I11.3 Palladium-Catalyzed
Carbon-Hydrogen and
Carbon-Heteroatom Coupling

II1.3.1 Palladium-Catalyzed Hydrogenolysis

ANTHONY O. KING and ROBERT D. LARSEN

A. INTRODUCTION

Palladium catalysts are the most widely used catalysts for the hydrogenolysis of organic sub-
strates. Pt and Raney nickel catalysts are also effective for hydrogenolysis in many cases but
are used much less frequently than palladium. As shown below in this section, palladium
catalysts can catalyze effectively the hydrogenolysis of a wide variety of functional groups.
Carbon—carbon, carbon—halogen, carbon—nitrogen, carbon—oxygen, nitrogen—nitrogen,
nitrogen—oxygen, and oxygen—oxygen bonds can all be hydrogenolyzed readily under palla-
dium catalysis. The reaction conditions are generally mild and by choosing the appropriate
catalysts and reaction conditions, many other functional groups in the substrate can be toler-
ated. The following presents a summary of Pd-catalyzed hydrogenolysis reactions that have
been reported in the literature.

B. HYDROGENOLYSIS OF CYCLOPROPANE

The hydrogenolysis of cyclopropyl derivatives is a convenient method for the introduc-
tion of a methyl or methylene group into the substrate. The location of the C—C bond
cleavage on the cyclopropyl ring system can be predicted in many cases by the substitu-
tion pattern on the ring and the 3-D structure of the substrate.

Hydrogenolysis of tricyclic ketone 1 provided selectively [4.3.0] bicyclic ketone 2
(Scheme 1).1

The release of the four-membered ring strain is probably the driving force for this re-
gioselective ring opening. In an analogous system, but with even less steric congestion
because of the absence of the dimethyl substituents, bicyclo[2.1.0]amino acid 3 still
preferably opened at the more substituted C—C bond to give pyrrolidine product 4
(Scheme 2).7
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Hydrogenolysis of 1,1-dichloro-substituted cyclopropane 5 using 3% Pd/C catalyst
proceeded at the C—C bond directly opposite the chloro-substituted carbon to give 1,3-
diarylpropane 6 (Scheme 3).1! Lindlar’s catalyst was not effective. Dropping the Pd on
carbon loading from 3% to 1% gave only dechlorination without ring opening. Therefore,
the dechlorination reaction most likely proceeded first before the ring cleavage with the
3% Pd/C catalyst. Although the hydrogenolyzed C—C bond was more hindered, the elec-
tronic activation provided by the presence of the two aryl substituents may have over-
come the steric factor.
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Bicyclo[3.1.0]phosphine oxide 7 also gave a diastereomeric mixture of the six-
membered phosphine oxide 11 in 70% yield and not the five-membered ring product
(Scheme 4)."! The hydrogenolysis proceeded through the mixture of dihydrophosphinines.

Similarly, 1,1-difluorinated cyclopropanes 12 and 16 reacted via the cleavage of the
C—C bond directly opposite the difluoro-substituted carbon (Scheme 5).5!
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In fact, gem-difluorocyclopropanes undergo hydrogenolysis much faster than monoflu-
orocyclopropanes. Although hydrogenolysis of the C—F bond is usually very difficult, in
these instances, loss of one or both of the fluorine atoms was also observed.

Cyclopropanation of an olefin followed by hydrogenolysis of the resulting cyclo-
propane is an effective method for the introduction of a methyl group onto a substrate. A
geminal dimethyl group can be prepared readily in this fashion. However, Pt is a more
effective catalyst as shown in these examples. Thus, spiro compounds 20 and 22 were
hydrogenolyzed to dimethyl derivatives 21 and 23, respectively (Scheme 6).1°M!

Although steric factors may have influenced the regioselective ring opening in 24,
which produced the symmetrical ketone 25 quantitatively, the carbonyl group also
directed the cleavage of the C—C bond (Scheme 7).

The geminal bis-(ethoxycarbonyl)-substituted cyclopropane 26 effectively countered the
steric problem to give cleavage at the more highly substituted C—C bond (Scheme 8).”
The nitrogen atom may also have assisted in directing this C—C bond cleavage.
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Both steric and electronic effects favored the observed ring opening in 28 producing
the B-methyl aldehyde (Scheme 9).I'%! Addition of Et;N helped in suppressing the
hydrogenolysis of the benzyl ether functional group.

Inversion of configuration at the tertiary carbon center during the hydrogenolysis of 30
was observed (Scheme 10).1''! This is a normal mode of reaction with Pd catalysts.

In the absence of any electronic activation, whether the C—C bond in the cyclopropyl
ring is approachable by the Pd catalyst is probably the key factor in the observed
hydrogenolysis of 32 (Scheme 11).1'%!

Depending on the substituent R' in vinylcyclopropane 34, the cyclopropyl ring can
open to give methyl or straight chain products (Scheme 12).1'3! Methyl products were
obtained when R! was an alkyl group and straight chain products were obtained when R!
was an aryl or acrylate group.

The symmetrical dicyclopropyl 37 hydrogenolyzed to the tetramethylated product 38
in 88% yield.
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C. HYDROGENOLYSIS OF N—O BOND

The N—O bond can be hydrogenolyzed under mild reaction conditions, generally in a
protic solvent with Pd catalyst and H,. The N-methoxy group in imidazolone 39 was
cleaved in excellent yield (Scheme 13).114

N-Alkoxy indoles were hydrogenolyzed to indoles (Scheme 14).13!

Both primary and secondary amines can be obtained from the hydrogenation of
nitrones (Scheme 15).1'6!

Hydroxylamines derived from the Grignard addition to nitrones were hydrogenolyzed
to give primary amines after the N-benzyl group on the nitrogen was simultaneously hy-
drogenolyzed (Scheme 16).1'7!
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Amidoxime 47 was reduced to amidine 48 in 94% yield (Scheme 17).'8] Use of
TFA/TFAA instead of AcOH/Ac,0 was better in one instance.

Ring opening of cyclic compounds containing an N—O bond is readily accomplished
to give amino alcohols. For isoxazolidines 49 and 51 the O-benzyl, N-benzyl, and N-
benzhydryl groups were also cleaved under the reaction conditions (Scheme 18).119120!

With isoxazolones 53 and isoxazolidinones 55, B-amino acids were obtained
(Scheme 19).2U221 Spontaneous decarboxylation was only observed with substitution on
C-3 of the isoxazolone ring (54b). In these examples, the olefin and the N-p-methoxybenzyl
groups stayed intact.

Instead of alcoholic solvents, THF has also been used for the hydrogenolysis of the
N—O bond as in isoxazolidine 57 (Scheme 20).2%

The rate of hydrogenation of O-methyloxime was slower than the hydrogenolysis of
benzyloxycarbonyl and N—O groups in 1,2-oxazine 59, which allowed the subsequent
reductive amination to take place providing piperidine 60 (Scheme 21).24

The use of Lindlar’s catalyst and aqueous acidic conditions allowed the generation
of B-hydroxy ketone 62 from oxazole 61 with the disubstituted olefin remaining intact
(Scheme 22).11 A yield of 65% was obtained even when a monosubstituted olefin
was present.
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Hydrogenolysis of oxazolidinone 63 gave amidine 64 in excellent yield (Scheme 23).26!
Primary chloride removal was also slower than N—O bond cleavage. Thus, the newly
formed amine from the highly diastereoselective reduction of oxazole 65 was able to
further react with the chloro electrophile producing the pyrrole in an overall 96% yield

(Scheme 24).27!

The catalytic reduction proceeded first with the N—O bond cleavage but the sequence
of subsequent chemical transformations has not been delineated. Since ketone can be
generated from the hydrogenation of oxazine 68 (Scheme 25), there is a possibility

that reduction of the cyclic imine is the final step of the sequence.

1,4-Reductive nitrogen transposition could be carried out with dihydrooxazine 70.
A diastereoselective version, in which the diacetoneglucose was used as an auxiliary,

provided chiral 73 in 80% ee (Scheme 26).1"!
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With suitably constructed oxazapyrrolidinones, new heterocycles can also be formed
via the hydrogenolysis of the N—O bond followed by a reclosure sequence. The forma-
tion of pyrazinone 75 from isoxazolone 74P%, indole 77 from oxadiazole 76,! and
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imidazole 79 from isoxazolone 781**! have been reported (Scheme 27).

Subjecting alkyl nitrates to hydrogenolysis conditions gave alcohols (Scheme 28).1*
Transfer hydrogenolysis using ammonium formate has also been used for
N—O cleavage at 60 °C to give o-acylaniline 83 from benzisoxazole 82 in 66% yield

(Scheme 29).534
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D. HYDROGENOLYSIS OF N—N BOND

Azide is one of the easiest functional groups to reduce with heterogeneous Pd catalyst
and H,. Thus, even with the less active Lindlar’s catalyst, azides can readily be reduced to
amines. Reduction of azido alkynoate ester 84 using Lindlar’s catalyst produced cis-
alkenylaminocarboxylic acid ester 85 in 86% yield (Scheme 30).5!

Tertiary azides can be reduced to primary amines under ambient temperature and low
hydrogen pressure (Scheme 31).1%¢!

Reduction of alkyl azides can also be accomplished under transfer hydrogenation
conditions using cyclohexenel®”! and formate*®/(Scheme 32).
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Functional groups that are stable to reduction during azide hydrogenolysis include
benzyl ester, alkyl chloride, benzyl ether, epoxide, alkoxy imine, hydrazone, nitrile,
aldehyde, and ketone (Scheme 33).03-43]

The above list of functional groups can be made to react along with the azido group under
more vigorous conditions or extended reaction time. For example, the olefin and benzylic

amine groups were further hydrogenolyzed under these conditions (Scheme 34

)'[44],[45]
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The azide functional group is therefore a convenient precursor to primary amines. The
amine formed may further react with other functional groups under the reaction condi-
tions. Thus, the reduction of azido diester 107 provided pyrrolidone 108 after cyclization
to the lactam (Scheme 35).140)

In the presence of formaldehyde the initially formed primary amine further underwent
a double reductive amination reaction to give the N,N-dimethylamine product
(Scheme 36).[47]

Other examples of intramolecular reductive amination reactions resulting from amines
formed from azido compounds are shown below. Excellent diastereoselectivities were
observed for the reduction of the intermediate imines in the latter two cases
(Scheme 37).[481-0501

Intramolecular alkylation of the amine formed can also occur to give cyclic
compounds. Electrophiles include mesylate,”!! tosylate,”? epoxide,¥ alkyl bromide,>*
sulfate,’! and imino ether™® (Scheme 38).

Other N—N bonds such as those in hydrazone 129,57 azine 131,5% and tetrazolo-
pyrimidinone 1335 can readily be hydrogenolyzed (Scheme 39).
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E. HYDROGENOLYSIS OF EPOXIDE

Regioselectivity in the epoxide ring opening is also controlled by similar factors affecting
the opening of cyclopropanes, with aryl substituent providing the greatest influence.
When an aryl substituent is on the epoxide ring, the benzylic C—O bond is always
hydrogenolyzed (Scheme 40).1

Since azide is reduced so easily, it is reduced first under the reaction conditions before
the epoxide ring hydrogenolysis. Because the epoxide ring opening is quite regioselec-
tive, the initially formed amine must not have influenced the regioselectivity of the
epoxide ring opening. Similarly, the presence of the hydroxymethyl substituent and steric
hindrance around the benzylic position in 137 were not able to prevent the benzylic
C—O bond cleavage (Scheme 41).11 The hydrogenolysis proceeded with inversion of
configuration, which is the predominant occurrence with Pd catalysts.

The ester carbonyl also did not exert any influence on the epoxide opening of
139 (Scheme 42).162! Steric control leads to the exclusive formation of the tertiary
alcohol 140.

Under the hydrogenolysis conditions used for the opening of epoxide, other benzylic
C—O bonds may also react. For example, the benzylic C—O bond of the acetonide 141
was cleaved to an extent of 80% (Scheme 43).06%]
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Further reduction completed the hydrogenolysis to the diol. In this case a lower cata-
lyst charge or the use of a less reactive Pd catalyst, such as Pd/CaCO; or Pd/BaSQO,, and
a neutral solvent may help to control the overreduction. Transfer hydrogenation condi-
tions using 1,4-cyclohexadiene as the hydrogen source gave 142 in 76% yield along with
16% of the deprotected triol.

Effective reaction conditions to prevent the benzylcarbamate functional group from
hydrogenolysis is probably impossible during the epoxide ring opening of 144 due to the
higher reactivity of the Cbz group (Scheme 44). The corresponding exo-epoxide was
more reactive toward hydrogenolysis and gave the aminol in 86% yield.

Besides aryl-directed ring opening, regioselective opening via allylic activation has
also been reported for 146 (Scheme 45).1! The olefin was not reduced under the reaction
conditions.

The use of Pd/CaCOj; provided diol 149 from 148 in high yield without the loss of the
benzylic hydroxy group (Scheme 46)./°! Hydrogenolysis of the benzylic hydroxy group,
if necessary, can be accomplished with Pd/C at 75 °C.

Mesylate and tosylate functional groups are usually not cleaved under Pd-catalyzed
hydrogenolysis conditions. Thus, it was possible to prepare hydroxy tosylate 152 from
151 in good yield (Scheme 47).

Pd-catalyzed transfer hydrogenolysis conditions have also been applied to epoxide
opening. Hydrogenolysis of representative examples with ammonium formate are pre-
sented in Scheme 48.1°7!
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F. HYDROGENOLYSIS OF AZIRIDINE

Again, aryl substituent has the greatest directing effect on the regioselectivity of aziridine
ring opening. Both inversion and retention of configurations at the carbon center have
been observed. Extensive loss of chirality was observed during the cleavage of the C—N
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bond in methyl ester 163 (Scheme 49).18! Better stereoselectivity was observed when the
t-Bu ester was used.

The stereochemistry of hydrogenolysis of 2-methyl-2-phenylaziridine with Pd(OH),/C
catalyst can favor either retention or inversion of configuration depending on the solvent
used.!® Under neutral reaction conditions, retention of configuration (68%) was observed
in benzene whereas inversion of configuration occurred to an extent of 88% in EtOH.
With N-acyl-2-methyl-2-phenylaziridine, both benzene and EtOH solvents gave inversion
of configuration as the major reaction pathway in 93% and 88% yields, respectively. The
stereoselectivity observed in EtOH could be completely reversed with the addition of
NaOH and KI. Under these basic conditions, 100% retention was observed with 2-
methyl-2-phenylaziridine. Although this reversal was not observed with N-acyl-2-methyl-
2-phenylaziridine, under the basic conditions but in the absence of KI the stereochemistry
of hydrogenolysis did improve to 97%. These results were explained based on the affinity
of Pd for the neutral nitrogen (in neutral pH) and anionic nitrogen (in basic conditions).
With the Pd preferably complexed with the anionic nitrogen because of the nitrogen’s in-
creased electron-donating character and also with the phenyl ring, retention of configura-
tion was observed. Since Pd has a low affinity for the neutral nitrogen, complexation with
the Pd occurs primarily with the phenyl ring only and from the backside of the C—N
bond, resulting in the observed inversion of configuration.

Neither the amide carbonyl in 165" nor the hydroxymethyl group in 167" influ-
enced the out come of the hydrogenolysis (Scheme 50).

atm H,
Pd(OH),/C
e CH2C12 LI
ITI CO,R CO,R
H H,N
163 164
R=Me 88% yield, 72% de
R = Bu-t 84% yield, 92% de
Scheme 49
H 54 atm H,
N, 13 wt % of
CONH, /0™ CONH,
60 °C, 14 h
R — NH,
165 166 90%
at 90% conversion
atm H,
SOzph 7 wt % of ,SOzPh
1{1 Pd/C(10%) HN—SO2Ph HN
95% EtOH /_k/
: OH * )wOH
o %OH rt,1h - Ph
167 168 99% 169 1%

Scheme 50
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In the latter case, only 1% of benzylic sulfonamide 169 was observed resulting from
the cleavage of the nonbenzylic C—N bond. A similar substrate 170 was hydrogenolyzed
in 99% yield using transfer hydrogenation conditions with formic acid as the hydrogen
source (Scheme 51).[72H73]

In the absence of benzylic electronic effect, the ester group on aziridines 17274 and
17473 directed the C—N bond cleavage effectively to give B-amino esters (Scheme 52).

For comparison, the hydrogenolysis of the hydroxymethyl derivative proceeded at the
less hindered C—N bond (Scheme 53).

For 172, the removal of the N-benzyl group occurred within the first 30 min of the
reaction followed by the hydrogenolysis of the aziridine ring, whereas the N-methyl-
benzyl protecting group remained attached throughout the reaction for 174. Removal of
the N-methylbenzyl group can be accomplished at a higher temperature and in an acidic
solvent as reported for the hydrogenolysis of 178 (Scheme 54).17¢/

IsozTolyl HCOH

Pd black —S0O,Tolyl
N EtOH, 70 °C HN 7252700
A :
Ph” ‘COZMC Ph CO,Me
170 171 89%
Scheme 51
OA\— 1 atm H, O+
10 wt % of
o PA/C(10%) 0o
EtOH
- . r.t, 3 days
H N ‘COEt > HN
| E
CH,Ph COE
172 173 100%
Hy
20 wt % of
. _Ph Pd(OH),/C ‘., _Ph
r AcOH r
rt,3h
. : HN
% /N LOoE > "o,k
174 H 175 80%
Scheme 52
H,
“.. - Ph 20 wt % of H
Pd(OH),/C ;
N CH,OH AcOH HN “pp
B rt,3h /\/ OH
H
176 177 95%

Scheme 53
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N/( 1 atm H,

Ph Pd/C
AcOH
15-55°C

—_—

N N ’
0= 17 0= 179 00%
Ph Ph

Scheme 54

NH,

G. HYDROGENOLYSIS OF HALIDES

Pd-catalyzed hydrodehalogenation of halides is a useful method for the removal of halogen
atoms. Since other metals are usually not as effective for this reaction (there are exceptions),
Pd is therefore the metal of choice. In fact, in order to preserve halogen on a substrate, other
metals such as Pt, Rh, and Raney nickel are used in the hydrogenation of other functional
groups. In general, the order of reactivity for halide removal is F << Cl < Br <I. Fluoride is
usually not hydrogenolyzed except in a limited number of cases. Unless the substrate con-
tains a basic functional group, it is beneficial to add one or more equivalents of a base to
neutralize the hydrogen halide formed in order to minimize its poisonous effect on the cata-
lyst. In the absence of a base, rapid slowing down of the reaction may sometimes occur, re-
sulting in incomplete reaction. The following are common bases used in hydrodehalogena-
tion reactions: MgQO, carbonates, bicarbonates, hydroxides, acetates, alkoxides, R3;N, and
DABCO. The useful hydrodehalogenation of acyl halides to aldehydes, the Rosenmund re-
duction, will not be covered here but will be covered in Sect. VI.2.4.

Besides carrying out dehydrohalogenation in organic solvents, the reaction can also be
carried out in water. 1°-Chloride 180 was dehalogenated in an aqueous bicarbonate solution
in 94% yield (Scheme 55).I"! Reduction of the corresponding bromide gave an 81% yield.

3°-Chloride 182 was also removed to give 184 as the major diastereomeric product in
83% combined yield (Scheme 56).7%!

H;

20 wt % of
Pd/C

ag. NaHCO;
50 °C,32h

Scheme 55

S=N atm Hy ,S‘%\I [Xj
N | 10 wt % of N -,
Y Na RCsw Y a s IS =N
EtOH, r.t. < .S
—_—
s Cl A cI” N

182 183 8% 184 75%
Scheme 56
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The imino chloride in 185 was completely reduced but the bridgehead chloride was
not touched. Surprisingly, when the bridgehead chloride was replaced with a methyl
group, only 10% of the imino chloride reduced product was observed and the major
product was the bislactam from hydrolysis (Scheme 57).7)

The selective removal of the chloride in the presence of a readily hydrogenated
aromatic nitro group was also reported (Scheme 58).1%! Acetonitrile was used as the
solvent along with triethylamine as the base for the hydrogenolysis of the chloro group in
chloronitrobenzene derivative 187. In EtOAc, however, the nitro group was concomitantly
reduced to give aniline 189 in 80% yield.

It was interesting to note that in the process of removing the bromide in 190®! and
193,321 the hydroxy and acetoxy groups were also lost (Scheme 59). The primary
bromide in 191 was removed in a separate step.

At 75% conversion, selectivity was observed in the reduction of bromoepoxysulfone
195 to give desbromo 196 in 79% yield with only 5% of the epoxide opened product 197
formed (Scheme 60).%3 On prolonged reaction time (15 h) hydroxysulfone 197 was
obtained in 72% yield.

The multiple chloro-substituted substrate 198 underwent complete hydrodechlorina-
tion in good yield by passing the substrate over Pd/C at 250 °C and atmospheric
hydrogen pressure (Scheme 61).1%

In the hydrogenolysis of the Cbz group in 200, monodechlorination of the trichloroac-
etamide was also observed to give 201 in excellent yield (Scheme 62).1%%

4 atm H,

CH,Ph 30 wt % of CH,Ph

I Pd/C(10%) I

N 0O DABCO, THF N 0

r.t.
N
Cl N Cl I\II Cl
H
185 186 64%
Scheme 57
O,N
CO,H
3h,
MeCN /) 188 70%
5-10 wt % of
0N CO,H PA/C (5%)
Et;N
cl o 80 °C
187 EtOAc
H,N
CO,H
189 80%

Scheme 58
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AcO
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2h

0,8

195

Cl

OCbz

Cl OH

76 wt % of PhCO,"-

0,5
j 196 79%
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OH H, OH
Pd/C, Et;N o
O EtOAc (0]
_— K
H
191 192
31% over 2 steps
atm Hz
10 wt % of
Pd/C (10%)
MgO,DMF  AcO
r t,30h
194 72%
Scheme 59

“10Me  PhCO," ~1O0Me

. 0
f 197 5%

atm H, F

Pd/C(1%)

250 °C
e e

Q-

Scheme 60

F
F

199 65%
Scheme 61

4 atm H,

12 wt % of
Pd/C (10%)
EtOAc, MeOH
r.t.,5h

201 94%

Scheme 62
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The selective monodebromination of geminal-substituted dibromopropane 2025 was
realized in only fair yield, whereas an excellent yield was obtained in the monodebromi-
nation of a,a-dibromolactam 205%7! (Scheme 63).

Dichlorolactam 207 behaved similarly to give the monochlorolactam in 98% yield
(Scheme 64).8%]

More interestingly, 50% enantioselectivity was observed in the monodechlorination of
a,a-dichlorolactam 209 using a cinchonine modified Pd catalyst (Scheme 65).(5!

In some cases alkenyl halides can be hydrodehalogenated without the reduction of the
resulting olefins. Some examples are presented below (Scheme 66).°°-92! These olefinic
products can and should eventually be reduced on prolonged reaction time or under more
vigorous hydrogenation conditions.

Iodobutadiene 218 was also dehalogenated selectively (Scheme 67).13

50 pSl H2
Ph 50 wt % of Ph Ph
Pd/C(10%) H
H COEt EOACEGN CO,Et H CO,Et
Br r.t., 9 days +
e o~
B N
Br . 1TI u ITI T q ITI
PhCO PhCO PhCO
202 203 29% 204 23%
EtO,C H, EtO,C
\ Pd/C(5%) 25
N AcOH, r.t. N
Br quinoline
—_— Br
Br
HN HN
205 © 206 © 92%
Scheme 63
Ph H, Ph
Cl 20 wt % of
Pd black Cl
Cl benzene, 8 h
ITI [6) ITI [6)
Ph Ph
207 208 98%
Scheme 64
3 atm H,
60 wt % of
Cl Pd/BaS0,4(5%)
THF, Bu;N Cl
Cl cinchonine, r.t.
HN 0 HN 0
209 210 96%
50% ee

Scheme 65
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atm H,
4.5 wt % of
Pd/C (10%)

0~ "o O O EoOH EGN o 0
—_—
+ NS M
Br XX o )
Br Br
atm Hz

6 wt % of

Pd/C(5%)
NaOAc, MeOH
0,8 quinoline
— rt,25h 0,5
W
I
214 215 96%
atm Hj
Ph Q 8 wt % of Ph Q
Pd/C(10%)
Ph
Cl
216
I
OH
218

EtOH Ph
r.t.,3h

217 85%
Scheme 66

atm H,
Pd/C(3%)

MeOH, NaOAc F OH
r.t., quinoline
—_—

OH

219 75%
Scheme 67

Under catalytic hydrogenolysis conditions, (Z)-N-methoxyarenecarboximidoyl halides
220 gave oximes 221 as the major if not exclusive product. The corresponding (E)-N-
methoxyarenecarboximidoyl halides 223 gave nitriles 222 as the major or exclusive prod-
uct instead (Scheme 68).41

With a variety of N-methoxyalkanimidoyl halides 225, good yields of oximes 226
were obtained exclusively.

Halogen-substituted aryl and heterocyclic compounds can also be hydrodehalogenated
as easily. With NaOAc as the base, iodopyrrole was deiodinated in quantitative yield
(Scheme 69).1

Chlorinated acetophenones and benzophenones were hydrodechlorinated selectively
under phase transfer conditions without the hydrogenation of the ketone (Scheme 70).¢!

The hydrodehalogenation of o-bromonitrobenzene with Pd and H, to give nitroben-
zene is usually unsatisfactory, but under transfer hydrogenation conditions with triethy-
lammonium formate a 91% yield of nitrobenzene was obtained.®”!

Transfer hydrogenation with cyclohexene also removed the chloride in chlorodini-
troaniline 233 but one of the two nitro groups was also reduced (Scheme 71).1%8!
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atm H
T ome BAERS i N
1 1 1
R \N,OMe 1-BuOH, EtsN R \N _OMe R ~
rt,lh +
R2 R2 RZ
R3 R3 R3
220 (@ R'= R*=H,R?=0Me 221a 63% 222a 8%
b®)R'=R2=R>*=0Me  221b 70% 222b 0%
Br H N
1 1 1 =
R SN R N R z
| _— | +
) OMe ) OMe
R R R?
R3 R3 R3
223 (@R'=R3*=H,R2=0Me 224a 11% 222a 69%
®)R'=RZ=R3*=0Me  224b 0% 222b 88%
X H
R4\)\\ OMe — 5 R4\)\\ _OMe
N N
225 226
(a) R = 2-naphthyl, X = Br 76% (d) R =4-MeOCgHy, X = Br 85%
(b) R =PhCH,, X = Br 78% (e) R = NC(CH,)y, X = Br 69%
(¢) R =4-AcC¢H,CH,, X =Br 84% (f) R =PhCH,, X =Cl 64%
Scheme 68
atm H,
Me R 24 wt % of Me R
PA/C(5%) R =p-CH3C6H,4
]\ MeOH, NaOAc 7\ R = C¢H5(CH,),
rt,1h _
Ts N I , Ts N R =Et
| | R =#Bu
H H
227 228 100%
Scheme 69
atm H2
25 wt % of
Pd/C(5%)
cl aq. KOH, isooctane
Aliquat 336
50°C,2.25h
_—
229 a o 230 81%
Cl
O ‘ 30 OC’ 45 h O O
—_—
231

cl O 232 6 T7%
Scheme 70



1I1.3.1 Pd-CATALYZED HYDROGENOLY SIS 1021

~N cyclohexene ~N
NH 125 wt % pf NH

O,N NO, PdC(10%)  o,N NH,
EtOH

reflux, 0.5 h
—_—

233 a1 234 85%

Scheme 71

Although transfer hydrogenolysis conditions can be used to remove a 1°-chloride such
as 235,11 modification of the reaction conditions also allowed the selective removal of
the aryl chloride in 237!%! while leaving the alkyl chloride untouched (Scheme 72).

Other monohalogen transfer hydrogenolysis was seen with trichloroanilide 239!'!! and
dibromo steroidal derivative 2411191 (Scheme 73).

The hydrogenation of benzaldehyde to the alcohol is usually facile with Pd, but even under
the refluxing temperature of the transfer hydrogen conditions, hydrodehalogenation of bro-
moformylimidazole 243 still provided the formylimidazole in 70% yield (Scheme 74).1'%%!

Besides observing hydrodehalogenation of aryl bromides under transfer hydrogen con-
ditions, in some cases biaryl coupling is observed. Bromopyridine 245 was homocoupled
to give the bipyridyl 246 in 68% yield (Scheme 75).1'%4!

HCO,NH,4
125 wt % of
Cl Pd/C, MeOH =
reflux HN
N NH, - \=N NH,
235 HCOH 236 66%
30 wt % of

Pd/C(30%)
Cl DMF
al reflux, 5h cl
—_—
237 238 85%
Scheme 72

§

HN

§

0 HCO,H, E;;N

0 o o

PN pd PN

CH;CN, NaOAc
N 80°C,3.8h N

1 a —  «a a

240 77.6%

HCO,H

33 wt % of
Pd/C(10%)
reflux, 1.5 h
DMF

241 Br Br 242 70%
Scheme 73
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HCO,NH,4
0.5 wt % of
\N CHO PA/C(10%) \  CHO
\ MeOH N
<\ reflux <\ \
N Br N
243 244 70%
Scheme 74
\ HCOzN’d
| Pd/C, EtOH
N/ B rt,6h
245" 246 68%
Scheme 75

H. HYDROGENOLYSIS OF BENZYLIC AND OTHER C—O BONDS

Of all the heterogeneous Pd-catalyzed C—O bond hydrogenolysis reactions, cleavage of
benzyl esters is the most facile (Scheme 76).!'%!

Benzyl carbonates!'%! and carbamates!'’’! can be hydrogenolyzed as readily with the
concomitant release of CO, (Scheme 77).

(@) O
H
(0} 2 O,

OCH,Ph ~ PdC OH

MeOH
O HN (0] r.t. O HN O
Y — Y
OBu-t OBu-1
247 248 96%
Scheme 76
(O
H, 0
12 wt % of
& . Pd/C(10%)
\ % EtOAc, r.t. e}
MeO O/ ? ‘Q //‘/
O OMe
>=O O 250 98%
O
NH H,, Pd/C NH,
249 < EiOH, EGN 0
(6]
252 92%

Scheme 77
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Debenzylation of esters has been carried out under transfer hydrogenation conditions
with ammonium formate as the hydrogen source (Scheme 78).'%819) Under transfer
hydrogenolysis conditions, the vinylogous carbamate 253 also underwent decarboxyla-
tion. The N-benzyl was also hydrogenolyzed.

Even 2-phenylethylcarbamate (“homobenzyloxycarbonyl”) can be hydrogenolyzed
(Scheme 79).[110]

Although hydrogenolysis of benzyl ethers is slower than benzyloxycarbonyl deriva-
tives, especially when an amine is used as an additive,!''!! they are still readily reduced in
a variety of solvents (Scheme 80).['12-113]

In the case of binaphthyl ether 263, the secondary C—O bonds were hydrogenolyzed
exclusively to provide the desired binaphthyl diol 264 (Scheme 81).1''4

PA/C(10%)
NH,HCO,

MeOH -BuO
100 °C, 0.5 h N 0\)
el

)

0 H
254 97%

Scheme 78

100 wt % of
H Pd(OAc),
| NH4HCO,

|
O N MeOH .N
\[]/ rt,8h H
(6]
255 256 90%
Scheme 79

atm Hy
Pd/C(5%)
o /h NH,OAc o /Ph
t-BuO (6] MeOH, 16 h t-BuO O
HN r.t. HN

_CH,Ph H,, Pd/C
O MeOH

0 /

12h
P\)\/ N rt.,
Et0” | ~

Ha, Pd/C
EtOAc
.t

\
CH,Ph

262 100%

Scheme 80
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O O 0 @ 5.1 atm H, OO OH

Pd/C
AcOH, r.t.
o e
263 264 90%
Scheme 81

Benzyl ethers can be cleaved under hydrogen transfer conditions with many
commonly used hydrogen donors such as ammonium formate,!''*! 2-propanol,!'!®! and
cyclohexene.!'!”!

Although the hydrogenolysis of benzyl protecting groups is faster than many other
hydrogenolyzable groups, hydrogenolysis of benzyl ethers has been found to be inhibited
by 2-methylnaphthalene. In the competitive hydrogenolysis of diether 265, only the naph-
thylmethyl ether group was cleaved to give the benzyloxy alcohol 266 (Scheme 82).118]
The 2-methylnaphthalene formed continued to inhibit the deprotection of the benzyl
group. In fact, the addition of 2-methylnaphthalene alone inhibited the hydrogenolysis of
benzyl ethers.

In addition, a catalytic amount of pyridine or ammonium acetate also suppresses the
hydrogenolysis of aliphatic O-benzyl protective group.!!!''"!1%l Cleavage of phenolic ben-
zyl ethers, which are more labile than alkyl benzyl ethers, can also be prevented by the
addition of 2,2’-dipyridyl (Scheme 83).[2%!

The reduction of the stilbene olefin in 267 occurred selectively first while the aromatic
nitro group was reduced with longer reaction time. Even prolonged reaction time did not
further hydrogenolyze the phenolic benzyl ether.

1 atm H,
(e} Pd/C(10%) 0
PhCHy” \/\o E{OH, r.. PhCHy” " oH
—_—
265 266 96%

Scheme 82
atm H2
10 wt % of

Pd/C(5%)
PhCH,0 O \ MeOH  pPhCH,0 O
rt.2h
2,2’-dipyridyl
267 268 84%

l 24 h
——e

269 86%
Scheme 83
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The hydrogenolysis of benzylic alcohols in many cases can benefit from the use of an
acid to provide faster or more satisfactory reaction rates (Scheme 84).[12!!

Commonly used acids include hydrochloric, sulfuric, perchloric, and acetic. Although
aliphatic ketones are generally resistant to Pd-catalyzed hydrogenation, benzylic ketones
readily hydrogenolyze to aryl alkanes via hydroxy intermediates (Scheme 85).122!

3-Acyltetronic acids, which carry a nonbenzylic ketone function, can also be
hydrogenolyzed to give 3-alkyltetronic acids (Scheme 86).!'>*!

Interestingly, in the presence of KOH and aliquat 336, the Pd-catalyzed hydrogenolysis
of (4’-chlorophenyl)-1-propanol in hydrocarbon solvents gave propylbenzene in 96% yield
along with 4% of 1-phenyl-1-propanol (Scheme 87).!'>*! With nonhalogenated aryl alco-
hols, such as 1-phenyl-1-propanol, the hydrogenolysis did not proceed unless an aryl halide
was also added. Thus, in the presence of o-dichlorobenzene even t-benzylic alcohol 278 was
hydrogenolyzed quite rapidly. The reason for this selectivity is unknown at this time.

QH 3 atm H,

i 15 wt % of
Pd/C(10%)

N MeOH N
. HCl1
MeO ~s0, A . MeO NS0,
OH
\CHzPh 270 271 98%

Scheme 84

MeO MeO
H,, Pd/C
EtOH
—_ .

(0]
272 273 97%
Scheme 85
Q 1 atm H, .
HO, R! Pd/C (10%) HO, CH,R
_ EtOH _
rt.,4-6h
—_—
R2 (0 O R2 o) (6]
274 275
R2
R! H Me
CH3 96% 95%
Et 86% 86%
n-Pr 84% 93%
Benzyl 93%

Scheme 86
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OH
O~
Et
276
OH

278

Other commonly encountered hydrogenolyzable O-protecting groups are

atm H,

5% Pd/C Aq KOH
isooctane aliquat 336
50 °C, 45 min

o

277 96%

atm H,
5% Pd/C Aq KOH
isooctane

o-dichlorobenzene
aliquat 336

50°C,1h
279 100%

Scheme 87

Q_Pr-n

shown

below. These include triphenylmethyl,!'>! diphenylmethyl,!'?! 9-fluorenyl,!'?”! and 9-
fluorenylmethyl!!?8! (Scheme 88). The 9-fluorenylmethyl protecting group has also been
hydrogenolyzed under transfer hydrogenolysis conditions using freshly precipitated Pd

2.5 atm H,
55 wt % of
Pd/C(5%)
EtOH

rt., 14 h

atm H,
10 wt % of
Pd/C(10%)

rt 12h

OH O
282

.

AcOH, EtOH

phCHzo)OLN/\[rNJ)k P

281 80% OH
z OMe

HO 0

OH o
283 90%

H,
PA/C(10%)

MeOH

H,

Pd/C(10%)
AcOH, MeOH

O atm
OYO 50 wt % of

CO,H

HN,,
286 (

0°C,4h HoN,,,
—_—
|;87

CO,H

Scheme 88

OH



1I1.3.1 Pd-CATALYZED HYDROGENOLY SIS 1027

[from Pd(OAc),] on Pd/C and ammonium formate as the hydrogen source.['?*! The cata-
lyst prepared in this manner was more active in the hydrogenolysis reaction.

Several less commonly utilized protecting groups include 2-trimethylsilylpropenyl,!3%
dimethylpicolinyl,['*! and 3-alkoxyisoxazole!'*?! (Scheme 89).

The frequently used protecting group for carbonyl protection is 1,2-bis(hydrox-
ymethyl)benzene. It has been used for the protection of both aldehyde!'**! and ketone!!*#!
functional groups (Scheme 90).

This diol has also been used to protect boronic acids!!*! and phosphates!'*®! (Scheme 91).

Another protecting group for aliphatic aldo and keto carbonyl groups is
phenylethandiol (Scheme 92).[137]

9 atm H, 8
P Pd/C(10%) P
o’ o/\( EtOH, r.t. HO I OH
Y\ OEt - OEt
T™MS oo TMS 289
O Ho0 H,, Pd/C O H
L . DMF P N.
~BuO0” N I N rt,1.5h ~BuO0” N NH,
| I | — |
H o) H N H 0
290 291 85%
-CH CPh 4 atm Hy, -C,H CPh
n-Cie 33\0/\/\0/ 3 PA/C(10%) n-Cie 33\0/\;/\0/ 3
H EtOH/THF (9:1) H
0 rt,48h OH
N
292 m —— 293 94%
N—
0
Scheme 89
1 atm H,
1 mol % of
(e PdO H
THF
rt,0.5h
0 > 0
294 295 100%
H,, Pd/C(10%) o
0 o EtOH, CH,Cl,
cat. NaHCO;
rt, 12h
OAc OAc
OAc OAc
296 297 95%

Scheme 90
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302

H,

20 wt % of
Pd/C
AcOH/MeOH
r.t.

H,, Pd/C(10%)
aq. MeOH
r.t,24h

Scheme 91

atm Hjp

8 wt % of
Pd/C(10%)
THF
rt.,6h

Scheme 92

OH
/
\
OH

299

Ph
_\—O\ /OH

P
2\
O oH

301 98%

)j\/\cone

303 80%

Diols, on the other hand, can be protected as the benzaldehyde acetal or the benzophe-
none ketal, which are readily deprotected again under Pd-catalyzed hydrogenolysis condi-

tions (Scheme 93).[1381.1139]

Although similar hydrogenolyzable groups are in the same molecule, the selective re-
moval of one may sometimes be carried out (Scheme 94),[1401141]
In a competitive hydrogenolysis reaction, the benzyl protecting group was selectively
removed leaving the dimethylbenzyl ether intact (Scheme 95).[142! The dimethylbenzyl

ether could be removed after 15 h under 4 atm of hydrogen.

The parent benzyl group was also selectively removed in the presence of the
4-methoxy-substituted benzyl (Scheme 96).1'4*

o
n—C17H35C02'—<: >— Ph
o
304

Ph
iyt
(@)

o

o

COQMG 306

H,, Pd/C

OCH,ph  AtmH
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OCH,Ph EtOAc, r.t.

D

Scheme 93

OH
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OH
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OH

OH

(0}
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OH
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o) EtOAc (0]
0 25°C,1h 0
PhCH,0 O H HO O H
310 311 88%
Scheme 94
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As expected, certain hydrogenolyzable protecting groups are more readily removed
than others. For example, the benzyl ether was removed faster than the trityl protecting
group (Scheme 97).[144]

Similarly, the benzyl protected ester was selectively hydrogenolyzed in the presence of
the 9-fluorenylmethyl protecting group,'*3! but the benzyl group was slower to hy-
drogenolyze than the 9-fluorenyl protecting group!!*®! (Scheme 98).

Even though aliphatic mesylates are difficult to hydrogenolyze, no difficulty was en-
countered in the cleavage of benzylic mesylate 322 (Scheme 99).[147]

Marinating Pd/C with (1R,3S)-3-aminoborneol, (S)-2-hydroxymethylazetidine, and
(1R,25)-ephedrine produced useful chiral heterogeneous catalysts. These catalysts have
been used for the asymmetric hydrogenolysis of benzyl 3-keto esters and benzyl enol car-
bonates to give chiral ketones in fair to good yield (ee) (Scheme 100).!'48-151 These

O— atm H2 0O—
_/ 14 wt % of _/
PRCH0, O Pd black HO, 9
EtOH
rt.,30h
O 0) - (0] (o)
316  OCPhs 317 75% OCPhs
Scheme 97
2.7 atm Hz
MeOH, rt
}'1 0 318 NO 319 79%
OCH,Ph OCH,Ph
atm Hy
Pd/C(10%)
H OH OH AcOH/EtOH K OH OH
. o rt,12h HO
O 320 321 90%
Scheme 98
6 atm H,
CF; 10 wt % of CF;
0SO,Me  Pd/C(10%) H R =NH, 90%
MeOH _
R ct.5h g R=OEt 75%
322 o) - 323 o

Scheme 99



1I1.3.1 Pd-CATALYZED HYDROGENOLY SIS 1031

transformations have also been accomplished under homogeneous transfer hydrogenoly-
sis conditions with phosphinated palladium complexes (see Sects. V.2.3.1 and V.2.3.2).

Hydrogenolysis of a nonbenzylic mesylate group on an sp® carbon is generally slug-
gish, but the trifluoromethanesulfonate seems to be easier. Thus, the a-triflate leaving
group in lactone 330 was cleaved under mild hydrogenolysis conditions (Scheme 101).11521
Even enol triflate 332 was hydrogenolyzed along with the hydrogenation of the olefin, but
very high loading of catalyst was used.['>*

Trichloroethyl phosphate and phosphonate esters are hydrogenolyzed to give phos-
phate and phosphonate acids, respectively (Scheme 102).[15411155]

Phenolic hydroxy group can be hydrogenolyzed via the diethylisourea (Scheme 103).115¢!

Under either hydrogenation>”! or transfer hydrogenation'® conditions, the 5-oxy-
tetrazole fragment can be hydrogenolyzed in fair to good yields (Scheme 104).

atm H2
9 Pd/C(5%) o

aminobornane
CH;CN, 52 °C cn
T
OCH,Ph
324 o 325 86%

99% ee

atm Hj

O Pd/C(5%) O
OCH,Ph aminobornane

CO- B (-
—_—

326 327 90%

O 63% ee
Ji§ 0,

(0] OCH,Ph Pd/C(5%) O

aminoborneol

CH;CN
rt.,0.7h
—_—

328 329 90%
64% ee

o

Scheme 100

HO, OSO,CF; 4.4 atm H, HO,
DIPEA

Pd/C(10%)

o AcOEt O..., 0
rt,45h 0
—_—

0 330 0~ 331 86%

276 wt %
Pd/C(10%)
atm Hz
MeOH
rt,2h

Scheme 101
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OCH,CCl3
Cl,CCH,0—P=0

N_< _OEt

O/
336 o OCH,CCl;
O
t-Bu
(0) (6)
S N/gNH
) 338
Ph
4
NN
N\ ~
OMe
‘O
OMe
N
MeO 340
CO,Et
| X N’I\I\\
|
=
N o)\ N
342 Ph
HCO,H
benzene
reﬂux
Catalyst = Pd/C, 5 min
Catalyst = Pd/Pb/C, 15 min

Ph

0%
81%
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(I)H
HO —P o

SOEN

335 90%

N_< _OEt
/

0)

atm H,

75 wt % of
Pd/C(10%)
EtOH/H,O

OEt rt,24h

-

Ph

H,
10% Pd/C
EtOH

20°C,72h
337 50% O OH
Scheme 102

5 atm H 0]
9 wt % of

PA/C(10%) t-Bu

EtOH

t.,8h
i 0

339 88%

Scheme 103

10 atm H,
Pd/C(5%)
dioxane

60 °C,24 h

B

OMe

O

2N 341 66%

OMe

MeO !

MeO
CO,Et

Ph
Ph =
N
N\

N
343 44%

Pd/C
HCO,NH,
EtOH

reflux, 0.2 h
—_—

Ph
j)\/ >_< £ Ph Ay * P

100%
1%

O%
8%

O%
1%

Scheme 104
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To preserve the olefin in 344, Pb-doped Pd/C was required. Some olefin isomerization
products were also formed.

I. HYDROGENOLYSIS OF C—N BONDS

Many hydrogenolyzable protecting groups used for O-protection can also be used for
N-protection. Again, benzyl is the most common protecting group used for N-protection.
As shown by the examples in Scheme 105, many different reaction conditions and Pd
catalysts have been used successfully to accomplish the hydrogenolysis of the N-benzyl

Ph
Ph H,
N—N CF3 pd/C(10%) HaoN CF3
EtOAc
N r.t., 3 days N
O O
349 OMe 350 83% OMe
2 atm Hp
ph” N Pd/C HN
MeOH
MeO ﬂ» MeO
351 OMe OMe 352 60%
H,
(0] 8.5 wt % of
Pd/C(10%)
AcOH
i PhH,C NMe i 10h 0
t-BuO N N _—
353 i i NMe,
O COH +-BuO N
O CO.H 354
1 atm H,
Pd/BaSO4 H
Pd black conc. HC]
pre > J\/OH EtOHaC 0 NJ\/ PhSN OH \eon  Pha OH
) : rt 45 min \n/
Ph 355 356 80% h 357 358 70%
Ph, —Ph
“ N 5 atm H, H,N
[ Pd(OH),/C 3
Ph a, N “""Ph TFA H2N Ph
"'IH aq. MeOH "1y
r.t., 45 min H
0~ o > HO Yo
359 360 83%

Scheme 105
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group.[H1641 Acidic conditions in conjunction with Pd(OH),/C (this catalyst has been
used especially for hydrogenolysis reactions) are used favorably in many instances.

In some cases the selective monodebenzylation of N,N-dibenzylamine has been
accomplished (Scheme 106).!'53

Chiral a-methylbenzylamine has frequently been used as a chiral auxiliary for di-
astereoselective synthesis. This protecting group does not present any problem during its
hydrogenolysis (Scheme 107).1%¢!

The N-methylbenzyl and N-benzyl protecting groups have been selectively removed in
the presence of benzylic hydroxy!!¢”! and N-nitrosoamine!'®®! functional groups, respec-
tively (Scheme 108).

In a competitive hydrogenolysis reaction between O-benzyl ether and N-benzylamine
groups, the latter was preferably hydrogenolyzed. Amines have been shown to have an in-
hibitory effect on the hydrogenolysis of benzyl ether.!!1H11911169]

0.3 atm H,
40 wt % of
o i Pd/C(5%) 0 III
conc. HCI1 N
EtOH,2h  MeO \/\ NHCH,Ph
—_— i

362 81%
Scheme 106

363
OMe

3.9 atm H2
25 wt % of
Pd/C(10%)
H,O

rt,2h
—_—

Scheme 107

H,

20 wt % of
Pd(OH),/C
EtOAc

Boc,0

1 atm H,
Pd(OH),/C
EtOAc

.t
—_— >

Boc,O

Scheme 108

HO H

|
Jw
Ph

COK

91%
OMe

364

OH

Ph
_NBoc
H

366 93%
Ph

BocHN N
OH

368 89%
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The selective hydrogenolysis of N-benzylamine in the presence of a trityl ether was
also carried out in 60% yield (Scheme 109).1'7!

Benzhydryl group has been used for protecting alcohols as well as amines and amides.
The protected imide was hydrogenolyzed at 65 °C in 75 min (Scheme 110).[171]

The imine derived from benzophenone was also hydrogenolyzed after the initial reduc-
tion of the C=N double bond (Scheme 111).17%!

Trityl,['73! 9-phenyl-9-fluorenyl,!!" and dibenzosubery!!”*! groups have also been used
for amine protection and they can also be removed quite readily (Scheme 112).

N-Benzylamide is usually difficult to hydrogenolyze. Surprisingly, even the relatively
more difficult to hydrogenolyze p-methoxybenzyl on an amide nitrogen was removed
under acidic conditions and PdCl, to give lactam 382 in excellent yield (Scheme 113).117¢!

N-Benzylpyridone 383!'77! and N-benzylurea 385!'78! were also hydrogenolyzed in
good yields using AcOH and Pd(OH),/C (Scheme 114).

Dibenzylpyrimidine 387 was monodebenzylated under transfer hydrogenolysis condi-
tions to give 388 in 60% yield (Scheme 115).1'7°! The imide benzyl group was slower to
react but did get removed after 48 h at reflux and 300 wt % catalyst loading to give the
completely debenzylated product in 78% yield.

Ph3CO,’ 1 atm H2 Ph3CO,
- 12 wt % of -
0 Pd(OH),/C(20%) 0
MeOH
N tt,4h N
) OMe ILI OMe
Ph™ 369 370 60%
Scheme 109
(0] Ph Hy (0]
)\ Pd/C(5%) -
EtOH -
| /IL Ph 6soC, 75 min | /L
N. =~ NS
N 0 I}I 0o
I
H H
371 372 95%
Scheme 110
Ph /\(_) Ph /\Q
Phe Oy A Ph__ O\~
~ 0" > ph ~ 0" >ph
PN O H P O
\ Pd/C(5%)
Ph 0 H MeOH, HCl Ph O H
(0] rt,2h 0
O O
N H,N
)I\ OMe OMe
Ph7373 Ph 374 96%

Scheme 111
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2.5 atm H,

(e} 0 10 wt % of 0 0
O (0] Pd black

EtOAc/MeOH S
MEO o >e a0 MEO 0" ph

NHCPh, T+ BuOT O OBu HN._ _OBu-t
Me0” YO : Me0” X0

375 o
0) atm H, O
N0 : O 21 wt % of
"X

376 97% O

Pd/C(10%) NH
THF/MeOH

rt,26h “u, O~ Ph
_—

Ph
OH
377 378 98%
Ph

OH

O
380 100%

Scheme 112

<O
L. o
OH O
382 90%
381

Scheme 113

r H; }|I
N (0] Pd(OH),/C N (0]
| AcOH |

O

P rt. _
</O 383 </O 384 80%

(0]

H,
Ph Pd(OH),/C
+Bu0” NH ( MeOH/AcOH  +BuO” "NH H
H rt,24h H

H |
HO\/\/ N\n/ NH, —— HO\/'\/ N NH,
385 0 386 78% O
Scheme 114
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HCO,NH,
o) 150 wt % of 0
Pd/C(10%)
S MeOH S
Ph N | reflux, 4.3 h Ph N |
PN — A
(0) N (0] ITT
P H
Ph
388 60%
387 ’
Scheme 115

Benzylic C—N bonds of sulfonamides 389181 and 391'3!] are more readily hydro-
genolyzed than N-benzylamide protecting group (Scheme 116). Hydrogenolysis of 389
under neutral conditions resulted in the opening of the [-lactam ring. Both the
benzhydryl and benzyl groups were removed in the hydrogenolysis of 391 to give the
primary sulfonamide in excellent yield.

Nitrone 393,321 oxazapyrrolidinone 395,33 and dienone 397"'%* were hydro-
genolyzed to give primary amines (Scheme 117).

Nitrogen on heterocycles has frequently been protected as the N-benzyl derivative.
Thus, 2-benzylimidazole 399 was successfully debenzylated to 400 in excellent yield
(Scheme 118).!'%5 It should be noted that the benzylic ketone in 399 was not hydro-
genated. Transfer hydrogenolysis with ammonium formate was also effective for the
removal of the benzyl group in N-benzyl-2-methylimidazole.

The p-methoxybenzyl protecting group in tetrazole 401 was hydrogenolyzed without
the cleavage of the hydroxy group (Scheme 119).[18¢)

Diazo compounds are also easily hydrogenolyzed (Scheme 120).1!87)

H, (0]
Pd/C |
EtOH Ph ,S\
reflux, 12 h HN \0
—_— O
AcO’ 0
389 390 65%

1 atm H,
Pd(OH),/C
MeOH/THF
Et;N

r,18h _ 4Bu0” N

(¢}

392 92%

Scheme 116
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atm H,
60 wt % of
Pd/C(10%)
AcOH
rt.,6h
393 394 85%
Cl Cl
H,
25 wt % of
PA/C(10%)
1 N HCl1
— MeOH
o N It HN
\n/ 396 100%
CO,H
0 395 €Ot :
OMe
atm Hz
O 7 wt % of
PII i Pd/C(10%) OMe
~ 1 N HCI, MeOH
Ph_ _N H s o
—_—
(0] N.
H,N H
rBu Bu-t O 398 88%
0 397 7
Scheme 117
atm Hy
(0] 18 wt % of (0]
Pd/C(10%)
H)N conc. HC1 H,N,
_ NH2 MGOH/H20 —_— NH2
Ph NN -2HCl 160 pN N -2HC
399 400 96%
Scheme 118
OMe
3.4 atm H, HN’N\
PdCl,, EtOH ‘N
N -N rt.,3h N
\\N —_—
R X
402
OH _
401 R =Ph 90%

R
Scheme 119

=Ph(CH,), 91%
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O\M + 0 VEOH.

% o WL OH OH
0 M COM
RS Kﬁfﬁ D

N, N, MeOH '
OH OH HO' HO
403 404 405 77.5% 406 15.5%
Scheme 120

J. OTHER HYDROGENOLYSIS

The oxygen—oxygen bonds of peroxides and ozonides (resulting from the ozonolysis
of alkenes) can easily be cleaved under Pd-catalyzed hydrogenation conditions
(Scheme 121).[1881-190]

Interestingly, even carbon—tin"!! and oxygen—silicon bonds!!®”' can be hydro-
genolyzed (Scheme 122). The Si—O bond can be hydrogenolyzed with interesting selec-
tivity. The diethylisopropylsilyl group in 415 was selectively removed while the
t-butyldiphenylsilyl was untouched. In a competitive hydrogenolysis experiment between
benzyl ether and diethylisopropylsilyl ether in dioxane, only the benzyl group was
hydrogenolyzed in 98%. Acylsilane 417 was hydrogenolyzed to aldehyde 418.['! The
phenyl substituent on silicon is crucial in the acceleration of the hydrogenolysis rate.

3.4 atm Hp
75 wt % of
Pd/C(5%)
EtOH
rt,2h

atm Hy

5 wt % of
Pd/C(10%)
EtOAc

412 100%

Scheme 121
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n-BusSn (0]
H
: H,
Pd/C
413
_ Si-—/
(@) H,
Pd(OH),/C
N rt, 1 h
_—
O .Ph
~Sil
/}\P "
415
atm H,
20 wt % of
OCH,Ph PA/C
PhMe,Si EtOH
rt,10h
0
417
Scheme 122

K. SUMMARY

414 85%

OH

416 98%

OCH,Ph

o
418 80%

This section summarizes the different hydrogenolyzable functional groups discussed in

previous sections.

Reaction Number Substrates

Products

Sect. B Carbon—Carbon Bonds (Cyclopropane)

A

Sect. C Nitrogen—Oxygen Bonds

R,
2. N— O\
R, HRy

G
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R
3. R2_<\ + R;—NH,
N—O
/
R3
Ry Ry
4 =N )—NH,
R2 O_H (R 3) R2
° N’ 0 OH
5 \ )X_//
6. R—ONO, R—OH
N—OH NH
7 R— R—/<
NH, NH,

Sect. D Nitrogen—Nitrogen Bonds

8. R_Ng R_NH2
Ry
=N R,
9 R, N—R; )—NHZ +R;s—NH,
H Ry
fNﬁ)\ N“zﬁ)\
10- N ANN 1\; N
N~ ~ <
bl bl
O (0]

Sect. E Carbon—Oxygen Bonds (Epoxide)

\W4 /\
11. 0 H OH

Sect. F Carbon—Nitrogn Bonds (Aziridine)

N
12. |
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Sect. G Carbon—Halogen Bond (I, Br, Cl)

13. R—X
X
14. H
15. Ar—X
0

cl
16. cl

Cl

0
X
17. )‘\‘/X

X
18. )\\N,OMe

Sect. H Carbon—Oxygen Bond (Benzylic and Others)

(0] H(R)
19.
O Ar
_0O Ar
20. R
H(R)
OH
21. Ar/i\
_R

0
22. h)\ R

23. Ph Ph

o
"

Ar—H

R—OH

2R—OH

OH H

R—OH
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A\
25. Ar OSOQMC

o

26. )‘\‘/OSOZCF3

1]
27. RO/I,’\O/\ ccls
O _-CCl3
O.__NH
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28. NEt,
Ph
\
{N\
o—\ I
29, Al NN
Ph
\
N~
o— 1
N
30. Ph—//_/
Sect. I Carbon—Nitrogen Bond (Benzylic)
Ri
31 Ry NAAT
1?1
N _Ar
32. Ry \|/
Ar
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s
Y

i
RO ~oH
OH
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Ar—H
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36.

37.

38.

39.

40.

Sect. J Other Bond Cleavage

41.

42,

43.

44,

45.

Ph Ph
O\IFN\(RI
o R

Ph_ NHR

t-Bu’ Bu-1

Ry “NH,

R—NH,

2 ROH



1I1.3.1 Pd-CATALYZED HYDROGENOLY SIS 1045

REFERENCES

(1]
(2]
(3]
(4]
(5]
(6]
(7]
(8]
(9]
(10]
(11]
(12]
[13]
[14]

[15]
[16]
[17]
(18]

[19]

[20]
[21]
[22]

[23]
[24]
[25]
[26]

[27]

(28]
[29]
(30]
[31]

[32]
[33]
[34]
[35]
[36]

U. Misslitz, H. Primke, and A. De Meijere, Chem. Ber., 1989, 122, 537.

M. Shimura, M. Iwata, S. Omoto, and Y. Sekizawa, Agric. Biol. Chem., 1979, 43, 2279.
J. Afzal, R. A. Magarian, M. Griffin, and J. Pento, Synth. Commun., 1989, 19, 3061.

G. Keglevich, A. Tungler, T. Novak, and L. Toke, J. Chem. Res., 1996, 528.

Y. Bassard and M. Schlosser, Tetrahedron, 1991, 47, 1231.

F. Kienzle, J. Stadlwieser, W. Rank, and 1. Mergelsberg, Tetrahedron Lett., 1988, 29, 6479.
H. J. Liu and M. G. Kulkarni, Tetrahedron Lett., 1985, 26, 4847.

A. Srikrisna and S. Nagaraju, J. Chem. Soc. Perkin Trans. 1, 1991, 657.

G. R. Geen, P. M. Kincey, and B. M. Choudary, Tetrahedron Lett., 1992, 33, 4609.

M. K. Gurjar, P. Kumar, and B. V. Rao, Tetrahedron Lett., 1996, 37, 8617.

C. Ray, B. Saha, and U. R. Ghatak, Tetrahedron, 1990, 46, 2857.

A. G. Fallis, K. Antczak, J. F. Kingston, and A.W. Hanson, Can. J. Chem., 1987, 65, 114.
G. M. Barretta and W. Tam, J. Org. Chem., 1997, 62, 7673.

A. G. Romero, W. H. Darlington, E. Jon Jacobsen, and J. W. Mickelson, Tetrahedron Lett.,
1996, 37,2361.

T. Kawasaki, A. Kodama, T. Nishida, K. Shimizu, and M. Somei, Heterocycles, 1991, 32, 221.
G. Broggini and G. Zecchi, Tetrahedron: Asymmetry, 1997, 8, 1431.
P. Merino, A. Lenaspa, F. L. Merchan, and T. Tejero, Tetrahedron: Asymmetry, 1997, 8, 2381.

B. D. Judkins, D. G. Allen, T. A. Cook, B. Evans, and T. E. Saedharwala, Synth. Commun.,
1996, 4351.

T. Gefflaut, V. Bauer, K. Airola, and A. M. P. Koskinen, Tetrahedron: Asymmetry, 1996, 7,
3099.

W. J. Krol, S.-S. Mao, D. L. Steele, and C. A. Townsend, J. Org. Chem., 1991, 56, 728.
R. H. Prager and Y. Singh, Aust. J. Chem., 1994, 47, 1263.

S. Maciejewski, I. Panfil, C. Belzecki, and M. Chmielewski, Tetrahedron Lett., 1990,
31, 1901.

C. Kashima, K. Takahashi, I. Fukuchi, and K. Fukusaka, Heterocycles, 1997, 44, 289.
A. Defoin, H. Sarazin, and J. Streith, Helv. Chim. Acta, 1996, 79, 560.
S. H. Jung, E. K. Lee, H. J. Sung, and S. O. Kim, Bull. Korean Chem. Soc., 1996, 17, 2.

R. E. Bolton, S. J. Coote, H. Finch, A. Lowdon, N. Pegg, and M. V. Vinader, Tetrahedron
Lett., 1995, 25, 4471.

R. Mueller, T. Leiblod, M. Patzel, and V. Jager, Angew. Chem. Int. Ed. Engl., 1994,
106, 1295.

R. Zimmer, M. Hoffman, and H.-U. Reisbig, Chem. Ber., 1992, 125, 2243.
T. Arnold, B. Orshel, and H.-U. Reisbig, Angew. Chem. Int. Ed. Engl., 1992, 104, 1033.
E. M. Beccalli and A. Marchesini, Synthesis, 1991, 861.

I. Bata, D. Korbonits, P. Kolonits, B. Podanyi, T. Takacsy-Eros, and K. Simon, Chem. Ber.,
1993, 126, 1835.

E. M. Beccalli, A. Marchesini, and T. Pilati, Synthesis, 1991, 2, 127.

R. Di Fabio, T. Rossi, and R. J. Thomas, Tetrahedron Lett., 1997, 38, 3587.
N. Haider, G. Heinisch, and J. Moshuber, Heterocycles, 1994, 38, 125.

W. Nowak and H. Gerlach, Liebigs Ann. Chem., 1993, 153.

B. Alcaide, C. Biurrun, and J. Plumet, Tetrahedron Lett., 1992, 33, 7413.



1046

(37]

(38]

(39]
[40]
(41]
[42]
[43]
[44]
[45]
[46]
[47]
(48]
[49]
[50]
[51]

[52]
[53]

[54]
[55]

[56]
[57]
[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]
[70]
[71]
[72]
(73]
[74]
[75]

III Pd-CATALYZED CROSS-COUPLING

M. Ihara, M. Takahashi, H. Niitsuma, N. Taniguchi, K. Yasui, and K. Fukumoto, J. Org.
Chem., 1989, 54, 5413.

V. Glacon, A. El Meslouti, R. Uzan, G. Demailly, and D. Beaupere, Tetrahedron Lett., 1996,
37, 3683.

W. H. Pearson and E. J. Hembre, J. Org. Chem., 1996, 61, 5537.

U. Schmidt, F. Stabler, and A. Lieberknecht, Synthesis, 1994, 890.

S. Shatzmiller and S. Bercovici, Liebigs Ann. Chem., 1992, 10, 1005.

D. Enders and D. Bartzen, Liebigs Ann. Chem., 1991, 6, 569.

V. Kamath, Jahangir, and D. C. Baker, Heterocycles, 1990, 31, 1549.

T. R. Burke, Jr., P. Russ, and B. Liu, Synthesis, 1991, 1019.

I. Ojima, M.-Z. Zhao, T. Yamamoto, and K. Nakahashi, J. Org. Chem., 1991, 56, 5263.
K. J. Lindstrom and S. L. Crooks, Synth. Commun., 1990, 20, 2335.

M. Hornyak, I. F. Pelyvas, and F. J. Sztaricskai, Tetrahedron Lett., 1993, 4087.
A. Baudat, S. Picasso, and P. V. Vogel, Carbohydr. Res., 1996, 281, 277.

D. Enders and U. Jegelka, Synlett, 1992, 999.

K. Dax, V. Graberger, and A. E. Stutz, J. Carbohydr. Chem., 1990, 6, 903.

A. J. Fairbanks, G. W. J. Fleet, A. H. Jones, 1. Bruce, S. S. Al-Daher, 1. C. Di Bello, and
B. Winchester, Tetrahedron, 1991, 47, 131.

P. Dauban, A. Chiaroni, C. Riche, and R. H. Dodd, J. Org. Chem., 1996, 61, 2488.

P. M. Myerscough, A. J. Fairbanks, A. H. Jones, 1. Bruce, S. S. Choi, G. W. J. Fleet, S. S.
Al-Daher, I. C. Di Bello, and B. Winchester, Tetrahedron, 1992, 48, 10177.

Z. Shi and G.-Q. Lin, Tetrahedron: Asymmetry, 1995, 6, 2907.

E. Albertini, A. Barco, S. Benetti, C. De Risi, G. P. Pollini, and V. Zanirato, Tetrahedron
Lett., 1997, 38, 681.

D. Katalenic and V. Skaric, J. Chem. Soc. Perkin Trans. 1, 1992, 8, 1065.

T. Sakakura, M. Hara, and M. Tanaka, J. Chem. Soc. Perkin Trans. 1, 1994, 10, 289.

Y. H. Kim and J. Y. Choi, Tetrahedron Lett., 1996, 37, 5543.

K. Ciszewski, L. Celewicz, and K. Golankiewicz, Synthesis, 1995, 777.

M. Takahashi, R. Koike, and K. Ogasawara, Chem. Pharm. Bull., 1995, 43, 1585.

D. P. G. Hamon, R. A. Massy-Westropp, and J. L. Newton, Tetrahedron, 1995, 51, 12645.
M. L. Dossantos and G. C. Demagalhaes, Synth. Commun., 1991, 21, 1783.

F. Orsini and F. Pelizzoni, Tetrahedron: Asymmetry, 1996, 7, 1033.

D. E. Justice and J. R. Malpass, Tetrahedron, 1996, 52, 11947.

J. Sakaki, Y. Sugita, M. Sato, and C. Kaneko, Chem. Commun., 1991, 434.

B. Goument, L. Duhamel, and R. Mauge, Tetrahedron, 1994, 50, 171.

J. P. Varghese, A. Sudalai, and S. Iyer, Synth. Commun., 1995, 25, 2267.

F. A. Davis, C.-H. Liang, and H. Liu, J. Org. Chem., 1997, 62, 3796.

Y. Sugi and S. Mitsui, Bull. Chem. Soc. Jpn., 1970, 43, 1489.

W.J. Kruper, Jr. and A. H. Emmons, J. Org. Chem., 1991, 56, 3323.

D. Tanner and O. R. Gautun, Tetrahedron, 1995, 51, 8279.

F. A. Davis, H. Liu, and G. V. Reddy, Tetrahedron Lett., 1996, 37, 5473.

F. A. Davis, P. Zhou, and G. V. Reddy, J. Org. Chem., 1994, 59, 3243.

H.-D. Ambrosi, W. Duczek, M. Ramm, and K. Jahnisch, Tetrahedron Lett., 1994, 35, 7613.
Y. Lim and W. K. Lee, Tetrahedron Lett., 1995, 36, 8431.



[76]

(771

(78]

[79]
(80]
[81]
[82]
(83]
[84]
(85]
[86]

[87]
(88]
[89]
[90]
[91]
[92]

(93]
[94]
[95]
[96]
[97]
(98]
[99]

[100]
[101]
[102]

[103]
[104]

[105]

[106]
[107]
[108]
[109]
[110]

1I1.3.1 Pd-CATALYZED HYDROGENOLY SIS 1047

M. J. Martinelli, M. R. Leanna, D. L. Varie, B. C. Peterson, T. J. Kress, J. P. Wepsiec, and
V. V. Khau, Tetrahedron Lett., 1990, 31, 7579.

H. W. C. Raaymakers, S. M. Eveleens, E. G. Arnouts, B. Zwanenburg, and G. J. F. Chittenden,
Recl. Trav. Chim. Pays-Bas, 1993, 112, 511.

P. H. Olesen, P. Sauerberg, S. Treppendahl, O. Larson, M. J. Sheardon, P. D. Suzdak, C. H.
Mitch, J. S. Ward, E. P. Bymaster, H. E. Shannon, and M. D. B. Swedberg, Eur. J. Med.
Chem., 1996, 31, 221.

P. K. Loosen, Tetrahedron, 1991, 47, 9269.

L. Grondard, F. Manfre, and S. Mutti, Synth. Commun., 1997, 27, 425.

C. Pedersen and L. Schubert, Acta Chim. Scand., 1993, 47, 885.

H. Hrebabecky, J. Dockal, and A. Holy, Collect. Czech. Chem. Commun., 1994, 59, 1408.
T.-T. Thang, J. Carbohydr. Chem., 1995, 141, 995.

D. C. Craig, J. Chem. Soc. Perkin Trans. 1, 1990, 6, 3305.

A. Bodenmueller and R. R. Schmidt, Liebigs Ann. Chem., 1994, 10, 541.

K. J. McCullough, J. MacTavish, G. R. Proctor, and J. Redpath, J. Chem. Soc. Perkin Trans.
1,1996, 12, 2553.

J.Y. Merour and J. Y. Coadou, Tetrahedron Lett., 1991, 32, 2469.

W. T. Brady and C. H. Shieh, J. Org. Chem., 1983, 48, 2499.

H.-U. Blaser, S. K. Boyer, and U. Pittelkow, Tetrahedron: Asymmetry, 1991, 2, 721.
E. Bacque and J.-M. Paris, Synth. Commun., 1992, 22, 2259.

D. Seebach, U. Gyel, K. Job, and A. K. Beck, Synthesis, 1992, 39.

N. Iwata, T. Morioka, T. Kobayashi, T. Asada, H. Kinoshita, and K. Inomata, Bull. Chem.
Soc. Jpn., 1992, 65, 1379.

D. R. Boyd, N. D. Sharma, and S. A. Barr, J. Am. Chem. Soc., 1994, 116, 1147.

T. Sakamoto, K. Okamoto, and Y. Kikugawa, J. Org. Chem., 1992, 57, 3245.

Y. Murata, H. Kinoshita, and K. Inomata, Bull. Chem. Soc. Jpn., 1996, 69, 3339.

A. Bomben, C. A. Marques, M. Selva, and P. Tundo, Synthesis, 1996, 1109.

N. A. Cortese and R. F. Heck, J. Org. Chem., 1977, 42, 3491.

L. D. Entwistle, R. A. W. Johnstone, and T. J. Povall, J. Chem. Soc. Perkin Trans. 1,1975, 1300.

R. J. Friary, M. Nafissi, S. C. Orlando, S. Rosenhouse, V. A. Seidl, Y. Shih, and P. Mangia-
racina, Tetrahedron, 1993, 49, 1993.

P. N. Pandey and M. L. Purkayastha, Synthesis, 1982, 876.
R. G. Pews, J. E. Hunter, and R. M. Wehmeyer, Tetrahedron Lett., 1991, 32, 7191.

P. C. B. Page, F. Hussain, N. M. Bonham, P. Morgan, J. L. Maggs, and B. K. Park, Tetrahedron,
1991, 47, 2871.

G. Shapiro and B. Gomelor, J. Org. Chem., 1994, 59, 5524.

C. D. Eisenbach, A. Goldel, M. Terskanreinold, and U. S. Schubert, Macromol. Chem.
Phys., 1995, 196, 1077.

K. Kawasaki, T. Mukaiyama, K. Koshino, M. Namikawa, M. Maeda, T. Hama, and
T. Mayumi, Chem. Pharm. Bull., 1994, 42, 792.

H. Laatsch, B. P. Ernst, and D. Hoffman, Liebigs Ann. Chem., 1995, 1773.

F. Effenberger and J. Jaeger, Chem. Eur. J., 1997, 3, 1370.

J. Sardina, M. H. Howard, A. M. P. Koskinen, and H. Rapoport, J. Org. Chem., 1989, 54, 4654.
S. Ram and L. D. Spicer, Tetrahedron Lett., 1987, 28, 515.

L. A. Carpino and A. Tunga, J. Org. Chem., 1986, 51, 1930.



1048

[111]
[112]
[113]
[114]
[115]

[116]
[117]

[118]
[119]
[120]
[121]
[122]
[123]
[124]
[125]
[126]
[127]
[128]
[129]
[130]
[131]
[132]

[133]
[134]
[135]
[136]
[137]
[138]

[139]

[140]

[141]

[142]
[143]
[144]
[145]
[146]
[147]
[148]

III Pd-CATALYZED CROSS-COUPLING

H. Sajiki, Tetrahedron Lett., 1995, 36, 3465.

J. Helinski, Z. Skrzypczynski, and J. Michalski, Tetrahedron Lett., 1995, 36, 9201.

T. Kawabata, Y. Kimura, Y. Ito, and S. Terashima, Tetrahedron Lett., 1986, 27, 6241.
B. H. Lipshutz, F. Kayser, and Z.-P. Liu, Angew. Chem. Int. Ed. Engl., 1994, 33, 1842.

F. Mohamadi, M. M. Spees, G. S. Staten, P. Marder, J. K. Kipka, D. A. Johnson, D. L.
Boger, and H. Zarrinmayeh, J. Med. Chem., 1994, 37, 23.

V. S.Rao and A. S. Perlin, Can. J. Chem., 1983, 61, 652.

C. A. Evans, D. M. Dixit, M. A. Siddiqui, H. Jin, H. L. A. Tse, A. Cimpoia, K. Bednarski,
T. Breining, and T. S. Mansour, Tetrahedron: Asymmetry, 1993, 4, 2319.

M. J. Grant, J. Yu, and J. B. Spencer, J. Org. Chem., 1998, 63, 4172.

B. P. Czech and R. A. Bartsch, J. Org. Chem., 1984, 49, 4076.

H. Sajiki, H. Kuno, and K. Hirota, Tetrahedron Lett., 1998, 39, 7127.

V. L. Ponzo and T. S. Kaufman, Can. J. Chem., 1995, 73, 1348.

K. M. R. Pillai, R. S. Kapil, and N. Anand, Indian J. Chem. Sect. B., 1990, 29, 1029.

M. P. Sibi, M. T. Sorum, J. A. Bender, and J. A. Gaboury, Synth. Commun., 1992, 22, 809.
C. A. Marques, S. Maurizio, and P. Tundo, J. Org. Chem., 1995, 60, 2430.

R. N. Mirrington and J. K. Schmalzl, J. Org. Chem., 1972, 37, 2877.

A. Borbas, J. Hajko, M. Kajtar-Peredy, and A. Liptak, J. Carbohydr. Chem., 1993, 12, 191.
C. Proussios and M. Kolovos, Tetrahedron Lett., 1989, 30, 3413.

J. Martinez, J. C. Tolle, and M. Bodanszky, J. Org. Chem., 1979, 44, 3596.

T. Vuljanic, J. Kihlberg, and P. Somfu, Tetrahedron Lett., 1994, 37, 6937.

T.-H. Chan and M. Di Stefano, Chem. Commun., 1978, 761.

S. Coyle, O. Keller, and G. T. Young, J. Chem. Soc. Perkin Trans. 1, 1979, 1459.

N. Nakamura, H. Miyazaki, W. Ohkawa, T. Oshima, and H. Kolke, Tetrahedron Lett., 1990,
31, 699.

N. Machinaga and C. Kibayashi, Tetrahedron Lett., 1989, 30, 4165.

L. Schmitt, B. Spiess, and G. Schlewer, Tetrahedron Lett., 1992, 33, 2013.

C. Malan, C. Morin, and G. Preckher, Tetrahedron Lett., 1996, 37, 6705.

Y. Watanabe, Y. Komoda, K. Ebisuya, and S. Ozaki, Tetrahedron Lett., 1990, 31, 255.
S. Chandrasekhar, B. Muralidhar, and S. Sarkar, Synth. Commun., 1997, 27, 2691.

S. J. Cockman, C. A. Joll, B.-C. Mortimer, T. G. Redgrave, and R. V. Stick, Aust. J. Chem.,
1990, 43, 2093.

E. Haslam, R. D. Haworth, S. D. Mills, H. J. Rogers, R. Armitage, and T. Searle, J. Chem.
Soc., 1961, 1836.

C. H. Lee, I. K. Kim, Y. H. Lee, W. S. Choi, and B. Y. Chung, Bull. Korean Chem. Soc.,
1987, 8, 460.

G. Buchi, M. A. Fransisco, J. M. Liesch, and P. F. Schuda, J. Am. Chem. Soc., 1981, 103,
3497.

R. Davis and J. M. Muchowski, Synthesis, 1982, 987.

H. Sajiki, H. Kuno, and K. Hirota, Tetrahedron Lett., 1997, 37, 399.

N. Ikota, Heterocycles, 1991, 32, 521.

D. R. Bolin, C.-T. Wang, and A. M. Felix, Org. Prep. Proc. Int., 1989, 21, 67.

J. Hajko, A. Borbas, A. Liptak, and M. Kajtar-peredy, Carbohydr. Res., 1991, 216, 413.
G. Nemeth, E. Rakoczy, and G. Simig, J. Fluorine Chem., 1996, 76, 91.

J. Muzart, F. Henin, and S. J. Aboulhoda, Tetrahedron: Asymmetry, 1997, 8, 381.



[149]

[150]

[151]
[152]
[153]
[154]
[155]
[156]
[157]
[158]
[159]
[160
[161
(162
[163
(164
[165]
[166
[167
[168
(169
(170

— e e e

[ e i B S i

[171]
[172]
[173]
[174]
[175]
[176]
[177]
[178]
[179]
[180]

[181
(182
[183
[184
[185]
[186]
[187]

— e e

[188]

1I1.3.1 Pd-CATALYZED HYDROGENOLY SIS 1049

S. J. Aboulhoda, S. Letinois, J. Wilken, I. Reiners, F. Henin, J. Martens, and J. Muzart,
Tetrahedron: Asymmetry, 1995, 6, 1865.

S. J. Aboulhoda, F. Henin, J. Muzart, C. Thorey, W. Behnen, J. Martens, and T. Mehler,
Tetrahedron: Asymmetry, 1994, 5, 1321.

F. Henin and J. Muzart, Tetrahedron: Asymmetry, 1992, 3, 1161.

I. Kalwinsh, K.-H. Metten, and R. Brueckner, Heterocycles, 1995, 40, 939.

R. P. Polniaszek and L. W. Dillard, J. Org. Chem., 1992, 57, 4103.

A. Paqut, Int. J. Pept. Protein Res., 1992, 39, 82.

J. Szewczyk and C. Wasielewski, Pol. J. Chem., 1981, 55, 1985.

P. Sebok, T. Timar, T. Eszenyl, and T. Patonay, J. Org. Chem., 1994, 59, 6318.

T. A. Olugbade, R. D. Waigh, and S. M. Mackay, J. Chem. Soc. Perkin Trans. 1, 1990, 2657.
M. L. S. Cristiano, J. Chem. Soc. Perkin Trans. 1, 1996, 1453.

D. Alker, L. M. Harwood, and C. E. Williams Tetrahedron Lett., 1998, 39, 475.

C. Herdeis and C. Hartke, Synthesis, 1988, 76.

M. T. Reetz, M. W. Drewes, and A. Schmitz, Angew. Chem. Int. Ed. Engl., 1987, 26, 1141.
G. Guanti, L. Banfi, E. Narisano, C. Scolastco, and E. Bosone, Synthesis, 1985, 609.

V. S. Chauhan, S. J. Ratcliffe, and G. T. Young, Int. J. Pept. Protein Res., 1980, 15, 96.

H. J. Haas, Chem. Ber., 1961, 94, 2442,

J. W. Mickelson, K. L. Belonga, and E. J. Jacobsen, J. Org. Chem., 1995, 60, 4177.

P. Remuzon, M. Soumeillant, C. Dussy, and D. Bouzard, Tetrahedron, 1997, 53, 17711.
G. I. Hwang, J.-H. Chung, and W. K. Lee, Tetrahedron, 1996, 52, 12111.

N. Shibata, T. Katoh, and S. Terashima, Tetrahedron Lett., 1997, 38, 619.

R. C. Bernotas and R. V. Cube, Synth. Commun., 1990, 20, 1209.

K. Yoshida, S. Nakajima, T. Wakamatsu, Y. Ban, and M. Shibasaki, Heterocycles, 1988,
27,1167.

M. Prystas and S. Sorm, Collect. Czech. Chem. Commun., 1962, 27, 1578.

R. Polt, L. Szabo, J. Treiberg, Y. Li, and V. J. Hruby, J. Am. Chem. Soc., 1992, 114, 10249.
C. Dugave and A. Menez, J. Org. Chem., 1996, 61, 6067.

J. A. Cambell, W. K. Lee, and H. Rapoport, J. Org. Chem., 1995, 60, 4602.

J. Pless, Helv. Chim. Acta, 1976, 59, 499.

J. H. Rigby and V. Gupta, Synlert, 1995, 547.

Y. Xia and A. P. Kozikowski, J. Am. Chem. Soc., 1989, 111, 4116.

J.-N. Denis, S. Tchertchian, and Y. Vallee, Synth. Commun., 1997, 27, 2345.

M. Botta, V. Summa, R. Saladino, and R. Nicoletti, Synth. Commun., 1991, 21, 2181.

V. Srirajan, A. R. A. S. Deshmukh, V. G. Puranik, and B. M. Bhawal, Tetrahedron: Asymmetry,
1996, 7, 2733.

M. A. Poss and J. A. Reid, Tetrahedron Lett., 1992, 33, 7291.

G. Broggini and G. Zecchi, Synthesis, 1996, 1280.

M. Kanaka and Y. Kurata, Chem. Pharm. Bull., 1978, 26, 660.

M. H. Khalifa, G. Jung, and A. Rieker, Liebigs Ann. Chem., 1982, 1068.

E. Chan, S. R. Putt, and H. D. H. Showalter, J. Org. Chem., 1982, 47, 3457.
Y. Satoh and N. Marcopulos, Tetrahedron Lett., 1995, 36, 1759.

F. J. Lopez-Herrera, M. Valpuesta-Fernandez, and S. Garcia-Claros, Tetrahedron, 1990,
46, 7165.

K. M. Davis and B. K. Carpenter, J. Org. Chem., 1996, 61, 4617.



1050

[189]
[190]

[191]
[192]
[193]

III Pd-CATALYZED CROSS-COUPLING

M. Jung and B. H. Youn, Heterocycles, 1996, 43, 1587.

P. Camps, X. Farres, M. Font-Bardia, D. M. Goerbig, F. Perez, and X. Solans, Chem. Ber.,
1994, 127, 1933.

J. M. Cuerva and A. M. Echavarren, Synlett, 1997, 173.
K. Toshima, K. Yanagawa, S. Mukaiyama, and K. Tatsuta, Tetrahedron Lett., 1990, 31, 6697.
P. F. Cirillo and J. S. Panek, Tetrahedron Lett., 1991, 32, 457.



