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Whye
® L ooking at the reaction, it is a highly atom-
economical approach to synthesizing ketones

= Umpolung (ex: deprotonating dithioacetals)

® Using acrylate derivatives generates a 1,4
diketone relationship, a hard relationship to
establish using classical organic synthesis.



Presentation Overview

1. Hydroformylation (extremely brief)

2. Rh-Catalyzed Hydroacylation
= Inframolecular

m Intermolecular
= Other

3. NHC Catalyzed Hydroacylation
m Benzoin reaction
m Stetter reaction
m Oofther



Part 1 : Background

Reppe Roelen
Science of Synthesis, Stereoselective Synthesis 1, 2011, pg.409



Hydroformylation
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Part 2 : Rh-Catalyzed
Hydroacylation

hydroacylation

Rl
I T T R'
R-C—H ~ R—C—[M]-H > R-C—[M]”

i [d ecarbonylation ]
cO R—H
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I
R_C\/\Rr

More on Decarbonylation:
Organometallics 1999, 18, 5311
Adv. Synth. Catal. 2006, 348, 2148
JACS 2008, 130, 5206

Chem. Commun. 2008, 6215

Decarbonylation can be surpressed by using high pressures of ethylene

or CO or by generating a metallacycle

Accounts of Chemical Research p222, 2008




Historical Reactions
= Sakai (1972)

H Ry  RhCI(PPhs}; (1 equiv.) j
X CHCIlz, MeCN or CgHg, 1t

= Milstein (1982)

17-34 % 20-35%

0 T
\/\j\ _RhCI(PMes)s \/\)l Ak :FMes 50°C_ i Tnme’rhyl
H

PhMe, . Mes | *c| R pho§ph|qe is slow
PMeg to dissociate

= Miller and Coworkers (1976) o
\/\j RACI(PPh)s (10 mol %) | é eﬁ\#syolelsnoelai;?grﬁon
x CHCIg, CoHy 1t, 88 h i

799 products
® Larock (1980)

Me [RhCI(COD),] (50 mol %) o

/\/j\ P(4-Me-CgH4)3 (100 mol %) Me
= CHO >

C;H, saturated CH,Cl, 1t

51%
Chemical Reviews, 2010, p. 725



Inframolecular Reactions

Table 1. Scope of Bosnich’s Cationic Rh(I) Cyclizations®

2 ClO,

QP
=P, *+ NCMe
B *Rh
@/ N\-P” " NCMe
Ph,
8
Me O
/\/\FI’H 8 (0.5 mol %) 99% yield
acetone, rt 2400 TOF
0
9 Me 19

entry aldehyde C;t:'“é/? product yield (%)?
O
1 A~oo & :
Me 0
P NG N Me\é 88
O
s 2 Y cHo 1 é 98
Me
Me
O
Me
4 1 98
/\/\CHO
Me O
Ph
5 2 92
NCHO
Ph
O
6 Mo~ ~cpo 4 Me\é 89
(o]
7 Phi~~cuo 10 ph\é 70
(o]
e Me Me
Me
¢ Low OO
CHO 35:65
fo) o cis : trans
10 Me 2 MGJ\/D:O 94
42 .58
CHO Me Cis : trans
Me
CHO o
o o e
=

“ [Rh(dppe)]»(ClO4),, CD3;NO,, 20 °C. ® Determined by GC and 'H

NMR methods. €65 °C.

O
RhCI{COD)(dppe) (5 mol %)h
PhCN, CO, 180°C, 20 h Ph
74% Ph

Organometallics 1988, 7, 936-945
Angew Chem, Int. Ed. 2003, 42, 2385



Larger Rings

O
e~ BCIPPhy); (50 mol %) _ e
N 7 H CH,Cl,, 1t

19%

[{Ph3P)sRhCl]5 (30 mol %)
C2H4 (1 atm)
CDCl,, 70 °C, 6 h.

60%

[{PhaP)ERhcl]g (30 mol %)

CQH4 (1 atm)
CDCly, 75 °C, 15 N,
60%

Chem reviews 2010, p.725



Diastereo and Enantioselective

O
o 0
[Rh(ligand)]CIO, {4 mol %)
H catalyst (10 mol % H CH5Cls or acetone, rt
(35) CHCly, 1, 2 h A R
o Me entry R ligand ee (%)
1%b Me (S,S)-MeDuphos 94
Me 2ab iPr (S,5)-MeDuphos 96
(35,45) (35, 4R) 3ab cyclopentyl (S,S)-MeDuphos 96
; : : 4¢ Bu (S)-BINAP >99
entry substrate catalyst time (h) yield (%) cis/trans s SiMe, (5)-BINAP 99
1 3R Rh[($)-BINAP]CIO, 1.5 85 <1:>99 6° Ph (S,S)-chiraphos 78
2 3R Rh[(R)-BINAP]|CIO, 4 74 97:3 7¢ 4-MeO-Ph (S,S)-chiraphos 75
3 38 Rh[(R)-BINAP]CIO, 2 86 <1:>99 8¢ C(O)Me (S)-BINAP 87
4 3S Rh[(S)-BINAP]CIO, 5 82 96:4 9¢ C(O)Ph (S)-BINAP 94
10° CO,Et (S)-BINAP >99
11° CO,iPr (S)-BINAP >99

@PFs~ salt (5 mol %) used. ? Acetone. ° CH,Cl,.

Chem reviews 2010, p.725



Application

RhCI(PPhs)
— {30 mol % .
(3H2(:|2 1, 2.5 h
88% _ _
HO 2~ O _H
(-)}-imonen-10-ol Me | Me [Rh{COD)(dppe)]Cl M M
(10mol %) e e
PhCN, 150 °C, 14 h
0
Q o

0
\_/ \_/
46 - -
LS [Rh(COD)CI], (5 mol %) 1\ l
CHO dppe O C. e o
e 110 °C, 8 d R
solvent free
O N Me < Me
48 / 49, 90% Me Me
o~ o
G /
solavetivone 45, 35%

, O OMe

Chem reviews 2010, p.725



Infermolecular
Hydroacylation

O O
[(n®-CgH7)RN(C,H,)2]
H (8.6 mol %) Et
C,H,4 (1000 psi)
CgDs, 100 °C
H PPhy
cl\\/ 0
RhCI(PPha)s _ Phgp/ljfh
/ CHQC'Q /N
71
Q g
1. AgBF
™ Me 9=ra Mo
N 2. A
=~ B 5
. 55%

Chem reviews 2010, p.725



Chelation Assisted

RhCi(PPhg)4
(5mol %)
PPh2 "C. H, 90°C
76%
e
MeS 0 _
L mnippencio, | 0
., H  (10mol%)
6 (CHCl,, 60°C, 2h S,Rh'H
Me
\)J\OMG L
MeS 0 MeS O
NM92
82% O 62%

O
S S
PPh, Me/\)Q)J\ H [Rh(dppe)ICIO, m O

0 (10mol %) S-S OMe
(CHyCl)p, 80°C,2h Me g
\)‘LOME 74%

o)

[RhCI{COD)], (0.5 mol %)
SiEts dppf (1 mol %) SiEts
r N32003 (5 mol o/o) OH
PhMe, reflux, 20 h
87%
MeS O
OMe
71% O
MeS O
I\/”\("/\Me
33% 0
CN ° Chem reviews 2010, p.725



Aldimines

Me
0 Ph. | N
e
R1J\H ,'L N N
H R J\
% H R1
. Me
PhNH, e | _ /\sz RhCI{(PPhg)s
N NH,

N | ™~ Me
e
o Phay PhNH, N N

Me
N
| Me
= RhCI{PPh 3 F %
NZ ™ NH, . N {PPhg)s {3 mol %)
OH [Rh] O [Rh] | (40 mol %)
. — . =
R1J TN\ R1J\H A pe wik/\pqz Mo SNoH N N, o
+ benzoic acid (10 mol %) /\)k/\
/\ 2 A 2 ° > Me Bu
R Me” "R Zary 130°C, 4h 91%
O O O
)j\/\ )K/\ O O Me O
Ph Cy Ph nPr nPr Me/\‘)l}‘{/\Bn Pr/\)lr’{/\Bu Me/Ui.r’{/\ By
76% 86% Ph 84% 78% 85% 63%

Chem reviews 2010, p.725



Stereoselective
Infermolecular reactions

0] Me

[Rh((R, R)-QuinoxP*)|BF 4
DCE, 80°C, 16h 5
87 %, 98 % ee

0] Me O Ph 0] Me
NPh, ) NPh, BnO NPh,
Pr ~Bu
(0] 0] (@)

79%, 98% ee 80 %, 97 % ee 74 %, 98 % ee

Very limited in scope, still
needs a lot of work

L, IP'
P -Me

t- Bu
(R, R)-QuinoxP* (9)

Pure Appl. Chem. Vol. 83, p. 577, 2011



Alkynes Inframolecular

0
nCgHig S [Rh(dppe)](BF4)z
\(\”/H (10mol %) MCeHig
acetone, rt
Me O 75% e O 0
Rh[(R)-Tol-BINAP]BF,
H (10 mol %) Pent
MeO CH.Cl,, 10°C z
nCBH13 Me Ph / % eve MeQ" -~ . o
/ Pent \\\ B5%, 92% ee
Me
67% 88% Me 75 OMe  g49  Me Fent Pent

h O
Ph < O [Rh(BINAP)JBF, (10 mol %) =
\/\)J\ = Ph
H CHQCIQ, rt

78%

H 0 H 0 H 0
———— e ..
94% Me 849% 82% Me

Chem reviews 2010, p.725



Alkynes Intermolecular

RhCI{PPhs); (5 mol %)

Ve
O | (40 mol %)
iy -

1

H N7 NH,

A benzoic acid (20 mol %) o G
’ ; 2 PhMe,80°C,12h R R® HJ‘V\RZ
94 95
O e} o .
Phk’TBu Ph)H(\ Ph PemJ\’TBU Pem)l\/\ﬂau
92% 66% 85% 249%

100:0, 94:95 100:0, 94:95 78:22, 94:95 0:100, 94:95

Application:
OH
R? 3 acid-catalyzed o) intermolecular /\ R3
cyclization ﬂ[ 3 R3 hydroacylation =
1/\R3:>R1fr!/ :>R2+O
R 1o
RZ2 OH 1
A

Chem reviews 2010, p.725
Angew. Chem. Int. Ed. 2011, 50, 10657



Other substrates

O
[RhCI{COD)], (0.5 mol %)
Me
dppf (1 mol %) =
JL Na,CO5 (5 mol %) OH Me

Me  PhMe, reflux, 5 h

74, quantitative
O

@)
75
i Q [{RhCl(cod)}m;]
H [Rh((R)-L)]BF4 d |-| Duanphos @ ©/\(
AgX
H,Cly, RT
© oratle 1 toluene, 90 °C
chelating © 92% yield Me ,
99% ee
oo needel O phthalide product decarbonylatlon-

derived by-produc

Few examples, C-O bond formation

Chem reviews 2010, p.725
Angew. Chem. Int. Ed. 2010,49,6026-6027



My fake:

® Intramolecular- start with cationic or other
coordinatively unsaturated Rh(l)

= |ntermolecular

= Chelation- toss-up both are used in the literature,
see if anyone has used similar substrates, if not lean
towards starting with cationic Rh(l)

= Aldimines - start with Wilkinson's catalyst or other
neutral Rh (I)



Part 3 ; NHC Catalyzed RXNS

S)
O
H
R1KWX ﬁ\ it 2
/ 1&R
— /N R2 H R
0 Ar/N/;\Y A _— OH Part 1
Jk °* ‘ - ) Benzoin
R H 1 - R ) condensation

{
OH acyl anion \
R1/§/\X/} equivalent Rz/\)k ; R1)W
N
Ar”

Stetter reaction
Breslow intermediate

Unconventiondadl Part 3
reactions



Benzoin Condensation

The Old The New
H@H-\ Cyonohyg:lqrin o
+ electrophilic carbon CN HO C Ph _ o
O/&\ €<H ~ = O)o Ph)'k( S/_\N\ big
2N 8H OH % % R \Qh H
’l 5 1
@ Ph 0° R I 0 Rr
S ‘)?CD H078S/|\i® s’z\N@i H>'\(r\i®
= é\é R Ph =
P H s/ S \/)
HQ) cleophmccelbon 1' 2

O>8§(/N<B PhJ\,N
Ph H sJ) ~._ = sJ)
3
4 \{ Breslow
0

),l\ Int.

H

Justus Von Liebig
Nikolay Zinin

nitrle enolat (formerly preferred
Il presentation)
CN @ G O
O OH o Ph OH R OH R

Ph



Cross-Benzoin

@JkH ' R')LH g

Ar. Ar
6 (5 mol%) o
o H__R®  nBuli (5-20 mol% 2 o © o
Aoy R N XCT R
R SiEt; (e} THF, 0-25°C, 0.5 h : o) O
OSlEt3

R = alkyl, aryl A e 8
R? - :Ikzly :gl heteroaryl Ar = 2-FPh
B 13 examples, 65-88% yield 13

41-90% ee Johnson et al.

OTES . e}
:H\VN/@ . H\n/R2 CsF (1.5 equiv) 1&# @
- i-PrOH (0.2 M) R

s{t o OH

[ 12 examples, 41-80% yield ]Scheidt etal. 4

R' = alkyl; R? = alkyl

=N _BFC
N.oN=pn o
fj\ FC™ N, 7 (10 mol%) R17 SO
: R | R — - " ®)
R H = DBU (20 mol%) 27 N\
THF, rt, 15 h e

R" = aryl, heteroaryl; R? = aryl

[ 12 examples, 64-99% yield ]Enders et al.'®2

Chem. Rev. 2007, 107, 5606-5655
Accounts of Chem. Res. 1182-1195, 2011

(0] 0]
RI
Rl)j\( R')S/@
@ OH OH
(@] 0]
w @JK(R'
OH OH

8 (10 mol%)

0 i-Pr,NEt (20 mol%) o
AN, o+ (cHon ] - A on
(3.0 equiv) THF (0.25 M), 60 °C, 24 h
9 [ 14 examples, 29-86% yield ] 10
selected examples
o o) o o)
QJK/OH OH /©)k,o+| OH
/O \O
(0] Br
70% 86% 32% 85%
@] 0 O
\ | o OH
O/\\
OH
50% 57% 64% 29%
OCH,
o-N
A\ 20 mol% 10c, DBU,
X t-BuOH, 40 °C, 0.5 h
79%
H,C” Y 0 °
CooEt © H,C. o £t
N
55 7R\ 6
HO s Br
10c

Suzuki and Coworkers



Stetter Reaction

O’}_
=Ng
NN

17 (10 mol%)
Ph Cle
j\ NHAC KOt-Bu (8 mol%) Q  NHAc
RTH + CO,Me " R CO,Me
z toluene, 0 °C H~™2
16 15 examples, 38-98% yield 18
93-99% ee
selected examples
(0] NHAc (0] NHAc (0] NHAc
¥/COMe gcoznne ¥'COMe
Me MeO,C
80%, 97% ee 48%, 97% ee 83%, 96% ee
O NHAc O NHAc O NHAc
Cl
=
DMI;'COZMe MCOzMe 5 > FicoMme
Cl ©
71%, 94% ee 86%, 98% ee 52%, 97% ee

Ciganek, Synthesis, 1995, 1311
Accounts of Chemical Research, 2011, 1182

CHO
HC=CCO,R?
——— -

o N
/

OH Me

CH3 Bn

"I\‘J/
ety
HO(CHp)” 8

DMF, reflux

CHO

2
o X, O

R1
1a R'=H:; R%=Me 92%
1b R'=MeO; R%=Et 92%

o)
CO,R?
o)
R'2a 39%

Michael acceptors with beta substituents
usually are bad reaction partners




H-Acylation of Unactivated
Compounds

OH 7 7 7 7 7 V(5mo
S 24 O - K00y (1 equ) _ A”)VH
0 CHO ®\/(25 mol%) N Ar1)LH sz THF, 40°C, 24 h Ko
R T _ R1_: 2 [ 20 examples, 44-96% yield]l
O DBU (70 mOIO/o) = O Ph selected examples

2 xylene, reflux
23 Ph)\/ R 25 m
[ 7 examples, 86-99% yield ]She et al.34

ME Ph me Ph Cl HOH,C Ph
dr>20:1,96%  dr>20:1, 72% dr>20:1, 87% dr>20:1, 91%

OMe

(0] o) i
8 (20 mol%) o g Y H 17 (10 mol %), DBU (20 mol %) N aAT
DBU (40 mol%) 5 L - T
d’L gl R x’\( 1,4-dioxane, 80 °C, 20 h Z > x
/\/\Hz 1,4-dioxane, 2 h, 120 °C >y Ar \
X=0.8 20 examples, 28-99% yield
‘ 28 examples, 39-96% vyield I 27 ’ 96-99% ee
selected examples selected examples
(0] O 0 (0] (0] o (0] 0]
(0] (0] FsC (0] (0] FiC o] (0] (@)
OMe
60% 85% 58% 62% 99%, >99%ee 60%, >99%ee 81%, 99%ee 78%, 99%ee
o) o) 0 o OBn cl
peshsedeothe
O N
© Ts © Cl
71% 95% 71% 93% 95%, >99%ee 94%, >99%ee 99%, 99%ee

Accounts of Chemical Research, 2011, 1182



Alkynes and Arynes

8 (5 mol%) o
' CHO K>CO5 (10 mol%) N A R2
R4~ > R4~
A~y § THF, 70°C, 2 h > x
31 R? [ 9 examples, 63-95% yield ] 32

selected examples

sepsliveavihvens

OMe

86% 95% 84%
(0] (0] o]
0 OMe 0 CO,Et 1NS
72% 78% 63%

i 8 (5 mol%) o O A

mol%
R N H 0 K»CO3 (10 mol%)
2o + J S R
H™ "R THF, 70°C, 2h Ao R
R2J\
\\ [ 24 examples, 65-96% yield ]
33 36 37

selected examples

@ﬁ?@?@f

1% 72% 70%, (3 1 trans/c:s)
e} O-R o 0,
R= CeHs; 90%
R = 2-CICgH,; 66%
0 R =3-BrCgH,; 82% o
OMe R= 4-OMeCsH4, 88% OMe
R =4-CO,MeCgHy; 77% 68%

8 (15 mol%) 0
KO#-Bu (15 mol%)
| A CHO  TMS = KF (2.0 equiv) L RS
R + | —-R? Rt | R
N R 0™ 18-crown-6 (2.0 equiv)
: THF, 4 h, rt
l 27 examples, 42-93% yield I 39
selected examples
R'=H:72% .
o 4-Br: 92, 74% R OMe 62%

i = 4-CO,Me: 77%
4' Ao 4-CF3: 88%
3 3-OMe: 78%
3-F: 90%

2-F: 60%
2-Cl: 49%

R = phenyl: 58%%
2-furyl: 43%

R =Me: 70%

70% 48%
0% ° R = O(CHy)0: 77%

@Using 20 mol% of 8 and 20 mol% of KOtBu.

Accounts of Chemical Research, 2011, 1182



Metal Vs Organic

Metals:

= Have to worry about decarbonylation
= Rhis expensive, other metals are not as well documented
® Enantioselective reactions are pretty straightforward

m Screening catalysts is pretty straightforward

NHC:

= Canreact with a wider range of substrates (benzoin reaction, stetter,
and other substrates)

= Made from very accessible materials.

= Catalyze many fransformations, so you have to be aware of possible
side reactivity, or use that to your advantage..

= Have to find an NHC that works for you



Thank You

Questions for Me?¢



Questions for You..

(@]
HJ\’ [Rh] N i
x/ ."F‘z -
R
S
X
N ®
N
0 S
Base
H -
N Dioxane, 2hr, heat
0 Wilkinson's
Amino pyridine
/\/\/ )
H o+ = Toluene, heat, 24hr
Assume AQ.

Workup
N Rh(l)

| _ P(Cy)3
~
N NH + XS >




Questions for You..



Answers for You..

[Rh]

.

or

(Rh]

T

~ i 0
R
R—:d‘\H S N‘Mes
Z O/\/
R_l\ o-H \
- ~ O/\/
t
28
© Q
X © _/ DBu_ N\ S\ <N-Mes
|4\N s\é'@Mes S N-Mes = 6:‘:"'
O S\// © .o O/v
CIO,
29
H Base o & y P,@Mes / -
. concerte: u
X/\/\H Dioxane, 2hr, heat \ S ‘2? asynchronous
R—F X
Ao R
0
30
o) Wilkinson's i
Amino pyridine
H NN R
+ Toluene, heat, 24hr
Rh(l) i
D P(Cy)3
N NH t Xs 7 >



C-C meets C-H
formaldehyde and
acetaldehyde

1 (10 mol %)

o) 2 (20 mol %) O
/\ - PN
+ t-C4H + X
A 7 toluene )J\At-cmg o
26 150 °C, 48 h 27 (84 %) (trace)
CHs o)
AN
-y (1) 35 (3 mol %) t-C4H9/\)J\/\t-C4H9
N~ NH 36 (6 mol %) 41
+
40 A py, toluene, 170 °C, 1 h 0
+ (2) Hs0 N
Z S Cy4Hg 42

97 % (41/42=95:5)

i ~ (\D:CHQ, w é

H” O H N- "NH Rh(l) catalyst
40 K/\Ph (n=0,1,2)



