 7 B(pin) Yield er

2 5.0 mol % CuCl, 20 mol % NaOt+Bu 4 5 B(pin) .
0.9 equiv 1, 1.0 equiv MeOH 598:2 . gY\B(pm) - 96.5.3.5
thf, =15 °C, 24 h >98% conv B(pin) 10 .5:3.

Cl . )
P 5.0mol % 3 - C|/\/Y\B(pun) 6 Ph/Y\B(pm) 60 96.5:3.5
B(pin) 5.0 mol % CuCl, 20 mol % NaOt-Bu B(pin) B(pin) 1
4 1.1 equiv 1, 2.0 equiv MeOH 6
thf, =15 °C, 24 h 88% conv, 94:6 er -, Cy B(pin) 76 97-3
B(pin) 12
Cl/—\_: 5.0 mol % 3 - 6 Ph 61° 97.5:2.5
2 5.0 ;1(1)I % Cu1CI, 20 mol %MN?)Ot-Bu 90% conv, 95:5 er 8 B(pin)
.1 equiv 1, 3.0 equiv MeOH :
thf, =15 °C, 24 h B(pin) 13

/ BocN" N
7.5mol % 3 _
Ca n al SO con t ro I BOCN\ — 7.5 mol % QuCI, 30 mol. % NaOt—Bu’ B(pin)B(pln)
regioselectivity based 2 2T equlv 1 50 ey MeOH 25
' ’ 69% yield, 94.5:5.5 er
on NHC catalyst <2% addlition to alkene

Hoveyda A. H. et al. J. AM. CHEM. SOC. 2009, 131,



Silaborations

oL
PhMe,Si—B,

2 O/T /O\
— > PhMe,Si B,

S UGN

N

/]

10

Entry Metal complex!®! Ligand!” Time [h] Conversion [% ]! ee [%] (product)
1 Pt(acac), (5)-10 48 84 57 (3)

2 Pt(acac), (S)-11 48 50 27 (3)

3 Pt(acac), 12 48 52 32 (3)

4 Pt(acac), 13 48 26 21 (3)

5 Pt(acac), 14 48 11 13 (3)

6 Pt(acac), 15 48 92 58 (ent-3)

Gerdin M. et al. Adv. Synth. Catal. 2005, 347, :



Conclusions

Asymmetric Borylation is a highly selective and
synthetically useful of installing C-B bonds.

Products are versatile and can be used in
allylations, oxidations, cross-coupling
reactions etc.

Can synthesize tertiary allylic alcohols, and
tertiary chiral allylborons.

Boron is a cheap and non-toxic element.

Product stability limits the utility of boron
chemistry - more stable boron esters will
increase use.

Asymmetric borylation of cis-alkenes
continues to be an unsolved problem.



