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Reductive Coupling: Why
hydrogenation?

o Conventional reductive coupling

1 Ry RS R* H,0,0H R® R
HBH v )= > ———> )y + HOBR"
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R'CH,C=CH C,Hx)SiH LA 1 _ : R2COCI
2C=CH + (C2Hs)sSIH —= R1CH,CH=CHI[Si(C,Hs)4] T

R'CH,CH=CHCOR? +* %(02H5)3

Conventional reductive coupling produces stoichiometric
byproducts.




Outline

O Early C-C bond formation utilizing
hydrogen

O Activation of hydrogen

O Classes of C-C bond formation reactions
by hydrogen

m Mechanistic proposals/support




Early C-C bond formation

O Hydroformylation

>
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O Fischer-Tropsch Synthesis
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Breit, B. Acc. Chem. Res. 2003, 36, 264-275.
Carey, F.; Sundberg, R.]J. Advanced Organic Chemistry. 4t ed. 2001.




Isomerization vs.
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Question 1: Isometrization vs.
Hydrogenation

O What are active catalyt(s)?
O Mechanisms for isomerization?




Dihyride/Monohydride Equilibrium

[Rh(diene)L,,]* + 2H, —> alkane + [RhL,S,]"

1 2
[RhL,S.T" + H, === [RhH,L,S,]
2 3
[RhH,L,S,]* == RhHL,S,
3 4
®
II{ CH(CHy
M + CH==CHCH,'CH, — M—)CH —
CHE

M + CH,*CH==CHCH,

*

CH,

MH* + CH,=~~CHCH,CH, — M—CH —

CH,CH,

MH 4 CH,*CH==CHCH,

Scheme I. Pathways for Olefin Hydrogenation and Isomerization
(n = 2 or 3, Ol = olefin, R = alkyl, RH = alkane, L = a ligand, e.g.,
PPhMe,; Sy and S,, omitted).
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Schrock, R.; Osborn, J. J. Am. Chem. Soc. 1976, 98, 2134.
Schrock, R.; Osborn, 1. J. Am. Chem. Soc. 1976, 98, 4450.



Reductive Coupling Utilizing
Hydrogenation

O Aldol Condensation

o Intermolecular reductive coupling of 1,3-
cyclohexadiene with o-keto aldehydes

o Intermolecular reductive coupling of 1,3-
enynes and 1,3-diynes with a-keto
aldehydes

O Reductive cyclization of 1,6-diynes and
1,6-enynes

Jang, H.-Y.; Krische, M. Acc. Chem. Res. 2004, 3/, 653-661.




Adjusting Catalyst Equilibrium Away
from Simple Hydrogenations

0 0
PhWH Rh(COD),OTf (10 moi%) /k@ U
Ligand (24 mol%), H, (1 atm)
1a Additive, DCE (0.1 M), 25°C
entry ligand additive (mol %)  yield® aldol (syn—anti) yield® 1,4-reduction
1  PPh 21% (99:1) 25%
2  PPh KOACc (30%) 59% (58:1) 21%
3 (p-CF3Ph)sP 57% (14:1) 22%
4  (p-CF3Ph);P  KOAc (30%) 89% (10:1) 0.1%

¢ As product ratios were found to vary with surface-to-volume ratio of
the reaction mixture, all transformations were conducted on a 1.48 mmol
scale in 50 mL round-bottomed flasks. ? Isolated yields after purification
by silica gel chromatography.

Homolytic activation of H; to

form a high-valent dihydride
H " H H C-H reductive
H-M"™4(XXL,) ML | elimination 1)\(H Conventional
R! % _ﬁ’ R reduction
R? M"™-X
R] A
/\Rz M™-X (cat) X
i J\ C-C bond
ML, n
" J\/ RIJ\/kR3 formation
H-M"L, 7 5
(H-X, base) H, M"-H

Heterolytic activation of H, to
form a low-valent monohydride

Jang, H.-Y.; Huddleston, R.; Krische, M. J. Am. Chem. Soc. 2002, 124, 15156-15157.



Question 2: Control Experiment

O O

H Rh(COD),OTf (10 moI‘VQ
PPhgs (24 mol %),
DCE (0.1M), 25°C

o Mechanism of the reaction the control experiment
is testing for:

Ph |

o What is the name of this transformation?




Question 2: Control Experiment

0O O
Phi H Rh(COD),OTf (10 mol% =)
| PPh3 (24 mol %),
DCE (0.1M), 25°C

o Mechanism of the reaction the control experiment is testing

for: o) 0
H
VW ﬂ
P
)ij Ph H
PhsP Ph3P

o What is the name of this transformation?
m Morita-Baylis-Hillman Reaction




Aldol cycloreduction of aldehyde-enones

Rh(COD),OTf (10 moi%)

? (P-CF3Ph)sP (24 mol%)
RJ'H O
LHJ/ H, (1 atm), KOAc (30 mol%)
n DCE (0.1 M), 26°C

substrate product (syn:anti) 1,4-reduction
la,n=2,R=Ph 1b, 89% (10:1) 1c, 0.1%
2a,n = 2, R = p-MeOPh 2b, 74% (5:1) 2¢,3%
3a, n = 2, R = 2-naphthyl 3b, 90% (10:1) 3¢, 1%
4a, n= 2, R = 2-thiophenyl 4b, 76% (19:1) dc, 2%
Sa, n =2, R = 2-furyl Sb, 70% (6:1) S¢, 10%
6a,n=1,R=Ph 6b, 71% (24:1) 6¢c, 1%
7a,n =2, R = CHj 7b, 65% (1:5)

Stereochemical model
o~ R, ogRL:

/ ¢)
L —
Ph H
H

(Z)-enolate, Zimmerman-Traxler-type transition state

ang, H.-Y.; Huddleston, R.; Krische, M. J. Am. Chem. Soc. 2002, 124, 15156-15157.
ang, H.-Y.; Krische, M. Eur. J. Org. Chem. 2004, 3953-3958.



Aldol cycloreduction of keto-enones

RR(COD),OTf (10mol%) o HO
(Ph)sP (24 mol%) wCHs  68.83% Aldol Produc

o]
Ar)j\’ Ot Ar (8-24% 1,4-Reduction
0 d.e. >95:5
n

n=12 K,CO; (80 mol%)

DCE, 25°C or 80°C 0.
I f\\CH3 l |‘\CH3 ” f\\CH:-;
1b, 72% (1c, 20%)  2b, 78% (2c, 18%) 3b, 78% (3c, 8%)
d.e. >95:5 d.e. >95:5 d.e. >95:5
0 HO HC O HO 0 HO
C \CH «CH
o N S N .cHs H9.cH, \\\CH3
- - - (jké M
4b, 83% (4c, 8%) 5b, 82% (5c¢, 12%) 6b, 72% (6c, 17%)
d.e. >95:5 d.e. >95:5 d.e. >95:5 7b, 75% (7c, 8%) 8b, 74% (8c, 18%) 9b, 66% (9c, 24%)
d.e. >95:5 d.e.>95:5 d.e. >95:5
0
HN—
10b,70% (10c, 24%)  11b, 75% (11c, 11%) 12b, 74% (12¢, 8%)
d.e. >95:5 d.e. >95:5 d.e. >95:5

uddleston, R.; Krische, M. Org. Lett. 2003, 5, 1143-1146.




Mechanism ot aldol cycloreduction

LaRhMOTf

Reductive o)
Oxidative Elimination " I'.n
Addition 1 h'
Enone - LnRh{" CH; CH & O .CH
Hydrometallation n H 3 :
LoRWH), ———— A \ tn
o} Electrophilic _Rh Rh!
Trapping fo) 0 1a-12a 0/ \O
KOAc ~ R | LnRh('H Ln H H | JCH
R,CHO Ry Rz
HOAc _/ CH
KoTf Enone : /_k 'n
Hydrometaliation JKQ /Ké?
LnRh'-H —_— Reductive
0 Elimination
Manifold 1b-12b
R Disabled
0 0 Rh(COD),OTf (10 mol%) O HO
(Ph)3P (24 mol%) wCH3
Ph CHj, » Ph
I\/O D; (1 atm) 0
K>CO3 (80 mol%) R %
19a DCE, 80°C 2

19b, 83% Isolated Yield
No Conjugate Reduction

Ry = Ry = H, 11% +/- 5%
Ry =D, Ry =H, 81% +/- 5%
R1=R2=D, 8% +/-5%

Huddleston, R.; Krische, M. Org. Lett. 2003, 5, 1143-1146.




Aldol Cycloreduction of Dione-enones

Rh(COD),OTf (10 mol%) o R

0
O R (Ph)3P (24 mol%)
n( > n(
H» (1 atm) m
CHy M 6 CHa

o K,CO3 (80 mol%)
DCE, 25°C
13b, R = Ph, 84% 15b, 86% 16b, R Ph, 81% 18b 65% (15%)
I 14b, R = CH3, 88% 17b, R=CHg, 73% l

No Conjugate Reduction
d.e. >95:5

Huddleston, R.; Krische, M. Org. Lett. 2003, 5, 1143-1146.




Intermolecular Aldol Condensation

0 0 Rh(COD),OTf (5 mol %)

JL PhsP (12 mol %), Hp (1 atm)
| H™ Ayl KOAG (50 mol %), DCE (0.1 M), 25°C
150 mol%
O OH O OH

92%, (1.8: 1)(syn anti) 75%, 1 71 61% (2 3:1)
O OH O OH O OH
4
65% (2 1) 88% (2 5:1) 44% (2 1)

Jang, H.-Y.; Huddleston, R.; Krische, M. J. Am. Chem. Soc. 2002, 124, 15156-15157.



Reductive Coupling of Unsaturated
aldehydes and glyoxals: Question 3

o o Rh(COD),0Tf (1-5 mol%) O OH
PPh; (2.4-12 mol%) HoNNH,, MeOH
H HJH(R2 - H R2 rt2 2 -
(o) KOAc (100 mol%) (0]
R 1a-6a DCE (0.1 M) R
(500 mol%) (100 mol%) H, (1 atm)

o What is the stabilized product?

O What is the name of this class of
compounds?

arriner, G.; Garner, S.; Jang, H.-Y.; Krische, M. J. Org. Chem. 2004, 69, 1380-1382.



Reductive Coupling of Unsaturated
aldehydes and glyoxals: Question 3

0 0 Ry
9y HJ\H/RZ Procedure® =\ .
Rh{COD),0Tf (1-5 mol%) O OH 3 \N_N/ 2
PPh; (2.4-12 mol% R4
)H( s ( °)= Y R, 1a4a 1b-6b
KOAc (100 mol%) 0 Entry Ry Ry Product Yield

1a- sa DCE (0.1 M) R

HiC
(500 mol% (100 mol%) H, (1 atm) —
1 H Ph ) 62
R N-N
HoNNH, — Exclusive Cross-Aldolization 1b
—_— N /R 30-62% Yield of Pyridazine

H,C,
-3 H,0 N—N Over Two-Step Sequence =
2 H 2-naphthyl \ / 59
1b-6b WY Q
2b

N
o pyridazines T
py da 3 H  2thiopheny! m 31
\

¢

—N

4 H 2-(N-methylpyrrolyl)® 30°

p)
N-N
HaC
5 CH® Ph —2_>—® 47
N—N
5b
HsC
6 CH;®  2-naphthyl® N/ O 50
n- D
6b

larriner, G.; Garner, S.; Jang, H.-Y.; Krische, M. J. Org. Chem. 2004, 69, 1380-1382.




Aldol Cycloreduction of Dione-enones

o)
O Rh(COD),OTf (10 mol%) HO
(2-furyl)sP (24 mol%)

) ])LH
o -
H, (1 atm) m
CH3 m O CHs

H

0 KoCO3 (100 mol%)

1a,n=1, m=1 THF, 40°C

2a,n=2, m=1 1b-4b, Yield %, syn:anti,
3a,n=1,m=2 (Yield % 1,4 Reduction)
da,n=2,m=2

o o

HO ;H HO ;H

2b, 73%. 10:1
(21%)

O H O H H
HO ] HO ? HO
n
H
6 CHs & CHa o Chs

5b, 63%, 1:3, syn:anti
(21% 1,4 Reduction)
6b, 61%, 2:1, syn:anti
(20% 1,4 Reduction)

4b, 59%, 4:1
(29%)

3b, 63%, 5:1
(30%)

1b, 72%, 2:1
(16%)

0

HO H

BzO

9b, 61%, 5:1, syn:anti
(20% 1,4 Reduction)

Koech, P.; Krische, M. Org. Lett. 2004, 6, 691-694.

HO
HaC

HaC
0 CH3

7b, 63%, 2:1, syn:anti
{21% 1,4 Reduction)

0
HO

N
o
5 CHa

8b, 67%, 2:1, syn:anti
(20% 1,4 Reduction)

H



Reductive Coupling of Cyclohexene and
Glyoxals

o 5 mol% [Rh(cod),OTf] o
10 mol% (p-CHzOPh)gP J\/@
/u\/o + @
>
R DCE, 25°C R

1 atm Hy OH
1 71-78% yield
2
Product Yield Ratio of isomers
O
0 76% 1.6
OH

o) .
OO T 77% 115

2b

0
S
\ 74% 1:1.4

OH

2c

o5 O
78% 1:1.3

\ Oy g

2d

HC O
W 73% 1:1.4
-/ OH o 1.
AL
S % 1116 Angew. Chem. Int.

Ed. 2003, 42,
4074-4077.




Question 4: Mechanistic insight

O Propose a mechanism which is consistent with

the following results:

5 mol% [Rh(cod),OTf] 0
10 mol% (p-CH3OPh)3P 0 @
DCE, 25°C a OH
3

78% yield  2a, not observed

5 mol% [Rh(cod),OTf]

O 10 Mol% (p-CHz0Ph)zP O 2p,
O +
C e OO
1atmH, OH

1b [D2]-2b, 86% yield
(1:1.7 ratio of diastereomers)

5 mol% [RuClx(p-cymene)]z / atm Op,PhH
CsCO3 / 80°C, 6h

/
oD

Q 19% yield ‘
(1:1 ratio of isomers) D
O D

[1,2-D,]-4 [1,4-Dz)-4

(TS

D\\x\“
p/
)

Jang, H.Y.; Huddleston, R.; Krische, M. Angew. Chem. Int.Ed. 2003, 42, 4074-4077.



Question 4: Mechanistic 1nsight

o Model proposed in literature:

[L,Rh'(D
H,,
Rh'" D

L,Rh(D) COR
- H,, __» / - /, _A /, 1 4- Dg] 4 R 2- naphthyl

I L, Rh' A(H Rh'” COR o
|_ Rh H) COR ‘
[L,Rh'(D "

COR
[1 ,2-D2]-4 R = 2-naphthyl

Jang, H.Y.; Huddleston, R.; Krische, M. Angew. Chem. Int.Ed. 2003, 42, 4074-4077.



Catalytic Reductive Coupling of 1,3-
Diynes to Glyoxals

Rh(COD),0Tf (5 mol%) ph

Ph O

S 0

X S OQ/U\R
Ph 1a-8a

{200 mol%) (100 mol%)

PPhs (10 mol%) w
> R

DCE (0.1 M), 25°C OH
H, (1 atm) 1b-6b

Ph\PhO Ph\PhO Ph\Pho
AN N
OH H OH

1b, 79%® 2b, 78% 3b, 72%

0 CHa Ph

4b, 70% §b, 74% 6b, 72%

Ph N o R(COD)OTI (10 mol %)
N O\ {  BeClOMe-BIPHEP (10 moi%) _
&\ R2 Benzene (0.1M), 25°C,
" e W
HsC Y Ph O CH; O
N\A Ph  80% Yield W
OH (5.2:1)
7b, 83% ee iso-Tb, 88% ee
n-Pr S Ph O Ph S nPr O
N Ph  64% Yield th
OH (4:1) OH
8b, 85% ee iso-8b, 89% ee
Bu S Ph O Ph S 'Bu O
S NS
Z Ph  57% Yield WPh
OH (>99:1) OH
9b, 98% ee is0-9b (not observed)
HsC \ Ph O Ph \ CH; O
NA 65% Yield W
OH (12:1) OH

10b, 90% ee

iso-10b, 93% ee

Huddleston, R.; Jang, H.-Y.; Krische, M. J. Am. Chem. Soc. 2003, 125, 11488-1489,




Reductive Condensation of a-Keto

Aldehydes and 1,3-Enynes

/\ 0 Rh(COD),OTf (5 mol%) Ph O

x BIPHEP (5 mol%)

Spp H‘\R > R
1a O 2g.0f DCE (0.1 M), 25°C OH

(200 mol%) (100 mol%) Hy (1 atm) 3a-3f

o) Ph O
% yZ
w;:h 2-Nap
R 0 Rh(COD),OTf (5 mol%) Ar O
OH OH OH %\Ar ﬂ)j\Ph BIPHEP (5 mol%) RM(LR

3a, 86% 3b, 89% 3c, 61% -
Ph O CHs Ph O Ph O 1a-9a O 2a DCE (0.1 M), 25°C OH
N O S (200 mol%) (100 mol%) Hy (1 atm) 3g-3l
OH L/ OH \ 7 OH \ / —
3d, 75% 3e, 70% 3f, 78% o}
° v ° p-CHsOPh O p-NO,Ph O Y o
Ph Ph Ph
OH OH OH
3g, 89% 3h, 61%° 3i, 75%
S
N o Ph O Ph O
Ph (\/\’/U\Ph H3C\/\Mph
OH CHs OH OH
3j, 70% 3k, 80% 31, 80%

Jang, H.-Y.; Huddleston, R.; Krische, M. J. Am. Chem. Soc. 2004, 126, 4664-4668.




Mechanism of Reductive Coupling of 1,3-Enynes
and 1,3-Diynes with a-Keto Aldehydes

Hydrometallative Mechanism Carbonyl Insertion Mechanism
o] (0]
N Ph Z R Ph
/\Ph /\%\Rhan "/lLPh /\Ph M | Ph
1a 1S O2a 1a Rh''LnD O 2a
D, a Ph O b b Ph O
LnRh’X =——= LnR'D th LnRh'X ~ LnRh'D V Ph
-bX D O i LnRh'"-O
Ph O & Ph O )\la Ph O ’/k Ph O A}\D Iib
/\%\(U\Ph th th /WI\Ph
D, D2
D OH D OghiDLn D OH D OryioypLn
deuterio-3a, 85% llla deuterio-3a, 85% b
Ph O
Ph O Rh(COD),0Tf (5 mol%) i i
2 mol/
N ph BIPHEP (5 mol%) OH
100 mol% | Ph - Not Formed
e} DCE (0.1 M), 25°C

Ph

10a Ph 100 mol%
100 mol% OH

3m, 46% Yield

P

U
=2
%o

Ph O
Pha Ph W
N W Ph
/103\Ph o} Rh(COD),OTf (5 moi%) OH
100 mol% oy, BIPHEP (5 mol%) Not Formed
Ph I >
N o} DCE (0.1 M), 25°C  pp, Ph O _
X
N 1a H, (1 atm) Jang, H.-Y.; Huddleston, R.; Krische, M.

Ph 100 mol% Pr

100 mol% OH J. Am. Chem. Soc. 2004, 126,
a59%vied  4664-4668.

:




Reductive Cyclization of 1,6-Diynes and
1,6-Enynes

R
Rh(COD),0Tf (3 mol%) R . Rh(COD),OTf (5 mol%)
=Ry rac-BINAP or BIPHEP (3 mol%) ,—=R rac-BINAP or BIPHEP (5 mol%)
X » X X - X
\__E_R2 DCE (0.1 M), 25°CG \\ DCE (0.1 M), 25°C CH3
H, (1 atm) R H, (1 atm)
1a-9a 1b9b 2 10a-18a 10b-18b
Ph o Ph o Ph Ph CHs
H3CO,C H30><O H3COZC>C5 H3CO.C, H3c020><:f
HSCOZC H3C O H3002C CH3 H3COzc CH3 H3COzc CH3
Ph O Ph O Ph
1b, 85%° 2b, 90%* 3b, 79%* 10b, 89%° 11b, 75%° 12b, 49%°
Ph Ph Ph Ph Ph Ph
H3CO.C. H3CO,C.
of 0
H3CO,C CHs H3CO,C CHCH3 CHj
Ph Ph CHs 8
ab, 78%° 5b, 89%° 6b, 68% 13b, 65% 14b, 80%°¢ 15b, 82%
Ph CHs CHs Ph CHs Ph
H3CO,C H3CO,C
TsN TsN TsN i
H;CO,C H3CO,C CH, CH; "/CH3
T™S CHs CH TBSO
7b, 51%° 8b, 73%° gb, 62%° 16b, 91%° 17b, 79%° 18b, 79%° (1.4:1d.r.)

Jang, H.-Y.; Krische, M. J. Am. Chem. Soc. 2004, 126, 7875-7880.



Mechanism of Reductive Cyclization of
1,6-Diynes and 1,6-Enynes

Catalytic Mechanism Involving Oxidative Cyclization: Regio-Determining C-C Bond Formation Precedes C-H Bond Formation.

Ph
E
><:<> Rh''LnD mRh'“LnD
1a o
Ph\—{' \ \
Ph

E

| |
LnRh-OTF LnRh'D Rhiln LnRR-OTE LnRh'D Rh'tn
- DOTf D - DOTf
Ph D
£ /‘& ><:<\ Rh(D),Ln E /& ><ﬁ\Rh'"(D) ,Ln
£ ©3 £
deuterio-1b Ph deuterio-10b D
79% Yield 89% Yield

Catalytic Mechanism Involving Alkyne Hydrometallation: Regio-Determining C-H Bond Formation Precedes C-C Bond Formation.

Ph
E D
1a Rh Ln ¢ Rh'Ln
Ph A\
Ph
E
E

Ph
i E D I D
LnRhOTf LnRh'D | LnRKh-OTf LnRh'D
- DOTf Rh'ln - DOTf
Ph Ph Rh'Ln
h (D)oln
E E n
, Rh"(D),Ln
deuterio-1b Ph deuterio-10b D
79% Yield 89% Yield

Jang, H.-Y.; Krische, M. J. Am. Chem. Soc. 2004, 126, 7875-7880.




Summary

o Traditional methods of reductive coupling
produce stoichiometric amounts of byproducts

o Capture of hydrogenation intermediates allows
coupling with H, as the terminal reductant

o Several types of couplings have been successfully
accomplished by capture of hydrogenation
intermediates

o Heterolytic cleavage for formation of a
monohydride catalyst intermediate is required for
successful coupling

o Heterolytic cleavage of hydrogen is accomplished
through the use of cationic precatalysts
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