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Professor Buchwald —
Academic history

1955 — Born in Bloomington, Indiana

1977 — Sc.B. Brown University
Worked a summer with Prof. Gilbert Stork at Columbia University

1982 — Ph.D. Harvard University: Studying the mechanism of phosphoryl
transfer reactions in chemistry and biochemistry under Prof. Jeremy R.
Knowles

1982 to 1984 — Myron A. Bantrell postdoctoral fellow at Caltech with Prof.
Robert H. Grubbs: Studying titanocene methylenes as reagents in organic
synthesis
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1993 — Professor in Chemistry

1997 — Camille Dreyfus Professor of Chemistry
>350 papers and >50 patents
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Zirconocenes

m Transition metals have the ability to stabilise high energy organic species
m  Also make them more susceptible to attack by a variety of reagents

m Followed on from Erker’s work?! with zirconocene complex of benzyne,
interested in feasibility of coupling other functional groups

m [nitially nitriles were the only group that showed any success?
R

A RCN i
Cp 7r oy vinyl \

sensitive

Cp/ \Cp M v‘{\O><O
0,
PMe3‘ 80°C 78%-99% overall
Ph
(0]
Cp. 9p )]\ Cp c
Zr ! MeOH p
o - Cp—;r Zr
Me3P

Me

/ 90% overall \
T\ Cp
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Zirconocene: Cycloalkyne

m Difficult to isolate cycloalkynes as they are too strained

m Cycloheptyne had previously been trapped out with
bis(triphenylphosphine)platinum?

m Reported in 1986, the first example of transition metal-small ring
cycloalkyne complexes — this cyclohexyne example isolated as the
trimethyl phosphine adduct

Li

PM93 Cp
@ Me. Cp Cp~,/ 2¢PMes pond length = 1.295 A
~

7r - = —_— -
-20°C to RT air and
moisture

Cp’ Me THF,-78°C
60% overall yield sensitive
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Zirconocene chemistry

m Discovered that the product could be converted into a wide range of
Substrates

Cp,

.0
Cp’zr_ C(;E\Zr’N\
0o CN




'_
Zirconocene

m Cyclopentenone synthesis? ® Functionalisation of cyclic olefins3
cp. P 0 X noox OR £P x 9
Cp A~npo Tt co @ 21
Cp-2zrl — | — .Cp 1010)
! Zr_ —_— B ——_
MesP Cp gooc n
R R \% Y n
. . 5 Y SCl, Table 3
m Butenolide synthesis t-BUNC
X
\\ 0 X NC X Cp, Cp S
OH — OH / |2 Zr /N\t-BU
CpoZr(H)Cl | Cp. l2 0o )~ n
———>|Cpz’ O - n
Cco | Y Table 1 Y Table 2
cl Y "
Table 1 Table 2 Table 3
aryllithium n product (yield, %) aryllithium n product (yield, % aryllithium n product (yield, %)
= = X =0Me, Y=H 1 11 (47) X=0Me, Y=H 1 14 (52)
X = OMe, ¥ = H 3 s ) Xi»Olle, T = Otda 1 nu $ o ronL = oM L A
X = OMe, Y = OMe 1 10 (41) e X = OMe, Y = H 3 8 (50)
X = N(Me), Y = H 1 13 (25) e . o
X=Me,Y=H 1 18 (28)

Buchwald, S. L.; Lum, R. T.; Fisher, R. A.; Davis, W. M. J. Am. Chem. Soc. 1989, 111, 9113
2. Buchwald, S. L.; Fan, Q.; King, S. M. Tet. Lett. 1988, 29, 3445

Cuny, G. D.; Gutierrez, A.; Buchwald, S. L. Organometallics. 1991, 10, 537
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Zirconocene

m Extended this chemistry to a number of systems
1 Pyrrole Synthesis?!

™S T™S R, Ry R, R, R=PhHalkyl
c Me R\/N\Li TMS Cp. N R R—R, ; co R4 =H, Ph, Me, Hex
Porc Ch. N_ R , oz | s ocpA W 5% /L Ry=H,Ph Me Alkyl
cp” >l THE cp 2l Cr 5 cy’ N R N~ R CH,OTBS, TMS,

1 Indole synthesis?

B 7 Cp 7 Cp,
Br o N Cp-2Zr ' ' I
7 tBuli Z P l2
pam | OO | - | LT | — (D O
=
I\Il CpyZr(Me)ClI 'Tl/\/ l\\j N N N
Bn Bn Bn Bn Bn Bn

1. Buchwald, S. L.; Wannamaker, M. W.; Watson, B. T. J. Am. Chem. Soc. 1989, 111, 776

Tidwell, J. H.; Senn, D. R.; Buchwald, S. L. J. Am. Chem. Soc, 1991, 113, 4685; Tidwell, J. H.; Buchwald, S. L. J. Am. Chem.
Soc. 1994, 116, 11797




Zirconocene: pyrrole synthesis

(/ﬁ CO X Cp Zr Cp Zr
zr-N. Cp AN ! N
Cp "TMS

Cp TMS T™S TMS

H,0
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HO@
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NH,Cl/ \

J NH,CIl Cp,

0 @ e
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Organic synthesis case study:
Duocarmycin pharmacore

m  Duocarmycin family isolated in 1988 by Nakano and co-workers?
m  Show potent antitumour properties?
m Buchwald proposed a methodology utilising zirconocene chemistry?3

L NH
OH O ~
7/ O
N N
N OH
OMe
CC-1065

Takahashi, |.; Takahashi, K.; Ichimura, M.; Morimoto, M.; Asano, K.; Kawamoto, |.; Tomita, F.; Nakano, H. J. Antibio. 1988, 41, 3728.

2. Boger, D. L. Chemtracts: Organic Chemistry. 1991, 4, 329.
3. Tidwell, J. H.; Buchwald, S. L. J. Org. Chem. 1992, 57, 6380.




Use In organic synthesis:
Duocarmycin pharmacore

1 il i) Fe, HCI,
o) e,
2 CuBr,, MeCN NO. CEOH
_ >
t-BuONO ||)/\/Br
OMe OMe Na,COs, DMF
OH

L |
Sl 3 Ty ﬁ;ﬁ
e0 _ MeO._ ~ )
A o H

0
MeO._” B MGOM Ri
o N o N7
X = Br, B2 SA

@J

t-BuLi, THF
CpyZr(Me)Cl

-78 °C to 45 0C

NaH, THF
89%

MeO N

Cp,
Cp- Zr

Cp\
J -
MeO N
_J

l,, DCM

0
BBr;, DCM

/|ijj1 86% Me O/(ifi

| C,kk

Acetone, Nal

JGS% overall

i) MeOH, DCE

reflux, 67%
H

More stable
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Use In organic synthesis:
Tetrahydropyrroloquinolines

m Important motif in many natural products such as

@) Br
¢ N \l\? Hcﬁ)l
NH 0 NH N NH N NH
0 0 H o

Dehydrobufotenine 1 Damirone B Makaluvamine C Dicorhabdin A

m Previously received attention due to some (such as the
makaluvamines?) exhibiting in vitro cytotoxicity against tumour cell
lines

Marki, F.; Robertson, A. V.; Witkop, B. J. J. Am. Chem. Soc. 1961, 83, 3341
2. Stierle, D. B.; Faulkner, D. J. J. Nat. Prod. 1991, 54, 1131.

& Radisky, D. C.; Radisky, E. S.; Barrows, L. R.; Copp, B. R.; Kramer, R. A; Ireland, C. M. J. Am. Chem. Soc. 1993, 115, 1632.

erry, N. B.; Blunt, J. W.; McCombs, J. D.; Munro, M. H. G. J. Org. Chem. , 51, . Perry, N. B.; Blunt, J. W.; Munro, M. H. G. Tet.
Perry, N. B.; Bl J. W.; McCombs, J. D.; M M. H. G. J. Org. Ch 1986, 51, 5476. Perry, N. B.; Bl J.W.;M M.H.G. T
1988, 44, 1727. Perry, N. B.; Blunt, J. W.; Munro, M. H. G.; Higa, T.; Sakai, R. J. Org. Chem. 1988, 53, 4127.
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Use In organic synthesis:
Tetrahydropyrroloquinolines

NH; NH, AN DB THR N
gr ) X Br gy CP2Zr(Me)Cl
Bu,NBr, K,COs, Nal ' 78°CtoRT
—_— > _—
MeO MeOH, DCM \e0 i) Mel K,CO3  MeO ii) I, DCM MeO !
65% OM oM
OMe € 73% over two steps OMe B €
BnNH,
THF
\N o
10 mol % Pd/C 2.5 mol % Pdy(dba), >N
N\ - HCOzNH4 P(o-toly|)3
Ve NH MeOH, reflux NaOt-Bu,
MeO PhMe 80°C  MeO I
OMe Bn
OMe OMe

(@) Br

\@ N <@ ®

—N N N| HN|

HO
N\ N N s N
NH o NH N NH \ NH
o) o) H o

Dehydrobufotenine 1 Damirone B Makaluvamine C Dicorhabdin A
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CH:3
Brj@iBr DtBuli ggZLDinfgpp _PhMe, 80 °C_ gg: 2 \Zr‘é:pp
MeO OMe ii) 2 eq. CpyZr(Me)ClI MeO OMe 2 hours oo OMe
AT

TMS

\

szZfClz

7\

™

Buchwald, S. L.; Lucas, E. A.; Davis, W. M. J. Am. Chem. Soc. 1989, 111, 397.
Hsu, D. P.; Davis, W. M.; Buchwald, S. L. J. Am. Chem. Soc. 1993, 115, 10394

Warner, B. P.; Davis, W. M.; Buchwald, S. L. J. Am. Chem. Soc. 1994, 116, 5471
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Titanocenes: Hydrogenation

m Catalytic reduction of esters to alcohols (racemic)

i) 5% Cp,TiCl

R"5SiH
0] 10% n-BuLi NaOH or HCI A
L - P R'OSIR",
R” “OR' ii) 2 eq. HSi(OEt); R™ "OSi(OEt)s N R” “OH Ve o Y
Cp R Cp-Ti R
, 62-95% O p—
R = Ph, alkyl, c-hexene, furan R'OSi(OEt); 0 c Ti \FH o { H
phenol, aniline _ P Y H J OR'
R'= Me, Et R"3SiH
Cp\ H R H Cp\ ’ORI
pul T+ pul
Cp” Y 0 Cp” Y

Berk, S. C.; Kreutzer, K. A.; Buchwald, S. L. J. Am. Chem. Soc. 1991, 113, 5093; Berk, S. C.; Buchwald, S. L. J. Org. Chem. 1992, 57, 3751
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Titanocenes: Imine hydrogenation

% Q? b R R

R S

| x 1) 2 eq. n-Buli ~ R HN R N R
e < |. T G L L (RR)-EBTHIT-H  (EBTHNTI® s
i) 2.5 eq. PhS|H3 > N R R, r. . (RRR) (RR,S) R.
2-10% 65°C intermediate intermediate

H, Hz

O
OO . )

R/'\N,R (R)-amine RS/'\N’R (S)-amine
S H H

Willoughby, C. A.; Buchwald, S. L. J. Am. Chem. Soc. 1992, 114, 7562; Willoughby, C. A.; Buchwald, S. L. J. Org. Chem. 1993, 58, 7627; Willoughby, C

A.; Buchwald, S. L. J. Am. Chem. Soc 1994, 116, 8952; Willoughby, C. A.; Buchwald, S. L. J. Am. Chem. Soc. 1994, 116, 11703.




Titanocenes: Imine hydrogenation

entry imine amine pressure (psig) T(°C) yield (%) ee (%)

1 24 500 21 86 99

* ¥ 7 80 65 84 99

H 42 80 65 83 99

8 80 65 80 9%

2 O O 24 500 65 78 98
N N
H

3 24 500 45 7 98

30 80 65 74 97
N N
H

4 CHyO. CH30 50 80 65 79 9
g e @
CHy CHy

5 80 :" 24 500 23 83 99

Mo W 6 80 65 72 99
H

6 CHy CHy 23 80 50 79 99
P P 8 ,,.,AN(?

7 W\/L—> r\/\/\/(_> 7 ® % 73‘ 99
T™S N TMS' N
H

NS = R . T = & B =
N CHs N
H

9 10 80 65 82 99
momo’\’\/o mouso’V\/(:)
H

10 N 9 16 80 65 82 99
(KD [;)\/\/(r:)

1 8 80° 65 84 99

"°vvva HO,

Entry Imine (antl / syn) Amine Pressure Yield ee (&)
(pslg) (%) (%)
cHy s
1 m\/\/kn”‘m (3.3:1) “-\M:Am 2000 68 580 ()
CHy  CHg cHy  CHy
2 c“‘W“AN (3:11)  CHy :Am 2000 64 62b (=)
CHy CHy
3 eu.\(k,‘,«,,, (31 SNy 2000 66 76° ()
CHy cHy M
CHy CHy
-~ ; N 2000 93 76 ()
4 O/RN " o M 500 85 43 ()
CHy CHs
; N 2000 92 78 ()
SO0, OVC, W% R Y
i OCH, o OCH,
~ y N~ 2000 70 79, ()
¢ OA" L O)\“ 80 65  4° (¥
CHy CHy
e St (11:1) NHCH, 500 85 92 ()
d 80 62 92 ()
CHy CHy
5 ~ 91 61 (-
8 V)Wc“'\tm (75:1) NP 2000 (=)
CHy CHy
9 D/k“"\’“ (a7:1) NP 2000 86 86 (4)
CH;0 CK;0’
oy cHy "
-~ 171 “Sph 2000 81 77° (+)
10 O%" " e " 2000 93 85° (4)
CHy CHy
1 (Y’N"‘rh (10:1) NPh 2000 70 53 (+)
o o H
CH; CH,
12 m/\,«” “) R 2000 82 70 (4



Titanocenes: Imine hydrogenation

Rationale for enantioselectivity with an (R,R) catalyst

a: front view

b: top view

D, synimine, Re face

3 2

(r.) B

R-Amine

Fal

D

NH

3713
g = |id

S-Amine
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Titanocenes: Hydrogenation of
unfunctionalised trisubstituted alkenes

Pyl

4’

| x1 atm H, - T| Y /E\R
ii) 2.5 eq. PhSiHz ==\ , Moo~ Me MeO
2-10% QO ¢ m
Me
0 :
X = Me
@ °

1
Me
2 QA/M. ,O)\, 059 48 70
@ N X - =
3 Me
S <7 )2 eq. n-Buli, Q f 3 m D)\ 31 146 80
N R, 3 MeOQ Me MeO
92
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Titanocene: Enyne
Cycloisomerisations

b, Yield (%)'®

R Entry Substrate® Product Mol % (1) (isomer ratio)
— VY 1 = R R=Me 10° 97
/TR ] E =R
X 5-25% Cp,Ti(CO), ¥ 2 EX E><ji R=n-Pr 10° 82
. N\ E — 5 82
L\Me PhMe 100 °C | 3 e Me R=Ph 10 79
/—:—Me =
R 4 BnNK BnN 5° 85
__ N =
— V4 Me
¥ 5-25% Cp,Ti(CO), E —=—Me e
. = X 5 E 15° 87
w 1 PhMe 100 °C | B N5 B =gy (1:35)
M E =—Me £ /Me
X = (EtO,C),C, R = Me, Ry = H, 54% Iy . 5 79
—(t—BuOZC)ZC R =Me, Ry = H, 44% R4 \ E =
(COzEt)z, R = Me, R1 Me, N.R. o Me
E =—Me E -
7 X 10 89
Cp,Ti(CO), EMe N\ Ve E>§j/,/¢ (1 isomer)
Me
Me Me Ph
E =——Ph E —
3)_\_\ 8 >©i 20° 85
X E N\ Mis E = (1:1.3)
Me
Rs Cp,Ti(CO) \ =—Me .<:i/
9 E E 10 87
+C R :\ i = (1:1)
H R E =—Me c /Me
ST _ 10 F\)C /% 5 88
Cp, X TiCp, Me \_meme” = (1:1)
Me
5 85

Rs E =—Me E =
—
Me—7 N\ Me Me—7

(1:1)



" S
Titanocene: Enyne cyclisation

® Initial cyclisations with practical titanocene reagent?!

NN szTIC|2
Xy EtMgBr :&)
=Z 63-78% vyield

R

X = 0, C(CO,Et),, N-Ph \ R 49-58% yield
R = Ph, Me N X

® Found that the cyanide would react with the titanocene, utilised a silyl-
cyanide that was less reactive towards the catalyst?

( R3Si—CN R3Si—NC)
: R
Sy 10 % Cp2Ti(PMes), HOAc/NaOAc (1:1) R
R'3SIiCN N x  THF,0°C, 2-4 h
A - 0 X 40-75%
= Ph or PhMe, Ar R3Si OR ag. CuSO,

R oC 18- THF, 1t, 3° h

45°C, 18-24 hrs X = 0, C(CO,Et),, C(CO,t-Bu),

R' = Me, Et, t-BuMe; N-Ph, N-Boc, CH,

R = Ph, Me, SiMe,H, n-Bu

Grossman, R. B.; Buchwald, S. L. J. Org. Chem. 1992, 57, 5803; Hicks, F. A.; Berk, S. C.; Buchwald, S. L. J. Org. Chem. 1996, 61, 2713; Hicks,
F. A.; Kablaoui, N. M.; Buchwald, S. L. J. Am. Chem. Soc. 1996, 118, 9450; Hicks, F. A.; Kablaoui, N. M.; Buchwald, S. L. J. Am. Chem. Soc.
1999, 121, 5881.

Berk, S. C.; Grossman, R. B.; Buchwald, S. L. J. Am. Chem. Soc. 1993, 115, 4912; Berk, S. C.; Grossman, R. B.; Buchwald, S. L. J. Am. Chem.
Soc. 1994, 8593.




Titanocene: Enyne cyclisation

Cp,Ti(CO),

o%ji/\x |¢ +CO

Cp,Ti(CO) =~ > />—\
R Cp- TI\CO X Ph 5% szT' CO
\ cp’
. (l

18 psig CO,
O/\/ PhMe, 90 °C

10% Cp,Ti(CO),

18 psig CO,
PhMe, 90 °C

Ph
O
O
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Titanocene mediated asymmetric

m A continuation from the previous work is the

Pauson-Khand

analysis of a Pauson-Khand type

cycloisomerisation

5-20 %

,/—=—=—R (S,S)-(EBTHI)TiMe,

X

M

12 h, 90 °C

TiaC _Co

—_
N

M e':‘d%

A

&

"l co
STid

)
55%<©

/c
/r

@)

(S,S)-(EBTHITi(CO),

14 psi CO, PhMe B

83-94%

Mol%
Entry Substrate Product (8.5) Cat ee (%) Yield (%)
h
,—=—Ph
1 el o} 20 96 85
N A
2 Ar=Ph.75 94 92
. 3 Ar=pMeOCgHs, 7.5 92 89
=—Ar E.
2.6 4 Ar=p-CiCgHg, 10 90 82
E A E !
E = COLE H 5 Ar= pECgHs, 10 87 84
6 Ar= pCFaCgHy, 10 93 88
nPr
E =—n-Pr
7 . 5 89 94
: E B
N H
Me
£ =—Me Ex
8 E->< g | 5 89 88
0 \ F‘
E£'=CO,(tBu) Bh
=——Ph
9 < | =0 20 87 70
N H
Me
——Ma .
10 g E 5 87 90
& A
Me
& .
1" E
K o] 20 72 90
E B
Me
X D=
£ 3
H
E- e
£ 0
i
H

m

=%

=
o

- - m. m- g - m.

m m

20

50

47

87

77

Hicks, F. A.; Buchwald, S. L. J. Am. Chem. Soc. 1996, 118, 11688.; Sturla, S. J.; Buchwald, S. L. J. Org. Chem. 1999, 64, 5547; Hicks, F.

A.; Buchwald, S. L. J. Am. Chem. Soc. 1999, 121, 7026
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Previous Pd-mediated aminations

m  First example — Migital

Br
©/ PdClz(P O- t0|y|)3)2 Q >

+ PhMe. 100 °C
BusSnNEt, 16-81 %

m Boger and Panek also showed C-N bond formation in their synthesis of
Lavendamycin?

MeO,C N\ CO,Me £O.Me
MeO,C
H2N 1.5 eq. Pd(PPhs)s 2 \ /
THF, 80 °C, 21 h

Kosugi, M.; Kameyama, M.; Migita, T. Chem. Let. 1983, 12, 927
2. Boger, D. L.; Panek, J. S. Tet. Lett. 1984, 25, 3175

Paul, F.; Patt, J.; Hartwig, J. F. J. Am. Chem. Soc. 1994, 116, 5969
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Pd cross coupling: C-N bond
formation

m Buchwald’s initial work:? m Tin free amination:2

R
HNEt Br , Br !
2 R 1.2 eq. HNRR' Nr
BU3S”-NEt2 /‘
e ——

N\ |
+ Bu3Sn-NRR' - R 1.4 eq. t-BuONa
80°C 1-2% Pd(dba),P(o-tolyl)s) Pd(dba),
HNRR' Ar o 2 Y)3)2 P(o-tolyl)s
or PdCIz(P(O-tOIyI)3)2 PhMe. 65 °C

m Intermolecular aminohalide cyclisation3

H SnBuy

N.
Bn Bu,Sn-NEt, N. 10 mol % [Pd]
Bn )
n —_— n —_— n
Br Vacuum Br N

10-70 h, 100 °C v
Bn

n=1.2

1-10% Pd(PPh),
NaOt-Bu/K,CO5

toluene, 65 °C, 2h

1.

4

H 5 mol % Pd,(dba);

\fo 20 mol % P(2-furyl)s ) n= 1, 8h 99%
n R N D 2,21h 44%
Br

Cs,CO3, PhMe, 100 °C

COR
N 5 mol % Pdy(dba); n n=1,42h59%
NHBn _ 20 mol % P(2-furyl); wo 2,91h 82%
K,CO3, PhMe, 100 °C N
r Bn

K,COs, PhMe, 100 °C

. 2 mol % Pdy(dba)s n =1, 5h 88%
m ~50,Tol_8 Mol % PR-furyl)s _ | )y 2 14h87%
n
Br

S0,Tol

Guram, A. S.; Buchwald, S. L. J. Am. Chem. Soc. 1994, 116, 7901
Guram, A. S; Rennels, R. A.; Buchwald, S. L. Angew. Chem. Int. Ed. 1995, 34, 1348; Wolfe, J. P; Buchwald, S. L. J. Org. Chem. 1996, 61, 1133

(aryl iodides)

Wolfe, J. P.; Rennels, R. A.; Buchwald, S. L. Tet. 1996, 52, 7525
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Pd cross coupling: Buchwald-
Hartwig amination

m Improved catalytic system with m Ligand effects
BINAP ligand (‘second generation’)? .

m  Allowed for milder conditions, better Br vgand H~Hex
conversion and an increased \©+ HexNHz - e, 80 °C

substrate scope (including primary

mocke | o [recomerson [rme o]
m Blocks B-hydride elimination

BINAP 100% 2h 88%
o R P(o-tolyl), 22% 22h | 35%
0.05-0.5% Pd,(dba); N
BINAP R DPPB 18% 3h -
* NaOt-Bu DPPF 100% 3h -
HNRR' PhMe, 80 °C DPPE % 5h
0 -
OO OO DPPP 2% 6h ]
PPh; PPh,

(R)

‘ PPh, (S)l PPh,
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Pd cross coupling: Buchwald-
Hartwig amination

Catalyst Loading Isolated
Halide Amine Product {mol % Pd) __ Rxn Time (h) Yield (%)
Me Br Me R= n-Hexyl 05 2 88 (35)"
R=Bn 05 4 79
RNH, " 0.05 7 79
R R=Cyclohexyl 0.5 18 83
Me Me H yciohexy

05 <1 o8
-N-H
NCOBr L Nc_@” o 0.05 15 97
o) !
’ 1
[o>—< ? H,NBn Eo>_< } 05 2 8

Br ”—Bn
Bn
B HaNBn N 05 35 7
CO,tBu CO,1Bu
Me Me n
OBr nHexNH, O/ *Hex 05 6 95
MeO MeO
OMe OMe Me
Br Me,n \ 05° 29 75
O \© 20 14 61 (0)
NMe, NMe, Me
Br Me” N 1.0° 39 66
\© 20 36 65 (0)
Me Me Me
\
b A ,n N 05° 36 94
o \@ O 20 4 79 (5)
Me Me
e Mo M 05° 4 98
By Vi N
HN N-Me \/, 20 15 98 (47)
—/ 0.05° 6 94
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Buchwald-Hartwig amination
mechanism?

|
Pd,(dba); + L
LPd(dba)
ArN(R)R’ ﬂ
LPd ArBr u
L = P(o-tolyl)s, Pd is three-coordinate
L = BINAP, Pd is four-coordinate red. elim. ox. add.
R |
— NP " Ar
H\TNR R or R'=alky! L—Pd’
~Pd = Br
L~ ar
HNRR'
HR R u
NaBr ’}‘ Ar
L—Pd_
ArH + )';‘R' + LPd NaO?-Bu B
R

Reductive elimination can occur from
both three-coordinate monophosphine
and four-coordinate biphosphine
complexes

Reductive elimination from three-
coordinate is faster

However, (3-hydride elimination can
occur quickly from the monophosphine
tri-coordinated Pd complex

B-hydride elimination occurs more
slowly for four-coordinate
diphosphines, allowing for greater
proportion of reductive elimination?

Driver, M. S.; Hartwig, J. F. J. Am. Chem. Soc. 1995, 117, 4708. Hartwig, J. F.; Richards, S.; Baranafio, D.; Paul, F. J. Am. Chem. Soc. 1996,
118, 3626. Widenhoefer, R. A.; Buchwald, S. L. Organometallics. 1996, 15, 2755.

2. Hartwig, J. F. Pure App. Chem. 1999, 71, 1416
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Buchwald-Hartwig amination

m Can be extended to a wide variety of systems:
m  Pyridyl bromides?

2 mol % [Pd] N _
| X 4 mol % BINAP @ R =Me, H
P + HNRRy — . .R Ry=Bz Py,

NP B 3-12h PhMe N 21 c-Hex, n-Hex, Ph m Aryl triflates?

80 °C R;=R; = -CH,CH,OCH,CH,-,
62-90% pyrrolidine
R 1.2 eq. HNR¢R; R R = C(O)Ph, CN, C(O)Me,
2 mol % [Pd] CO,Me (ortho and para)
4 mol % BINAP OMe, Me
) i . — R, = Me, H
| Optlcal |y active amines3 3-12 h, PhMe R, = Bz, p-MeOPh. Py,
OTf 80 °C RZ’N\R1 n-Hex, Ph

R4=R; = pyrrolidine

1 mol % Pdy(dba), 50-92%  -CH,yCH,OCH,CHy-

o Ph
NH, 2 mol % BINAP
P N 2T
Br Ph 1.4 eq. NaOt-Bu Ph ITI
>99% ee  hMe, 100 °C 86%, >99% ee

1. Wagaw, S.; Buchwald, S. L. J. Org. Chem. 1996, 61, 7240
Wolfe, J. P.; Buchwald, S. L. J. Org. Chem. 1997, 62, 1264. Ahman, J.; Buchwald, S. L. Tet. Lett. 1997, 38, 6363

3. Wagaw, S.; Rennels, R. A.; Buchwald, S. L. J. Am. Chem. Soc. 1997, 119, 8451
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B-H amination: Fischer indole
synthesis

m Can form a Fischer-type enolisable aryl hydrazone

i) 1-2.5% Pd(OAC),/BINAP O ~BPh 5Em)
R NaOt-Bu, PhMe, 80-100 °C R = 4-Cl, 3,5-Me, 5-OMe 2 o 2
_NH, or 4-Br, 4,5-OMe, 4-Me, 4-CF4
N _ _NH
A7 i) 0.1 % Pd(OAC),/xantpho N nepinalene
Ph~ > Ph ii)0.1 % c),/xantphos i) 61-97%
Br  NaOt-Bu, PhMe, 80 oC Ph)\Ph ii)) 71-98%
xantphos
H*/H,0, A ) Pd, X
o ii) H*/H,0, A

1.5eq i) 1.1 eq. LDA o}
: : 1.5eq
R, RZ)JVR3 i) alkyl-X, THF < )J\/R3
2

R\\ { iii) H*/H,0, A
R 15e R
| A~ 2 Cl)(L R 3

Wagaw, S.; Yang, B. H.; Buchwald, S. L. J. Am. Chem. Soc. 1998, 120, 6621.; Wagaw, S.; Yang, B. H.; Buchwald, S. L. J. Am. Chem. Soc. 1999, 121, 10251




B-H amination: Double amination

m  Coupling two different aryl groups to an amine

Pd(OAc)
o BINAP 2 H Pd(OAc), oLr Pd,(dba); H
ArBrH—— _N.
2 NaO-Bu Ar R + ArBr

PhMe, 80 °C

N, PPh2 PPh2 O
NaOt-Bu or Cs,CO; AT PPh,
PhMe, 80 °C Me,N O
i
Br o Pd(OAc)

O\ @ xantphos i
Br 1% Pd(OAc)2 N
1.5% BINAP
E>7NH2 +

5%
E—. +
NaOt¢-Bu C32003
PhMe, 80 °C
Cl

Ar(R)NH
PhMe, 80 °C Ar,Br | e-poor  e-rich
e-poor cl e-poor [ ii
e-rich - ii
Br n-Hex. . Me
1% Pd(OAc), 0.5% Pdy(dba); ) 1o
P Hex —NH 1. 5% BINAP 0.75% ii °N Me
_ =
2 NaOt Bu NaOft-Bu Me
PhMe, 80 °C PhMe, 80 °C
e-rich

-poor
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Pd mediated C-O bond formation

m Intramolecular bond formation

Entry Substrate mol% Pd® T ("C),t(h) Product Yield (%)°

n R 2.5-5% Pd(OAc), n 1 OH X =Br 2 50, 26 ©:> 85 (82)
oL 2.5-6% L _ @i“%i 2 X=Cl 2 50,23 o 71
X R 1.2 eq. K,CO4/NaOt-Bu o ™
PhMe 3

CHs
- 3 60,26 @cm 71(75)
n=12 O o
m 4 50, 21 /@\/j 85 (72)
5 65.21 R o 85
OH R

6 R =CHjy X = Br 50, 24 83

(e}
LPd Br H,CO - HaCO
7 2 50, 24 71
red. elim. Ox. add ~ 0
Q X. a . CH

Pd—Br 8 ©f\/j\OH X=Br 3 65,25 m 79 (83)
OH 9 % X =Cl 3 80, 24 0" "CH;  78(82)

ags

n

OH R:H'X=BI'
R=H X=Cl

i

NN

@
-

Pd
B 10 (IV\/OH X = Br 2 70, 23 m 73
)
Q‘H 1 X X=Cl 2 70,23 o Lo
B + HBr bd—Br i ©\/\/\(OH X=Br 3 80, 28 m 71
13 CH 2 0, 2 65
; ” s X=Cl 3 80, 28 0 Netis

Palucki, M.; Wolfe, J. P.; Buchwald, S. L. J. Am. Chem. Soc. 1996, 118, 10333.
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Pd mediated C-O bond formation

Entry Substrate L T(C)t(h) Product Yield (%) ee (%)

QQ
o=

OH
o}
70,44 C[ j 84 98
o ~.,,,/O\n/n-Pr
(0]

m Enantioretentive bond formation o X _o_ne
CH3
P(t-Bu), 2 i;[e I 50, 44 @i() /\/o 8 98

CH; OH
DOWRVSCN S St -
P(t-Bu), hs
X 6 X " e8%ee
OO U o
O\/\/OH o
=H 3 ©i 1 70,72 @[ j\/ 72 99
OH
=N O

Me)2 Br 99%ee

&5

—~

CHs OH

o
N A_OH N

©:O\)\/\/CH3 ©ioj SBr 97%ee
CH
Br pf W R Br OH

g o
O._A~_OH
ce Pd T(°C), yield ee had 70,44 () OLOH &
entry (%)? precursor base t (h) (%) (%) e O

O
I
IS

o
-

E
1 96 Pd(OAc), 1 Cs,CO; 70,48 66 94 Oy_CH,

2e 96 Pd(OAc), 3 Cs,CO; 70,48 48 i o !

3¢ 96 Pd(OAc), 5 Cs,CO; 70,20 80 95 , @ S C[ . R
44 90  Pdydba); 1 BuONa 50,24 89 90 T :

54 90  Pdydba); 5 +BuONa 50,20 95 90

67 90  Pdydba); 5 +BuOK 50,20 33 CHs OH GHs

7e 90  Pdy(dba); 5

~
-t

CsCO; 70,40 93 90 @[ Woc”a T E:[N P
y o OCH,

99% ee (e}




Use In organic synthesis: MKC-242

m Antidepressant in phase Il trials

o o)
i) 0.5 eq. N, O-bis(TMS)acetylid H\)/ \©[>
I eq. IS acetylide o
10 eq. Acrylonitrile THF, rt, 30 min O/Y
y J/ \©: \ 200 BHoTH 2 eq. BHy THF > . g OTMS
> 0.1 eq. Cs,CO3 70 °C, 42h, 83% H>N ii) 0.9 eq. [;[O\q)

85°C, 72h, 76%
Sesamol

Br
THF, 70°C i) 1.5 eq. NEt | i) MeOH
72h 1.5 eq. Ac,0 ,\rltagr':
(t-Bu),F 5 0°Ctort v 84% overall
3 % Pd(OAc), o o o}
0 0 1MHCI 3.5% ligand 5 T\l/ >
1.1M HCI-EtOH ©: j,/nj \C[ n-BuOH E:[ j Yj \C[ > 1.5 eq. K3POy Br ? OH J/ ©
EtOAC © 105 °C, 98% ee 70 °C, 90h, 94% \© 08% oo
30 min 48h, 84%
97%
0 0 0 I
@[ )y s C[%.Hc' m  Overall 7 steps, 40% yield
O ke m Retention of Stereochemistry in cyclisation step

m Long timeframe — Almost two weeks for the entire
synthesis!
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Pd mediated C-C bond formation

m a-arylation of carbonyls
m y-arylation of ketones and enones
m  Comprise a wide range of natural products

CO5H
0] o o
SO
0 e O
) ° C
OéJ\NHz OMe
Trileptal R = H = Deoxychenine Naproxen
anticonvulsant R = OH = Chenine NSAID

97 NH
HO™ ™ M eO/O/QCOZH

Polimastamide



a-arylated carbonyls

Pd,(dba) 1.5 mol %

Br o)
L 3.6 mol % R\Hk/&
©/ + R\)J\/R1 >
NaOt-Bu, THF, 70 °C Ph

63-93%

L = PhMe-BINAP or BINAP
Pd,(dba); 7.5 mol %
DTPF 9 mol %

NaOt¢-Bu/LiHMDS THF, 70 °C

&m BSOR

m Buchwald observed selective arylation at least hindered site

m Both groups noted lack of 3-hydride elimination
Biphosphine ligands render Pd square planar with no open coordination
sSite
m Hartwig observed:
e rich/e- neutral aryl substrates selective for LIHMDS
e poor substrates selective for NaOt-Bu




v-arylation of ketones and enones

m Arylation of a,f and 3,y unsaturated ketones: ligand screen

Yo
Pd(OAc), 2 mol% Ph Ph
Ligand 4 mol%
i; ©/ CsCOs, PhMe, 100 oC O
Ph Ph
1 2 3 4

P(o-tol), 35% - 23% 26%
Xantphos 11% 125 49% -
CyJohnPhos | 41% 7% 17% 14%

XPhos - 4% 50% -
Dppe 84% - - -
Dppp 56% - - 5%
Dppb 50% 2% 7% -

BINAP 50% 7% 32% -
Dppf 28% 25% 53% -

P(tBu), 7% 0 27% -




v-arylation of ketones and enones

m Reaction scope

o ) 0o
SO
‘ i ‘ )%g@
=
80% O 61% O OMe 66% 70%

m  One pot asymmetric domino reaction to ketoindoline

0
Br 1% Pda(dba)s
NH 4% DTBM-Segphos
KsPO,, PhMe, R

100 oC, 8h

— — 50%, 90% ee
PR,
PR,
DTBM- segphos

conjugate

addition
—_— >
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Intramolecular arylation of
aldehydes

m Previous issues with aldehyde arylation
Under basic conditions, can get aldol condensation
m Buchwald developed asymmetric method

R Pd(OAc), 3 mol% 1. Pinnick oxidation
©\/\)\CHO Ligand 9 mol% ©;> 2. Curtius rearrangement @Q
Br Cs,CO;3, tBUOH, 80°C ono > NaOBY NHBoc

R R

i O

PR, r\}J MeO F

R = p-MeO-Ph Bu ’ / - / MeO
“CHO ‘CHO THO  § ph CHO

57%, 93% ee 82%, 95% ee 78%, 93% ee 46%, 97% ee




" S
Intramolecular arylation of aldehydes:
H,O mediated pre-activation

entry product X2 yield (%)°
m Pre-generate LPd® by heating Pd(OAc), MGOO/;O c &
(1 mol%), H,O (4 mol%) and L (3 mol%) - e 5 :
. : B MeO

for 1 min at 80 °C in dioxane O/‘YMG o s

d MeO Me Mme = 51

4 ome__ CHO o/o\/f\rwe o &

[ /l\) 2 Me 60

CHO 0N~

o) Pd(OAc), o e . .
| X | Me ~ 74
R ©/ Xantphos R 5 S 0 cl 58
_— >
#  CHO
MeO
R, Cs,COg4 R, e mMe Br 65¢
R = alkyl ( ° e - ¢ "
R4 = alkyl or H Me Br 569
- Lo v
o) o]

PPh, PPh, 8 EtOZC\\ I\ n-Bu : 65°
~ 45
xantphos (] CHO
MeS Me Cl 50
CHO
10 e n-Bu Br 84¢
Cl 62
MezN CHO
11 Me OBn Br 739
cl
MesN CHO 57
n-Hex
B 56°
oy a 50
BocN._




Intramolecular arylation of aldehydes:

H,O mediated pre-activation

m Pre-generate LPd° by heating Pd(OAc),
(1 mol%), H,O (4 mol%) and L (3 mol%)
for 1 min at 80 °C in dioxane

©/ Xantphos \H
B ———
032003 R

R = alkyl
R4 =alkyl or H

Pd(OAc),

PPh, PPh,
xantphos

1

entry

product

yield (%)P

1

CHO
MeO
O I
CHO
MeS
CHO
Me,N

ﬁ
CW%

63
60

54
51

65
54

67
59

68
55

56
52
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Recent work: Conversion of aryl
triflates to aryl fluorides

m Increasingly large number of pharmaceutical and agricultural chemicals
contain Ar-F groups

m Fluorination enhances bioavailablity
m Radioactive 18F also used in medical screening (VG group)

OH
(@)
3 N | .,
E \ K\N N @J\/ . (
jos I S0 S GNP SR
NC .

Lexapro Levaquin Zetia/Vytorin
Antidepressant Antibiotic Inhibit cholesterol absorption



OTf

m  Optimisation

[cinnamyIPdCI],

" S
Conversion of aryl triflates to ary!

fluorides

OMe

MeO I

PR,

Ligand

1: BrettPhos, R=c-Hex

i F
Agl;goingSF i-Pr i-Pr  2: tBuBrettPhos, R=t-Bu
PhMe, 110 °C, 18 h OO + O
i-Pr
Pd Ligand F-source | Conversion | Fluorinated | Napthalene
(mol%) | (mol %) (eq.) product

10 1 (10) AgF (1.5) - Trace -

10 1(10) CsF (1.5) 90% 30% 5%

10 2 (10) CsF (1.5) 100% 71% 1%

2 2 (3) CsF (2.0) 100% 79% 1%




Conversion of aryl triflates to ary!
fluorides

6 mol% tBuBrettPhos

i R
R\ N OTf 2 mol% [cinnamyIPdCl], _ |\ N F
| = PhMe, 12 h P
=
N
O AcO
F F
| N
F O~ "Ph N/ MeOC
63%, 80 °C 70%, 10 mol% [Pd], 110 °C 83%, 110°C
F F ° O
og 0 °
N
{ OO
F ) F
83%, 110 °C 63%, 80 °C 73%, 8 mol% [Pd], 110 °C

Watson, D.A.; Su, M.; Teverovskiy, G.; Zhang, Y.; Garcia-Fortanet, J.; Kinzel, T.; Buchwald, S. L. Science. 2009, 325, 1661.
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Summary

m Buchwald’s work has led to many new methods for synthetic
transformations, some asymmetric

m His work on C-N bond formation led to the Buchwald-Hartwig
amination; transforming Ar-X into Ar-NRR’ with wide substrate scope
In good yields and the ability to retain stereochemistry if neccessary

m His in-house developed arylphosphine ligands show remarkable
selectivity in enantioselective reactions, and are available
commercially through Sigma-Aldrich?

m Allin all, a fascinating chemist who has worked in several areas
throughout his career and has added significant knowledge and
expertise to the field of organic chemistry
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