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Part- II: Section -A 

11-A: Direct Reductive Amination of Aldehydes and Ketones 

Using Po-tassium Formate and Cata-lytic Pailadium 

Acetate: Development of a New and Simple Protocol 

11-A.l: Reductive Amination: A Brief Review 

The synthesis of amines and their derivatives has long been of interest because of 

/their versatile utility as medicinal agents and agroch~micals. 1 Alkyldiarylamines are 

common structural elements found in many biologically active compounds. Examples 

include the antipsychotic agent mosapramine, the coronary vasodilator pretiadil, and 

·the anti-inflammatory agent mepheclocine? .Tertiary amines ru:e an extremely· 

important class of compound from the drug discovery perspective, Indeed no less than 

a quarter- of registered drugs contain tertiary amines.3 The N,N-dimethylalkylamines 

are particularly useful as ligands4 in homogeneous catalytic asymmetric 

transformation, as a modifier5 for reversed phase chromatography, and as a buffer6 in 

sequential analysis of proteins and peptides.7 

· In both biological systems and chemical synthesis the reductive amination of 

aldehydes and ketones is an important transfm:mation which allows the direct 

conversion of carbonyl compounds into amines. The reductive amination reaction is 

described as a direct reaction when the carbonyl compound and the amine are mixed 

with proper reducing agent in a single operation (Scheme 1 ). The reaction involves 

the initial formation of the intermediate carbinol amine (1), which dehydrates to form 

an imine (2). Under the reaction conditions, which are usually weakly acidic to 

neutral, the imine is protonated to form an iminium ion (2), 8 which is subsequently 

reduced to produce the alkylated amine (3). ·However, there are some reports that · 

provide evidence suggesting a direct reduction of the carbinol amine as a possible 

pathway leading to alkylated amine (3).9 A stepwise or indirect reaction involves the 

pre-formation of the intermediate imine followed by reduction in a separate step. 
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Scheme 1 

R3 = H or alkyl 

R4 = alkyl or aryl 
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Since the iminium ion (2) is reduced much faster than a carbonyl group, it is possible 

to reductively aminate an aldehyde or ketone by simply reacting· the carbonyl · 

compound with an amine at pH 6-8 in the presence of a reducing agents. Several 

reagents which effect direct reductive amination have been· recently developed,. 

include the following: Hydrogen in presence of metal catalyst . (catalytic· 

hydrogenation),88'10 sodium cyanoborohydride, 11 titanium(IV) isoprop.oxide-sodium 

cyanoborohydride, 12 sodium borohydride-magnesium perchlorate, 13 zinc-acetic acid, 14 

borohydride exchange resin (BER), 15 zinc bororohydride-zinc chloride, 16 borane­

pyridine, 17 sodium triacetoxyborohydride, 18 silica gel-zinc borohydride, 19 . zinc . 

chloride-sodium borohydride, 20 titanium(IV) isopropoxide-sodium borohydride, 21 . 

nickel chloride-sodium borohydride, 22 titanium (IV) isopropoxide­

polymethylhydrosiloxane,23 decaborane,24 tributyltin hydride,25 dibutyltin chloride 

hydride and dibutyltin iodide hydride,26 dibutyltin dichloride-phenylsilane,27 Et3SiH­

trifluoroacetic.Z8 In addition, there are ·some reports of electrochemical reductive 

amination reactions.Z9 Reductive N-alkylation of amides with carbonyl compounds 

using Et3SiH-trifluoroacetic acid has also been described.30 

The catalytic hydrogenation of C-N double bond with pl~tinum, pal)adium or nickel 

catalysts10 is economical and effective reductive amination method, particularly in 

large scale reactions. However, the reaction may give a mixture of products and low 
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yields depending on the molar ratio and the structure of the reactants31
• 

Hydrogenation has limited use with compounds containing C-C multiple bonds and in 

the presence of reducible functional groups such as nitro32
•
33 and cyano33 groups. The 

catalyst may be inhibited by compounds cont~ining divalent sulfur.34 The Borch 

reduction,35
a using sodium cy~oborohydride [NaBH3CN] has been the most popular 

and general method to carry out reductive amination of aldehydes and unhindered 

ketones with ammonia, primary and secondary amines (Scheme 2). Hindered and 
-

diaryl ketones fail to react and aromatic amines react somewhat sluggishly. Reductive 
. . 

amination of acetophenone and methylamine with sodium cyanoborohydride afforded 

N-methyl-1-phenylethylamine ( 4) in 78% yield. Due to its different selectivities at 

different pH values sodium cyanoborohydride is allowed for a convenient' direct 

reductive amination procedure. At pH 3-4 it reduces · aldehydes and ketones 

effectively, ~ut this reduction becomes slow at higher pH values.35
b At pH 6-8, the 

more basic imines are protonated preferencially and reduced faster than aldehydes or 

keto~es.35a It has also been successfully used due to its stability in relatively strong 

acid solutions (~pH 3), its. ~olubility in hydroxylic solvents such as methanol. The 

reaction of a dicarbonyl compound with an amine in the presence of sodil.im 

cyanoborohydride provided an interesting synthesis of nitrogen-heterocycles, as 

illustrated by the preparation of 5, 6. · 

Scheme2 

R1 = H or alkyl R3 = H or alkyl 

R2 = alkyl or aryl R4 = H, alkyl or aryl 

+ 
in absolute MeOH 

pH 6-8 

(4) 78% 
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Limitations are that the reaction may requi~e up to a fivefold excess- of the amine,35 is 

usu~lly slow and sluggish with aromatic ketones35 and with weakly basic amines,36 

and may result in the contamination of the product with cyanide. 17
b The reagent is · 

highly toxic37 and produces toxic byproducts such as HCN ~d NaCN upon workup. 

The Borch reductive alkylation method35
a,c,d works well provided the intermediate 

iminium adducfforms readily. For this reas~nthe Borch procedure usually requires an 

excess of amine to favor the formation of iminium intermediates. When both the 

ketone and amine starting materials are valuable or the iminium intermediate is 

difficult to form, the· Borch method can be less than satisfactory. Titanium(IV) 

chloride has been used as a Lewis acid catalyst in cases when the formation of 

enamines· has proven to be difficult/8 however, an ex~ess of amine is still needed39 

and the presence of acid-sensitive functionality is limited. Titanium(IV) 

isopropoxide has been used as a trans-esterification catalyst compatible with variety 

of functional groups, such as lactam, acetonide, and tert-butyl dimethylsilyl ether.40 

The research group of Mattson13 reported that titanium(IV) isopropoxide is a mild 

and effective Lewis acid catalyst for the reductive aikylation of amines with ketones 

and aldehydes in the presence of acid-sensitive functional groups (Scheme 3). This 

one-pot procedure proved to be compatible with carbamate, urea, acetal, ketal, ester, 

and amide groups. After studying IR spectra of the amine/ketone/titanium(IV) 

isopropoxide mixtures they suggested that an iminium species is, at most, a transient 
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Scheme 3 

-
___ ___..R3R4N XH NaBH3CN 

R1 R2 

(7) 

int~rmediate in this reaction. In one possible mechanism, the stable complex (7) is 

formed, which then is reduced either directly or via a transient iminium species. 

The development of asymmetric catalysts for the hydrogenation of achiral substrates 

to form enantiomerically enriched products represents a major area of research41
. 

With the growing importance of enantiomerically pure nitrogen containing 

compounds in the pharmaceutical and agrochemically enriched amines has received 

much attention recently42
• Processes have been developed using titanium,43 

ruthenhim,44 iridium45 and rodium46 complexes as catalysts and hydrogen or silanes47 

as stoichiometric reducing agents. Virtually all of the ·systems employed for· this 

reaction have been derived from late transition metals and in general substrates must 

possess a coordinating ligand such as a carbonyl group for high levels of reactivity 

and selectivity to be realized. As part of an ongoing study of the viability of titanium 

catalysts for the reduction of unsaturated organic compounds,48 Buchwald et al have 

discovered a titanocene catalyst (8) system for the asymmetric hydrogenation of imine 

(Scheme 4).49 A feature of this system is that no coordinating group is necessary for 

high levels of enantioselectivity to be achieved. The catalyst (8) is particularly 

effective for the reduction of cyclic imines. For these substrates enantiomeric excesses 

were observed. The reason for this is likely due to the fact that t..~e acyclic imines·are 

mixtures of anti and syn isomers which interconvert during the reaction. The 

system exihibits tolerance to several common organic functional groups including 

trisubstituted olefines, acetals and alcohols. 
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The in situ reductive amination of ketones or aldehydes has been an important part of 

the synthetic chemist's repetoire since the introduction of a procedure based on 

cyanobohydride,35
b,d,

36 yet the toxicity and disposal problems associated with this 

material has led to a continuing search for alternative reductants. 11
c,I

5
•
16

•
50 A 

successful reductive amination procedure for ketones and aldehydes hinges on rapid 

imine formation and imine selective reductants. As imine formation is usually rate­

determining for in situ reductive aminations, catalyzing this reaction is desirable.51 

Typical catalysts are·harse, for example, PC15,S2 BF3·QEtz/3 and ZnCb,54 with. at least 

one exception - molecular sieves. The in situ application of molecular sieves to imine 

synthesis is logical given the equivalent of water generated during imine formation. 55 

Westheimer, however, recognized that molecular sieves display a catalytic role,56 

although the origin of this effect has been contested. 57 

> 0 > NR 

A member of the amine-borane family of reducing agents, 58 pyridine-borane has the 

selectivity necessary for reductive aminations. Two applications of pyridine-borane to 
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direct reductive amination have appeared. The study of Moormann was limited to 

reductive amination of piperidines with aldehydes. 17
b The older and broader study of 

Pelter exploited an unusual two-phase reaction medium of acetic acid, presumably a 

catalyst for imine formation, and petroleum ether (2:7). I?a DiMare et al 17
c reported that 

in situ reductive aminations of aldehydes and ketones with methanolic pyridine­

borane in the presence of 4 A molecular sieves offer a mild, convenient and effective 

alternative to cyanoborohydride-based procedures (Scheme 5). 

Scheme 5 

pyr-BH3 

MeOH 
0 

4A 
Sieves 

This procedure works well in case of aliphatic ketones. For example, the reaction of 

4~methyl-2-pentanone and benzylamine under this condition afforded the amine (9) in 

67% isolated yield. Secondary amines give consistently low yields with ketones. 

. ~ pyr-BH3 
H 0-CH-CH -C-CH + 

3 I 2 3 

CH3 

M
0
e0H 

4 A sieves 

The research group of Abdel-Magid 18 discovered that sodium triacetoxyborohydride 

is synthetically useful reagent for reductive amination of aldehydes and ketones. 

Procedures for using this mild and selective reagent have been developed for a wide 

variety of substrates. The reaction of acyclic ketone 2-heptanone and aniline for 96 h 

in the presence of sodium triacetoxyborohydride afforded 90% isolated yield of N­

phenyl-2-aminoheptane (10) as outlined in Scheme 6. The scope of the reaction 

includes aliphatic acyclic and cyclic ketones, aliphatic and aromatic aldehydes, and 

primary and secondary amines including a variety of weakly basic and nonbasic 

amines. For example, the reductive amination of benzaldehyde and 2-aminothiazole 
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(11) usi~g sodium triacetoxyborohydride gave compound (12) in 60% yield. Aliphatic 

ketones (and aldehydes) can be selectively reductively aminated in the presence of 

aromatic and cx,~-unsaturated ketones. The mixture of 1-acetylcyclohexane (13) and 

1-acetylcyclohexene (14) was reacted with benzylamine to give only N-[1-

(cyclohexyl)-ethyl]benzylamine (15) without aminating 1-acetylcyclohexene (14). 

Acetic acid may be used as catalyst with ketone reactions, but it is generally not 

needed with aldehydes. 

Scheme 6 

1 equiv 

(11) 

(13) (14) 

DCE 
NaBH(OAcb (1.3-1.6 equiv.) 

4h 

+ 

THF 
NaBH(OAch (1.3-1.6equiv.) 

96 h 

H 

H
3
G-(CH2)4"" ~-a· ' 

CH-N 
· H3cf -· .. 

DCE, AcOH (2.5 equiv.) 

NaBH(OAcb (2.8 equiv.) 

72 h 

(10) 90% 

C~>-NH--cH,-Q 
(12) 60% 

(15) 85% (14) 
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This borohydride reagent is mild and exhibits remarkable selectivity as a reducing 

agent. This borohydride reduces aldehydes selectively over ketones,59 except for ~­

hydroxy ketones which can be reduced selectively to give 1 ,3-trans diols. 60 The steric 

and the electron-withdrawing effects of the three acetoxy groups stabilize the boron­

hydrogen bond and are responsible for its mild reducing properties.61 The selection 

was also based on the results of reductive alkylation of amines using sodium 

borohydride in neat liquid carboxylic acids reported earlier by gribble et al.62 The 

procedure is carried out in the presence of acid sensitive functional groups such as 

acetals and ketals; it can also be carried out in the presence of reducible functional 

groups such as C-C multiple bonds and cyano and nitro groups. Reductive amination 

of carbonyl compounds (16 & 17) with sec-amines (18 & 19) under the same 

condition afforded compounds 20 & 21 respectively. In comparison with other 

reductive amination procedures such as NaBH3CN/MeOH, borane-pyridine and 

catalytic hydrogenation, NaBH(OAc)3 gave consistently higher yields and fewer side 

products. 

+ 
1\ 

H-N N-Ph 
\__j 

(16) (18) 

+ H-(:; 
cSoEt 

(17) (19) 

DCE, AcOH (1-2 equiv.) 

NaBH(OAch (1.3-1.6 equiv.) 

4h 

oo-· 1\ c N N-Ph 
0 \_/ . 

(20) 78% 

DCE, NaBH(OAch (1.3-1.6 equiv.) 

1.5 h 

(21) 96% 
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Limitations include reactions with aromatic and unsaturated ketones some sterically 

hindered ketones and amines. 

In fact, reductive amination of conjugated carbonyl compounds has not been 

addressed in details in any of the reported methods-hydrogen in presence of metal 

catalysts, NaBH3CN, BH3-pyridine, borohydride exchange resin, Zn-AcOH, NaBRt­

Mg(Cl04)2, ZnBH4-ZnCl4, and NaBH(OAc)3; only two exaples, 1-acetylcyclohexene 

and cinnalmaldehyde, have been included in NaBH(OAc)3 procedure. 18 Although 

imines are, in general, prepared by the condensation of the carbo_nyl compound with 

an amine in the presence of a lewis or protic acid,63 the research group of Ranu 

attempts to obtain the imines of conjugated carbonyl compounds, particularly .ketones 

following reported procedures63 using zinc chloride, boron trifluoride-etherate, p­

toluenesulfonic acid, molecuJar sieves, failed. Ranu et al 19 have discovered that 
. . 

reductive amination of conjugated aldehydes ketone is achieved by treatment of the 

corresponding carbonyl compound with an appropriate amine in the presence_ of silica 

gel followed by addition of zinc bora hydride in a one-pot operation (Scheme 7). ·This 

procedure does not affect nitro and cyano groups. Moreover, zinc borohydride is 

neutral in nature and, in. general is compatible with many sensitive functionalities 19 

like acetal64
a and silyl ether.64

b The reaction of compound (22) and cyclohexylamine 

under this condition afforded compound (23) in 85% yield. 

Scheme 7 

R, R2 = alkyl or aryl ; R1 = H or alkyl 

R-CH CH-C-NH-R2 

I 
R1 
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0 

+ H2N-o Si02 (1 g/mmol of ketone) 

1 equiv. ZnBH4 in DME (1 ml) 

1 equiv 

(22) 

(23) .' 85% 

The advantages of this procedure are (a) operational simplicity, (b) use of less costly 

or toxic chemicals, (c) low environmental pollution from waste, (d) mild conditions, 

(e) fast reaction, and (f) high yield. 

Chemoselective reductions of imino groups are very important for the synthesis of 

multifunctionalized amines. Nevertheless, little attention has been paid to 

iminoselective reductions by metal hydrides in the presence of carbonyl groups 

because of the lower electrophilicity of imino groups.65 Baba et.al. have developed a 

set of organotin hydrides that reduce polar multiple bonds such as C = 0 and C = N in 

an ionic manner,66 and with which chemoselective reductions of bifunctional 

substrates could be achieved.67 The introduction of a halogen substituent or a ligand 

onto the tin atom can change the character of the original tin hydrides67
c to. provide 

different chemoselectivities in the reduction of multifunctional substrates. For 

example, in the reaction with 2,3-epoxy ketones, Bu2SnFH-HMPA selectively reduce 

the carbonyl group to furnish predominantely the anti-2,3-epoxy alcohol,67
a whereas 

Bu2SniH-HMPA preferentially reduced the epoxy group to provide 3-hydroxy 

ketones. 67
c Baba et af7

c have presented use ofBu2SnCIH-HMPAas a chemoselective 

reductant of imines in the presence of carbonyls (Scheme 8). 



7. 

-~ 

Scheme 8 

Ph~h 
0 

(21) 

(a) R =Ph 

(b) p-CIC6H4_ 

(c) p-BrC6H4 

Bu2SnCIH-HMPA (2 equiv.) 

THF (1 mL), rt, 20h 

(d) p-OMeC6H4 
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N~HR 
Phy I h 

0 
(22) 

Further, Bu2SnClH-HMPA possessed higher iminoselectivity compared with other 

conventional reductants such. as LiAlH4, DIBAL, and NaBH4 which reduced the 

carbonyl group predominantly. 2-amino ketone (22) was obtained by the reduction of 

(21) with Bu2SnCl-HMPA at room temperature followed by treating with methanol. 

The reduction progress stoichometrically, where the adducts bearing a nucleophilic 

Sn-N bond are generated in situ without protonation by tin hydride (Bu2SnCl-HMPA). 

Moreover, the resulting tin amides from hydrostannation of imines subsequently react 
' . 

with organic halides to furnish unsymmetrical tertiary amines in a one-pot procedure. 

Multifunctionalized unsymmetrical amines (24) could be prepared directly ·by the 

subsequent N-alkylation of· the tin amide (23) with benzyl bromide. to afford 

unsymmetric tertiary amine (24). 

Ph 

If Bu2SnCI-HMPA Ph+rPh Ph 
Ph 

rt, 3h 
0 0 SnBu2CI 

. t 
HMPA 

(21a) (23) 

Ph 

Ph~Br Ph+~ Ph ,... 
80 °C, 2h 0 \ 

(24) Ph 
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Noteworthly is that highly chemoselective reactions were achieved with the co­

existence of other functionalities such as halogen, C-C double bond and hydroxy 

groups. 

Though many of the reported protocols for reductive amination reactions work well 

for the preparation of tertiary and secondary amines, synthesis of primary amines by 

reductive alkylation of ammonia is mostly comprised by over alkylation 

reaction. 18
•
35

b·
36

·
68 The formation of_ variable amounts of secondary and tertiary amines 

along with primary amines is common. The synthesis of primary amines is, therefore, 

mostly addressed indirectly by using ammonia equivalents69 such as tritylamine, 

diallylamine or allylamine. These protocols routinely require · a subsequent 

deprotection step . to get primary amines. Accordingly, development of a 

·straightforward route for the synthesis of primary amines via selective monoalkylation· 

of ammonia is an important objective. Bhattacharyya and coworkers21 developed an· 

efficient one-pot reagent system for the synthesis of primary amines by selective 

monoalkylation of ammonia with alkyl and · aryl · ketones using titartillin(IV) 

isopropoxide and sodium borohydride (Scheme 9). 

Scheme 9 

0 

)~, + 

R1 == aryl, alkyl 

R2 == aryl, alkyl 

Ti(OiPr)4 , abs. EtOH 

Et3N, rt., 9 -11h 

(25) 

. -
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A mixture of ammonium chloride and triethylamine has been employed as the 

ammonia equivalent; ·this requires no special handling techniques and alleviates the 

use of excess gaseous ammonia. They used a combination of titanium(IV) 

isopropoxide and sodium borohydride in the reductive alkylations of primary and 

secondary amines.70 Because this one-pot reagent system allows easy, direct access to 

diverse primary amines, it should find widespread application. Under these reaction 

conditions, only primary amines are formed - the traditional problem of over­

alkylation of the product amines was not observed. The reaction may proceed through 

an intermediate aminocarbinolatotitanium(IV) complex (25), which is either reduced 

directly or via equilibration of 25 to form a transient iminium species.71 The 

compatability70
·
72 of titanium(IV) isopropoxide with a variety of acid- or base­

sensitive groups provides an- additional advantage for targeting the syntheses of 

amines with reagent-sensitive motifs. 

The relevance of this protocol has been demonstrated on a structurally varied set of 

ketonic substrates. Benzophenone was allowed to react with a mixture of ammonium 

ch.loride, triethylamine ·and titanium (IV) isoproxide, followed by the treatment 

sodium borohydride at room temperature. 

2 equiv. Ti(OiPr)4, abs. MeOH 

2 equiv. Et3N, rt., 1.5 equiv. NaBH4 

73% 

Apodaca et af7 reported a direct reductive amination procedure which employs 

phenylsilane as a stoichiometric reductanrt . and dibutyltin dichloride as a catalyst. 

Both aldehydes and ketones were reductively aminated with anilines and secondary 

alkylamines (acyclic, cyclic), although the reaction failed with primary alkylamines. 

Reductive amination of 4-methoxybenzyldehyde with morpholine in the presence of2 

mole % dibutyltin dichloride afforded 78% isolated yield of N-( 4-methoxybenzyl) 

morpholine (26) (Scheme 10). Reactions with substrates bearing potentially reducible 

functional groups including aryl iodide, cinnamyl, nitro, benzyloxy gave the 
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anticipated products, without detectable reduction side products. Potentially acid­

labile groups were also well tolerated. 

Scheme 10 

Meo----0--CHO + 
r\ 

H--N 0 
\__} 

Ph SiH3 (1.1 equiv.) 

Bu2 SnCI2 (0.02equiv.) 

THF 

{26) 73% 

This reported procedure offers some advantages over other methods. Because little, if · 

any competitive carbonyl reduction was observed in these reactions, the use of excess 

aldehyde or ketone is unnecessary·. Because of its catalYtic nature, reaction rates. can 

be increased by simply adding more catalyst· or through the potential development of 

more active catalysts. 

During the study of decaborane a:s a mild reducing reagent, 73 Y oon et af4 found that 

carbonyls and amines undergo reductive amination in the presence of decaborane 

(Scheme 11 ). The treatment of ethyl acetoacetate with 4-nitroaniline usings 

decaborane in methanol at· room temperature under nitrogen, gave the corresponding 

amines (27) in 93% yield. This reaction is efficient, even with a relatively poor 

nucleophilic amine and is compatible with other functional groups such as nitro 

groups, ole fins and halogen groups. The reaction benzaldehyde . with 2,4,6-

trichloroaniline under this condition the amine (28) in 39% yield, a reaction known to 

fail using sodium triacetoxyborohydride. 19 

Scheme 11 

in MeOH 

R' >=o + 
R2 



110 

Decaborane (30 mol %) 

1 equiv 
H . 

H,C"-cH-l-Q-N0
2 

EtOOG--~2 -

(27) 93% 

o-CHO + H, Cl 

Cl 

1.2 equiv. o-CH2-·-NH Cl 

Cl 

(28) 39% 

Schafer et al29
b have found that secondary amines may be prepared in good yields by 

potential-controlled reduction of aldehydes or ketones at a mercury cathode in an 

aqueous solution containing a primary amine (Scheme 12). 

Scheme 12 

0 

}~, + 
Hg-Cathode 
H20, pH 10-11 

69-90% 

Reduction Potential-1.57 V 

50% aqueous ethanol 
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In aqueous medium, an aldehyde or ketone and a primary amine equilibrate to the 

corresponding schiff base. Because of its lower reduction potential compared with the 

aldehyde or ketone, the schiff base may be reduced selectively to yield a secondary 

amine after electron- and proton-transfers. For cyclic ketones, high diastereo­

selectivities are obtained in some cases. 

~+ Hg-Cathod 
H20, pH 10-11 . 

76% 

trans : cis = 14 : 1 

+ 

Cathodic reductive amination may be considered as a good alternative of existing 

methods for the preparation · of secondary amines, because of its high 

chemoselectivity, good yields, simple work-up and low reagent costs. 

The research group of Allgrette74 first reported a new versatile method for the 

reductive amination of carbonyl compounds in which ammonium salts ar~ employed 

together with a palladium catalyst .The use of a cheap and versatile hydrogen source 

coupled with the catalyst in an aqueous medium, advances the previous methods due 

to the mild conditions and to the handy and cheap reagents require'd. This method 

advances the usual reductive amination processes ~n tern1s of yield and shows high 

stereoselectivity whether applied to constrained carbonyl compounds. This is a new 

method for the synthesis of a wide range of primary, secondary and tertiary amines. 

The reaction of 8-methyl-8-azabicyclo-[3.2.1]octa-3-one (29) was treated with 

ammonium formate in the presence 10% Pd/C catalyst to give 3-endo-amino-8-

methyl-8-azabicyclo-[3 .2.1 ]octane (30) in 83% yield (Scheme 13 ). 
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Scheme 13 

0 

II 
H-c---o8 NH~ + 

(29) 

10 mol% Pd/C 

MeOH,H20 
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(30) 83% 

Hydrosilanes such as triethylsilane in the presence of Lewis acid are mild and useful 

r~ducing reagents in organic synthesis.30
•
75

"
79 They have been used in the reduction of 

imines to secondary amines/6 In the reductive N-methylation of amino· acids via 

oxazolidines,77 In theN-alkylation of anthninilamides via oxazolidines/8 and.tecently 

in the N-alkylation of amides, carbamates· and ureas.79 The research group of Chen· 

envisioned28 that a secondary amine 32 ·would react with an aldehydes 31 to ·give a 

hemiaminal 33 (scheme 14). This in hemiaminal 33 may undergo reduction with 

triethylsilane and trifluoroacetic acid through an iminiuin ion 34. affording the. N-. 

alkylated product 35. 

Scheme 14 

R1 

""' . /N-H + R2CHO· 

R 

(32) (31) 

TFA 
~ 

(33) (34). 

l Et3SiH • 

R'~--<R' 
R/ H 

(35) 
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An improved synthesis of 1-(imidazolyl)methyl-4-sulfonylbezodiazapines (38), new 

farnesyltransferase inhibitors, from the corresponding carbonyl compound (36) and 

amine (37) was developed using this novel reductive N-alkylation method . 

(36) 

X= CN, Ph 

Y = n-Pr 
4-MeOC6H4 

2-Thienyl 
Ph 
3-(Me2N)C3Hs 

CHO 

+ HA "=N 

Z= Ph 
4-FC6H4 

. 3-pyridinyl 

(37) 

Et3SiH/TFA 

.CH2CI2, rt, 2-4h 

. (38) 
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II-A.2.1: Present Work: Background, Objectives and Strategy 

As described in the introduction, the reductive amination is a useful organic 

transformation for preparing primary, secondary and tertiary amines. The carbonyl 

compounds initially react with ammonia or amine to form an imine, which then 

undergoes reduction in presence of hydrogen or hydride ion (Scheme 15). when the 

overall two-step procedure is performed in a one-pot operation, such protocol is 

described as "direct reductive amination" . 

Scheme 15 

R1 = R2 = H, alkyl, aryl R3 = R4 = H, alkyl, aryl 

Several reductive systems are known to effect the reduction of C-N double bond ·of 

the imine. Use of molecular hydrogen in presence of a metal-catalyst is one of 

classical methods to perform this reduction. However, the reaction conditions are not 

compatible with a number of otherwise reducible groups such as nitro; cyano, double 
. . . . . . 

or triple bonds. Secondly, such reduction requires a special set of apparatus and is 

always associated with usual risks of using hydrog~n gas. 

On the other hand, several hydride containing reagents are much common to have 

. been employed in imine reduction. A few. of them are: [NaBH3CN]; 11 ZnC}z­

Zn(B~)2;16 pyridine-BH3; 17 [NaBH(OAc)3];18 .silica gel-Zn(B~)z;19 Ti(;Pr0)4-

NaB~;21 NiClz-NaBH4;22 TiePr0)4-polymethylhydro-siloxane;23 decaborane;24 

Bu3SnH;25 Bu2SnClH and Bu2SniH;26 phenylsilane-dibutyltin dichloride;27 Et3SiH­

trifluoroacetic acid.28 All these methods ·require stoichiometric or excess quantities 

of the hydrides, which are generally highly reactive and expensive · as well. 

Furthermore, use of tin hydrides in some protocols are not recommended for large­

scale preparation as the residual insoluble tin comopounds pose a great risk in its 

elimination. There are some well-known organic reactions which appear to proceed 

via transfer of hydrogen as hydride species, although the reagents themselves are not 

immediately obvious hydride donors. Formic acid and formates are recognized as 
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hydride donors m such reactions as the methylation of ammes using 

formaldehyde/ammonium formate (Scheme 16; Leuckart reaction). 80 The reduction of 

multiple bonds with the aid of a hydrogen donor in the presence of a 

Scheme 16 

catalyst is known as hydrogen-transfer reaction or transfer hydrogenation (H­

transfer).81 The process entails hydrogen abstraction from the reagent (hydrogen 

donor) by means of the catalyst, followed by (or in concert with) hydrogen addition to·. 

the unsaturated functional group of the. substrate (hydrogen acceptor) .. This can be 

generalized as in ·eq. 1. In hydrogen-transfer reactions the hydrogen source must be 

(1) 

DH2 = hydr<;>gen donor ; A = hydrogen acceptor 

different from dihydrogen. Formic acid and its salts have been successfully us·ed for 

this purpose. The use of hydrogen. donors had some advantages over the use of 

molecular hydrogen since it avoids the risks and the constraints ass·ociated with this 

reagent as well as the necessity of pressure vessels. Additionally, rate and selectivity 

of the reaction can be favorably affected by selecting the most appropriate hydrogen 

donor. 

. . 
From a mechanistic point of view, two general reaction paths cans be envisaged for . 

hydrogen transfer:82 a step-wise process, called "hydridic route", .a.r{d a concerted 

process, called "direct hydrogen transfer" (Figure 1 ). The "hydridic route" involves 

A-H 

I 
L-M 

-Ketone 

"hydridic route" 



»---

___.... 

R1' /R2 

/c~ 
0 H 

I +A 
L-M 

"direct hydrogen transfer'' 

Figure 1. Possible paths for the hydrogen-transfer reactions. 
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the intermediate formation of a metal hydride derivative by interaction of the catalyst 

with the hydrogen donor, followed by hydride transfer from the metal to the substrate. 

The "direct hydrogen transfer'' implies that hydrogen is transferred to the substrate in 

a concerted process where both the H-donor and the H:-acceptor are held together in 

close proximity by the catalyst. A cyclic transition state such as the one proposed for 

Meerwein-Pondorf-Varely reduction is possibly involved. 

The most popular H-donors are alcohols,. including chiral ones, and formic acid. 83 

More recently, alkyl-ammonium formates, in particular triethylammonium fomiate 

(TEAF), have proven to be useful sources of hydrogen, due to their solubility in 

organic solvents. 84 Since dehydrogenation of formic acid derivatives is an irreversible 

~d exothermic process, 85 this usually overwhelms the energetic requirement of the 

reduction process. The use of such H-donors is recoinmended in reactions where· 

unfavorable energetic balances are expected. The use of formic acid as hydrogen 

donor appears to have advantages over cyclohexene, cyclohexadiene and hydrCiZine; A 

further elaboration in the use of formate anion as a donor has been reported. During 

the early nineties, Cacchi863 and others87 reported use of different combinations of -

formic acid and its salts such as, HCOOH/NaHC03/n-BU4NCI; HCOOH/n-Bu3N; 

HCOOK in palladium-catalyzed reduction of electron-deficient alkenes and reductive 

arylation of alkenes (Scheme 17). They also observed that differences in the nature of 

formate salt and of the reaction medium can significantly affect the course of 

reaction. 87 Use of formic acid as the source of hydrogen, called the Wallach reaction, 

or ammonium salts of formic acid, called the Leuckart reaction, often yields the N-

. formyl derivative of the amine instead of the free amine.68
b On the other hand, we86

b 



117 

and other groups86
a have recently shown that potassium formate promoted by 

palladium acetate can reduce 

Scheme 17 

Pd(OAch 

HC02K, DMF 

60 oc, 45-97% 

+ ArX 
Pd(O) 

R----R + ArX 
Pd(O) 

+ Phi 

p-CIC6H4"'---/CN 

H~""-cooEt 

C6H~CN 

H3~""-cooEt 

Pd(OAch 

n-BuNCI, HC02Na 
DMF 

HCOOK/Pd(OAch 

DMF/45 °C/4 h 
96% 

HCOOK/Pd(OAch 

DMF/50 °C/3 h 
88% 

Cacchi et.al 

O:(h 

P-CICsH4>-<CN 

H COOEt 

... 

Basu etal 

Cs)--<CN 

H3C COOEt 

efficiently the conjugated C-C double bond. It therefore appeared reasonable to 

investigate whether potassium formate, which is soluble in polar organic solvents and 

in water, with activation by palladium salt could significantly reduce the C-N double 

bond of the imine formed in the direct reductive amination reaction. 
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II-A.2.2: Present Work: Results and Discussion 

We report herein our observation, which finally constitutes a one-pot reductive 

amination protocol for aldehydes and ketones, including conjugated ones, with the aid 

of potassium formate and catalytic palladium acetate (Scheme 18). 

Scheme 18 

R 1 = alkyl or aryl 

R2 = H, alkyl 

MS 
or Silica gel 

·R3 = H, alkyl 

R' =alkyl 

HC02K · 

Pd(OAch 
DMF 

'NR'R3 

R1~R' 

To examine the scope of this reaction, a variety of aldehydes and ketones were 

reductively aminated with aliphatic and aromatic amines (Table 1 ). Both primary and 

secondary amines, such as morpho line (entries 2 and 6) have been used. Xeactions . . ' . 

with substrates bearing potentially reducible functi9nal groups inc hiding ·chloro. (entry 

3), bromo and nitro (entry 7) yielded anticipated products without detectable reductive 

side products. The reaction of pyridine-4-aldehyde with cyclohexylamine was 

reductively a,t 40 °C for 3 hand the desired product (43) was isolated·after column 

chromatogric · purification in 86% yield. Similarly, p-methox~benz~ldehyde 

underwent reductive amination (entries 4 ·and 6) efficiently wi~h both primary and 

·secondary aliphatic amines affording the desired products (42) and (44) in 75% and 
-· 

67% yields respectively. The reaction of p-nitrobenzaldehyde with aromatic amine (p-

bromoaniline) was also studied (entry 7). The reaction also proce~ded under fairly 

mild condition to furnish the compound (45) in 56% yield. Among the ketones, we 

first studied the reaction of cyclohexanone with aniline (entry 8). The desired product, 

N-cyclohexylaniline ( 46) was isolated as colourless oil (70% ). Although 

acetophenone is a difficult case for some reductive amination protocols, use of excess 

potassium formate (2-4 mmol) and a slight excess of palladium acetate (5 mol %) 

gave reductive amination of the ketones at a rate comparable to that of other 

substrates. Thus, acetophenone was subjected to reaction with both aliphatic and 
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Table 1. Direct reductive amination of aldehydes and Ketones with HC02K and Catalytic 

Pd(OAc)2 

Entry Substrate Amine Condition 3/Temp Product %Yield 

~*" 
Time 

1. OCHO H,--Q A/40°C/ OH,N-0 68 
3h 

(39) 

0-CHO 1\ Q-cH,-N/\0 . 2. H-N 0 A/40°C/ 62. 
L_/ 4h L_/. 

(40) 

3. Cl-oCHO H2N-o A/50 °C/ CIOH,N~ 67 
~· 5h 

(41) 

4.Meo-OCHO H,--Q A/40°C/ .M•cr-Q-cH,N-0 75 3h 

(42) 

5. <=>-CHO H,--Q A/40 °C/ (yH,..--Q 86. 
3h 

(43) 

.....,... 

6.M.o-0CHO 1\ Meo-Q-cH,-() H-N 0 A/50 °C/ 67 
\__/ Sh 

(44) 

7.o,o-OcHo H,N-oBrA /50 OC/ 
- Sh 

o,VH,No-Osr 56 

(45) 

Continued ...... 
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Continued ......... Table l 

Entry Substrate Amine Condition 3/Temp Product %Yield 
b 

Time 

8. Oa H,N-o 8/50°C/ 0~ 70 
Sh 

(46) ·. 

9. O<cH,H2~ 8/60°C/ ~NHD . 76 

6h . - CH3 . 

(47) 

10. Q-(H, H,~ 8/60°C/ Q-<:Q 83 
6h 

(48) 

11. ~(H~2NCH2-o. 8/60°C/ O<::HD. 80 
6h 

(49) 

12. 

~CHO 
H,~ 8/50°C/ 

>-<cH,NHD . 69. 

Ph~H Sh p~ H . 

(50) 

a Conditions A: Aldehyde+ Amine in DMF with MS (4A) and stirred at room temparature 

for 3-5 h; B: Ketone + Amine intimately mixed on activated silica gel and stirred at room 

temperature for 5-6 h . 

., Yields are reported after chromatographic purification (2-3 runs). Satisfactory spectral data 

were obtained for all the amines (products) and given in the experimental section. 

aromatic primary amines (entries 9-11) to afford the desired N-aryl or N-alkyl amines 

in 76-83% yields. Reductive amination of cinnamaldehyde (entry 12) with cyclohexyl 

amine, however, proceeded with concomitant reduction of the C-C double bond. 

Unlike the Leuckart reaction or the Wallach reaction, no N-formyl derivatives were 

formed in this protocol. 
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It is well. known that aldehydes generally form imines faster than ketones. In this 

protocol, separate conditions were employed for imine preparation prior to addition of 

reducing agent. Whereas the aldehydes (except cinnamaldehyde) were reacted with 

amines in presence of activated molecular sieves (4 A), the imines from the ketones 

were prepared on a surface of silica gel following the procedure ·of Ranu et al. 19 

However, the imines prepared by using either molecular sieves· or silica gel were 

directly taken in dimethyl formamide and subjected to reduction by adding palladium 

acetate (2-5 mol%) and potassium formate (2-3 equiv) and heated at 40-60°C for 3-6 

h (see experimental section). The products were obtained after purification on column 

chromatography. In general, the reaction procedure is very simple and the reactiqn 

procedure appears to be mild. . 

II-A.3: Conclusion: 

In summary, the method described here can be useful for preparing all classes of 

amines from suitable carbonyl compounds and the amines. Furthepp.ore1 the method 
. . . 

can be of importance in view of cheap reducing agent, which ·decomposes. to 

environmentally friendly chemicals. Since palladium-catalyzed hydride ~ddition is· 

probably the cause of the C-N double bond reduction, the possibility for asyminetric 

reductive amination in presence of a chiral iigand might be explored. 
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II-A.4: Experimental 

II-A.4.1: Preparation ofactivated Silica Gel (HF254) 

Silica gel (HF254) was purchased from SRL, India, and was activated by heating at 

150 °C under vacuo'(0.5 Hg) for 1 hand then cooled under N2 before use. 

II-A.4.2: General pr.ocedure for Aldehydes (except Cinammaldehyde) 

A solution of p-anisaldehyde (0.680 g, 5 mmol) and cyclohexylamine (0.500 g, 5 

mmol) in dry DMF (5 mL) was magnetically stirred at room temperature for 4 h, in 

presence of molecular sieves (4 A). To the resulting reaction mixture were added . 

HCOOK (0.840 g, 10 mmol) arid palladium acetate (22 mg, 0.1 rirmol): The mixture 

was then heated at 40 °C for 3 h to complete the reaction (TLC) and after cooling it 

was diluted with ice-cold water (15 tnL). The mixture was extracted with diethyl ether 

(3 x 20 mL). The combined extract was washed with brine, dried over anhydrous. 

Na2S04 and evaporated to leave the crude product, which was purified by column · 

chromatography over silica gel using. EtOAc: hexane (1 : 19; Rr0.26) affording N- · 

cyclohexyl-p-methoxybenzylamine ( 42). 

Yield: 75% (0.815 g), liquid· • · 

IR (neat): Ymax 2925, 2851, 1610, 1510, 1456, 1300, 1246, 1178, 1035, 821 cm-1 

1H-NMR (CDCh, 300 MHz): o 7.22 (d, 2H, J = 8.3 Hz), 6.85 (d, 2H, J = 8.3 Hz), 
_... --

3.78 (s, 3H), 3.73 (s, 2H), 2.47 (br.s, 1H), 1.92-1.70 (m, 4H), 1.62-1.59 (m, 1H), 1.31-

1.05 (m, 6H). 

13 . . . . . 
C-NMR (CDCh, 75 MHz): d 158.4, 132.9, 129.2, 113.7, 56.0, 55.2, 50.3, 33.4, 26.2, 

24.9. 

Similarly compounds 39, 40, 41, 43, 44 and· 45 were prepared from corresponding 

aldehydes and amines. 

N-Cyclohexylbenzylamine (39) 

Yield: 68% (0.644 g), liquid 

IR (neat): Vmax 3400 (N-H), 1600, 1450, 1321 (C-N) cm-1 
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1H-NMR (CDCh, 300 MHz): 8 7.31-7.06 (m, 5H), 3.80 (s, 2H), 2.48 (br, 1H), 1.92-

1.70 (m, 1H), 1.61-1.54 (m, 4H), 1.31-1.07 (m, 6H) 

N-Benzylmorpholine ( 40) 

Yield: 62% (0.550 g), liquid. 

1H-NMR (CDCh, 300 MHz): 8 7.32-7.25 (m, 5H), 3.70 (t, 4H), 3.49 (s, 2H), 2.44 (t, 

4H). 

N-( 4-Chlorobenzyl)aniline ( 41)88 

Yield: 67% (0.730 g), liquid 

IR (neat): Vmax 3380 (N-H), 1.600, 1490, 1320 (C-N), 1095 cm-1 

1H-NMR (CDCh, 300 MHz): 8 7.54 (d, 2H, J = 7.9 Hz), 7.32 (d, 2H, J = 7.9 Hz), 

7.15 (t, 2H, J= 7.2 Hz), 6.71 (t, 1H; J = 7.2 Hz), 6.64(d, 2H, J= 8.81 Hz), 4.29 (s, 

2H), 3.97 (br s, 1H) 

13 . . . . . . 
C-NMR (CDCh, 75 MHz): 8 147.8, 138.0, 133.0, 129.3, 128.7, 128.2, 117.8, 112,8, 

47.6. 

N-(Pyridin-4-yl-methyl)cyclohexylamine ( 43) 

Yield: 86% (0.818 g), liquid. 

IR (neat): Vmax 2940, 1603, 1547, 1455·, 1383 cm-1 

1H-NMR (CDCI3, 300 MHz): 8 8.52 (d, 2H, J= 4.8 Hz), 7.26 (d, 2H, J= 4.8 

Hz), 3.83 (s, 2H), 2.86· (br, 1H), 1.92-1.82 (m, 4H), 1.62-1.60 (m, 1H), 1.27-1.06 (m, 

6H). 

N-( 4-Methoxybenzyl)morpholine ( 44) 

Yield: 67% (0.694 g), liquid. 

IR (neat): V 111ax 2954,2852, 1612, 1514, 1456, 1245, 1116, 1033 cm-1 

-lt:. 1H-NMR (CDCh, 300 MHz): 8 7.22 (d, 2H, J = 8.34 Hz), 6.85 (d, 2H, J = 8.34 

Hz), 3.78 (s, 3H), 3.69 (t, 4H), 3.43 (s, 2H), 2.42 (t, 4H) 



. 13C-NMR (CDCb, 75 MHz): 8 158.7, 130.4, 129.5, 113.6, 66.9, 62.8, 55.2, 53.4. 

4-Bromo-N-( 4-nitrobenzyl)aniline ( 45) 

Yield: 56% (0.860 g), liquid. 

124 

1H-NMR (CDCb, 300 MHz): 8 S.19 (d, 2H, J = 8.5 Hz), 7.50 (d, 2H, J = 8.5 Hz), 

7.23 (d, 2H, J= 8.6 Hz), 6.44 (d, 2H, J = 8.6 Hz), 4.45 (s, 2H), 4.22 (br, lH). 

13C-NMR (CDCb, 75 MHz): 8 146.8, 146.2, 132.1, 127.6, 123.9, 114.5, 114.4, 109.8, 

47.5. 

Anal. Calcd. for C13HnBrN202 (307.15): C, 50.84; H, 3.61. 

. Found: C, 50.66; H, 3.69. 

II.-A.3.3: General Procedure for Ketones and Cinnamaldehyde 

A mixture of acetophenone (0.601 g, 5 mmol) and benzyl amine (0.535 g, 5 mmol) 

was uniformly absorbed on the surface of activated silica gel (5. g) by dropwise_ 

addition tinder stirring, and the mixture was then stirred at room temperature (25 °C) 

under nitrogen for 4 h to allow complete conversion of the. corresponding)mine. 

HCOOK (0.840.g, 10 mmol), palladium acetate (22 mg, 0.1 mmol) and DMF.(5 mL) 

were added and the reaction mi~rure was then heated at 60 Qc a for 6 h. After -. 

completion (TLC) the reaction mixture was cooled, diluted with ice-cold water and 

extracted with diethyl ether (3 x 20 mL). The extract was washed .with brine, dried 

over anhydrous Na2S04 and evaporated with solvent to leave the crude product, 

which was purified by column chromatography over silica gel using EtOAc :hexane 

(1 : 9) affording N-(1-phenylethyl)benzylamine (49). 

Yield: 80% (0.845 g), liquid. 

IR (neat): V 111ax 3380, 1602, 1452, 1305 cm-1 

1H-NMR (CDCl), 300 MHZ): 8 7.34-7.23 (m, 10H), 3.79 (q, 1H, J = 6.57 Hz), 3.60 

(q, 2H, J= 13.1 Hz), 1.86 (br, lH), 1.35 (d, 3H, J = 6.57 Hz). 

13C-NMR (CDCI3, 75 MHz): 8 145.4, 140.5, 128.3, 127.3, 125.5, 57.4, 51.5, 24.4. 

Anal. Calcd. for C1sH17N (211.31): C, 85.26; H, 8.11. 

Found: C, 85.11; H, 8.43. 
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Using the same method compounds 46, 47, 48 and 50 were prepared from the 

corresponding carbonyls and amines. 

N-Cyclohexylaniline ( 46) 14 

Yield: 70% (0.614 g), liquid. 

IR (neat): Vmax 3400, 3085, 3055, 1602, 1560, 1462, 1450,1367, 1321 (C-N), 1255, 

1179,1148 cm-1 

I . . . . 
H-NMR (CDCh, 300 MHz): o 7.22-7.14 (m, 2H), 6.71~6.61 (m, 3H), 3.27 (m, 1H); 

1.81-1.62 (m, 5H), 1.45-1.10 (m, 6H). 

13 . . . 
C-NMR (CDCh, 75 MHz): o 147.1, 129.2, 117.0, 113.3, 51.9, 33.4, 25:9, 25.0. 

N-(1-Phenylethyl)aniline ( 47) 

._,.._ Yield: 76% (0.844 g), liquid. 
. ' 

IR (neat): Vmax 3416 (N-H), 3053, 1603, 1506, 1450, 1322 (C-N), 1260 cm-1
." 

1H-NMR (CDCh, 300 MHz): o 7.36-7.31 (m, 5H), 7.06 (t, 2H, J = 7.3 Hz), 6.6. (t, . 

IH, J=.7.3 Hz), 6.48 (d, 2H, J= 1.92 Hz), 4.46 (q, IH, J= 6.7 Hz), );81 (s, 1H), 1.47 

(d, 3H,J=6.7Hz). 

13 . . 
C-NMR (CDCh, 75 MHz): o 147.2, 145.2, 129.0, 128.2, 126.8, 125.8, 117.-1, 113.2, 

53.3, 24.9. 

-'""" N-( l.:Phenylethyl)cyclohexylamine ( 48) 

Yield: 83% (0.750g), liquid. 

IR (neat): Vmax 3380, 1640 cm-1
. 

1H-NMR (CDCh, 300 MHz): 8 7.35-7.20 (m, 5H), 3.96 (q, lH, J= 6.6 Hz), 2.28 (br, 

IH), 1.72-1.65 (m, 4H), 1.55 (m, 1H), 1.33 (d, 3H, J= 6.6 Hz), 1.14-1.01 (m, 6H). 

13C-NMR (CDCI3, 75 MHz): 8 146.0, 128.3, 126.6, 125.4, 54.3, 53.5, 34.4, 33.0, 26.0, 

24.8. 
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N-(3-Phenylpropan-1-yl)cyclohexylamine (50) 

Yield: 69% (0.743 g); liquid, 

' 
IR(neat): Ymax 3320, 2930, 1629, 1496, 1440, 1378, 1127 cm-1

. 

I . . 
H-NMR (CDC:h, 300 MHz): 8 7.35-7.16 (m, 5H), 2.8-2.62 (m, 1H), ~.64 (t, 4H, J= 

7.4 Hz), 2.38 (m, 1H, NH), 1.87-1.59 (m, 8H), 1.30-1.02.(m, 4H). 

13C-NMR (CDCh, 75 MHz): 8 142.1, 128.3, 128.2, 125.6, 56.8, 46.4, 34.2, 33.6, 31.9, 

26.1; 25.0. 



. "1"" 

127 

11-A.S: References 

1. For some leading references, see: (a) Henkel, T.~ Brunne, R. M.; Muel, H.; 

Reichel, F. Angew. Chem. Int. Ed. 1999, 38, 643. (b) Brown, A. R.; Rees, D. C.; 

Rankovic, Z.; Morphy, J. R. J. Am. Chem. Soc. 1997, 119, 3288. (c) Main, B. G.; 

Tuncker, fL In Medicinal Chemistry, 2nd ed.; Genellin, C. R.;_ Roberts, S. M., 

Eds.; Academic Press: New York, 1993, p 187. (d) Kukhar, V. P.; Svistunova, N. 

Yu.; Soloshonok, V. A.; Solodenko, V. A. Russ. Chem. Rev. (Engl.· Trans/.) 1993, 

62, 284. (e) Askin, D.; Wallace, M. A.; Vacca, J.P.; Reamer, R. A.; Volante, R. 

P.; Shinkai, I. J. Org. Chem. 1992, 57, 2171. (f) Manchand, P. S.; Cerruti, R. L.; 

Martin, J. A.; Hill, C. H.; Merrett; J. H.; Keech, E.; Belshe, R. B.; Connell, E. V.; 

Sim, I. S. J. Med. Chem. 1990, 33, 1992. (g) Ojima, I.; Kato, K.; Nakahashi, k.; 

Fuchikami, T.; Fujita, M. J. Org. Chem. 1989, 54, 4511. (h) Roush, W. R~; Staub, 
. . 

J. A.; Brown, R. J. J. Org. Chem. 1987, 52, 5127. (i) Welch, J. T. Tetrahedron 

· 1987, 43, 3123. G) Shaw;K. T.; Luly, J. R.; Rapoport, H. J. Org. Chem.-1985, 50, 

4515. (k) Kirschbaum, J. In Analytical Profiles of Drug Substances; Florey, K., 

Ed.; Academic Press: New York, 1983; Vol. 12, p 1. 

2. Negwer, M. Oganic Chemical· Drugs and Their Synonyms (an international survey), 7th 

ed.; Akademie-Verlag GmbH: Berlin, 1994. 

3. This estimate was obtained by. searching the World· Drugs Index (Derwent 

Information Ltd.) for compounds with a tradename which also contain a tertiary 

amine group. 

4. (a) Cohen, N.; Lopresti, R. J.; Neukam, C.; Saucy, G. J. Org. Chem. 1980, 45, 582. 

(b) Payne, N. C.; Stephan, D. W. lnorg. Chem. 1982, 21, 182. (c) Hayashi,T.; 

Kumada, M. Ace. Chem. Res. 1982, 15, 395.(d) Hathaway, S. J.; Paquette, L.A. J . . 

Org. Chem. 1983, 48, 3351. (e) Sawamura, M.; Ito, Y.; Chem. Rev. 1992, 92, 857. 

(f) Togni, A.; Venanzi, L. M. Angew. Chem., Int. Ed. Engl. 1994,33,497. 

5 (a) Wahlund, K. G.; Sokolowski, A. J. Chromatogr. 1978, 151, 299. (b) Jansson, 

S.O.; Andersson, I.; Johansson, M. L. Ibid. 1982, 245, 45. (c) De Schutter, J. J\; 
De Moerloose, P. Ibid. 1988, 437, 83. 



128 

6. Hermodson, M. A.; Ericsson, L. H.; Titani, K.; Neurath, H.; Walsh, K. A. 

Biochemistry 1972, 11, 4493. 

7. (a) Evans, D. D.; Evans, D. E; Lewis, G. S.; Palmer, P. J.; Weyell, D. J. J. Chern. 

Soc. 1963, 3578. (b) Sheehan, J. C.; Ledis, S. L. J. Am. Chern. Soc. 1973, 95, 875. 

(c) Dhaon, M. K.; Olsen, R. K.; Ramasamy, K. J. Org. Chern. 1982, 47, 1962~ (d) 

Becker, M. M.; Wang, J. C. Nature 1984, 309, 682. 

8. The formation ofimines or iminium ions was proposed as possible intermediates.~ 

reductive amination reactions in catalytic hydrogenation methods,. see (a) 

Emarson; W. S. Org. React. _1948,. 4, 174. and references therein. It was also · 

proposed in hydride methods, see (b) Schellenberg, K. A. J. Org. Chern .. 1963, 28," 

3259. 

9. Tadanier, J.; Hallas, R.; Martin, J. R.; Stanaszek, R. S. Tetrahedron 1981, 37, 

1309. 

10. (a) Emarson, W. S.; Uraneck, C. A.J. Am. Chern. Soc. 1941, 63, 749. (b) Johnson, .. 

. H. E.; Crosby, D. G. J. Org. Chern. 1962, 27, 2205; (c) Klyuev, M. V.; Khidekel, 

M. L. Russ. Chern. Rev.1980, 49, 14. 

11. (a) Lane, C; ·F. Synthesis 1975, 135. (b) Hutchins, R. 0.; Natale, N. R. Org. Prep. 

Proced. Int. 1979, 11, 201. (c) Hutchins, R. 0.; Hutchin, M. K. In Comprehensive 

Organic Synthesis; Trost, B. N., Fleming, I., Eds.; Pergamon Press: New York, 

1991; Vol. 8, Chapter 1.2. 

12. Mattson, R. J.; Pham, K. M.; Leuck, D. J.; Cowen, K. A. J. Org. Chern. 1990;55, 

2552. 

13. Brussee, J.; Van Benthem, R. A. T. M.; Kruse, C. G.; Van der Gen, A. 

Tetrahedron: Asymmetry 1990,1, 163. 

14. Micovic, LV.; lvanovic, M.D.; Piatak, D. M.; Bojic, V. Dj. Synthesis 1991, 1043. 

15. Yoon, N. M.; Kim, E. G.; Son, H. S.; Choi, J. Synth. Commun. 1993,23, 1595. 

16. Bhattacharyya, S.; Chatterjee, A.; Duttachowdhury, S. K. J. Chern. Soc., Perkin 

Trans. 1 1994, I. 



129 

17. (a) Pelter, A. P.; Rosser, R. M.; Mill, S. J. Chern. Soc., Perkin Trans. 11984, 717. 

(b) Moormann, A. E. Synth. Comrnun. 1993, 23, 789. (c) Bomann, M.D.; Ouch, I. 

C.; DiMare, M. J. Org. Chern. 1995,60,5995. 

18. Abdel-Magid, A. F.; Carson, K. G.; Harris, B.D.; Maryanoff, C. A.; Shah, R. D. J. 

Org. Chern. 1996, 61, 3849. 

19. Ranu, B. C.; Majee, A.; Sarkar, A. J. Org. Chern. 1998, 63,370. 

20. Bhattacharyya, S. Synth. Cornrnun. 1997, 27, 4265. 

21. Bhattacharyya, S.; Neidigh, K. A.; Avery, M.A.; Williamson, J. S. Synlett 1999, 

1781 

22. Saxena, I.; Borah, R.; Sarma, J. C. J. Chem. Soc., Perkin Trafls. 1 2000, 503. 

23. Chandrasekhar, S.; Reddy, C. R.;Ahnied, M. Synlett 2000, 1655 ... 

24. Bae, J. W.; Lee, S. H.; Cho, Y. J.; Yoon, C. M. J. Chern. Soc., Perkin .Trans. 1 

2000, 145. 

· 25. Suwa, T.; Sugiyama, E.; Shibata, I.; Baba, A. Synlim 2000, 556. 

26. (a) Suwa, T.; Sugiyama, E.; Shibata, I.; Baba, A. Synlett 2000, 789.· (b) Suwa, T.; 

Shibata, I.; 'Nishino, K.; Baba, A. Org. Lett. 1999, 1, 1579 . .(c)· Shibata, 1.; 

Moriuchi-Kawakami, T.; Tanizawa, D.; Suwa, T.; Sugiyama, E.; Matsuda, H.; 

Baba, A. J. Org. Chern. 1998, 63, 383. (d) Shibata, I.; Suwa, T.; Sugiyama, E.; 

· Baba, A. Synlett 1998, 1081. 

27. Apocada, R.; Xiao, W. Org. Lett. 2001, 3, 1745. 

28. Chen, B.-C.; Sudeen, J. E.; Guo, P.; Bednazr, M. S.; Zhao, R. Tetrahedron Lett. 

2001, 42, 1245. 

29. (a) Lund, H. Acta Chern. Scand. 1959, 13, 249. (b) Pienemann, T.; Schafer, H.-J. 

Synthesis 1987, 1005. (c) Smirnov, Yu. D.; Tomilov, A. P. J. Org. Chern. U.S. S. 

R. 1992, 28(1), 42. (d) Smirnov, Yu. D.; Pavlichenko, V. F.; Tomilov, ·A. P. J. 

Org. Chern. U.S.S.R. 1992, 28(3), 374. 

30. Dube, D.; Scholte, A. A. Tetrahedron Lett. 1999, 40, 2295. 

31. Skita, A.; Keil, F. Chern. Ber. 1928, 61 B, 1452. 



-~ 

130 

32. Roe, A.; Montgometry, J. A. J. Am. Chern. Soc. 1953, 75, 910. 

33. Rylander, P. N. In Catalytic Hydrogenation over Platinum Metals; Academic 

Press: New York, 1967, p 128. 

34. Rylander, P. N. In Catalytic Hydrogenation over Platinum Metals; Academic 

Press: New York, 1967, p 21. 

35. (a) Barch, R.·F.; Bernstein, M.D.; Durst, H. D. J. Am. Chern. Soc. 1971, 93,2897. . - . 
(b) Barch, R. F. Durst, H. D. J. Am. Chern. Soc. 1969,91, 3996~ (c)Borch, R. F. 

Org; Synth. 1972, 37, 124. (d) Barch,_ R. F.; Hassid, A. I. J. Org .. Che.m. 1972, 37, 

1673. 

36. (a) Pelter, A.; Rosser, R. M.; Mill, S. J. Chern. Soc., Perkin Trans. 1 1984, 717. 
. . 

(b) Mattson, R. J.; Pham, K. M.; Leuck, D.J.; Cowen, K. A. J. Org.- Chem.l990, 

55, 2552. (c) Marchini, P.; Liso, G.; Reho, A.; Liberatore, F.; :rvioracci;:F. M. J. 

Org. Chern. 1975, 40, 3453. 

37. For information on the safety data· and health hazards associated with sodium 
. . 

cyanoborohydride see: The Sigma-Aldrich Library of Chemical Safety Data, I.st 

ed.; Lenga, R. E~, Ed.; Sigma-Aldrich Corp.: Milwaukee, 1985, p 1609. 

38. (a) White, w.· A.; Weigarten, H. J. Org. Chern. 1967, 32; 213. (b) Weigarten, H.; 
. . . . . 

White, W. A. J. Org. Chern. 1966, 34, 4042. (c) Weigarten, "II.; Miles·, M.·.G.; 

Bym, S~ R.; Hobbs, C. F. J. Am. Chern. Soc. 1967, 89, 5974. (d) Oruri, T.; Kawai, 

N.; Shioiri, T.; Yamada, S. :Chern. Pharm. Bull. 1978, 26, 803. (e) Hirsh, H. V. 
. . 

'Chern. Ber. 1967, 100, 1289. (f) Nelson, P.; Pelter, A. J. Chern. Soc.1965,'5142. 

39. Carlsov, R.; Nilsson, A. Acta Chern. Scand. B 1984, 38, 49. 

40. Seebach, D.; Hungerbuhler, E.; Haef, R. Schnurenberger, P. Synthesis 1982, 138.· 

41. (a) Tanaka, H.; Ohta, T.; Noyori, R. In Catalytic Asymmetric Synthesis; Ojima, I., 

Ed.; VCH: New York, 1993: pp 1-39. (b)Keonig, H. E. In Asymmetric Synthesis; 

Morrison, J.D., Ed.; 1985; Vol. 5, Chapter 3; p 71. 

42. (a) Burk, M. J.; Feaster, J. E . .! Am. Chem. Soc. 1992, 114, 6266. (b) Bakos, J.; 

Orosz, A.; Heil, B.; Laghmari, M.; Lhoste, P.; Sinou, I. J. Chem. Soc., Chern. 

Commun. 1991, 1684. 



131 

43. (a) Willoughby, C. A.; Buchwald, S. L. JAm. Chern. Soc. 1994, 116, 8952. (b) 

Willoughby, C. A.; Buchwald, S. L. J Am. Chern. Soc. 1994, 116, 11703. (c) 

Verdaguer, X.; Lange, U. E. W.; Reding, M. T.; Buchwald, S. L. J Am. Chern. 

Soc. 1996,118,6784 

44. (a) Fogg, D. E.; James, B. R.; Kilner, M. /norg. Chim. Acta 1995, 222, 85. (b) 

Cho, C. S.; Park, J. H.; Kim, T.-J.; Shim, S. C. Bull. Korean Chem Sci. 2002, 23, 

23-. 

45. (a) Splinder, _F.; Pugin, B.; Blc:tser, H. U. Angew. Chern. Int., Ed. Eng. 1990, 29, 

558. (b) Tani, K.; Onouchi; J.; Yamagata, T.; Kataoka, Y. Chem. Lett.1995, 985. 
. . 

46. (a) Burk; M. J.; Martinez, J. P.; Feaster, E. J.; Cosford, N. Tetrahedron 1994, 50, 
. . . . . . . . . .: . . . 

4399. (b) Kang, G.-J.; Cullen, W. R.; Fryzuk, M.D.; James, B. R.;_Kutney,J.P.J 

Chern. Soc., Chern. Commun. 1988, 1466. 

47. (a) Willoughby, C. A.; Buchwald, S. L. J Am. Chern. Soc. 1992, 114, 7562. (b) 

Willoughby, C. A.; Buchwald, S. L. J Org. Chern. 1993, 58, 7627. 

48. (a) Berk, S. ~.;·Kreutzer, K. A.; Buchwald, S. L. J. Am. Chern. Soc. 1991, I 13, 

5093. (b) Berk, S.C.; Buchwald, S. L. J. Org. Chem. 1992, 57; 3751. (c) Broene; 
. . . . . . . 

R. D.; Buchwald, S. L. J. Am. Chem. Soc. 1993, 115, 12569. (d) Carter, M. B.; 

Schiott, B.; Gutierrez, A.; Buchwald, S. L. J. Am. Chern. Soc. 1994, 116, 11667. 

(e) Lee, N. E.; Buchwald, S. L. J. Am. Chern. Soc. 1994, 116, 5985. 

49. Viso, A.; Lee, N. L.; Buchwald, S. L. J. Am., Chern. Soc. 1994, 116, 9373. · 

50. (a) Bhattacharyya, S. Tetrahedron Lett . . 1994, 35, 2401. (b) Magid-Abdel, A. F.; 

Harris, B. D.; Maryanoff, C. A. Synlett 1994, 81. 

51. (a) Dayagi, S.; Degani, Y. In The Chemistry of the Carbon-Nitrogen Double 

Bond; Patai, S., Ed.; Interscince: New York, York, 1970; Chapter 2. (b) Layer, R. 

W. Chern. Rev. 1963, 63, 489. 

52. Curtin, D. Y.; Hausser, J. W. JAm. Chern. Soc. 1961, 83, 3474. 

53. Taylor, M. E.; Fletcher, T. L. J Org. Chern. 1961, 26, 940. 

54. Billman, J. H.; Tai, K. M. J Org. Chern. 1958, 23, 535. 



132 

55. (a) Bonnett, R.; Emerson, T. R. J Chern. Soc. 1965, 4508. (b) Kybe, E. P. Org. 

Prep. Proc. 1970,2,149. 

56. Taguchi, K.; Westheimer, F. H. J. Org. Chern. 1971,36, 1570. 

57. Roelofson, D. N.; van Bekkum, H. Rec. Trav. Chim. Pays-Bas 1972,91,605. \ 

58. For a review of amine-borane chemistry, see: Hutchins, R. 0.; Learn, K.; Nazer, 

. _B.; Pytlewski, D:; Pelter, A. Org. Prep. Proced. Int. 19~4, 16, 335. 

59. (a) Gribble, G. W.; Ferguson, D. C. J. Chern. Soc., Chern. Commun; 1975, 535. (b) 

Nutaitis, C. F.; GribbJe, G. W. Tetrahedron Lett. 1983, 24,. 4:287. (c) Gribble, G. 

W. In Encyclopedia of Reagent for Organic Synthesis; Paquette, L.A. Ed., John 

Wiley and Sons: New York, 1995; vol 7, p 4649. 

60·. See for example: (a) Saksena, A. K.; Mangiaracina, P. Tetrahedron Lett. 1983, 24,. 
. . . . . . . . 

273. (b) Evans, D. A.; Chapman, K. L. Tetrahedron Lett. 1986, 27, 5939. (c) 

Evans, D. A.; Chapman, K. L. Carrira, L. M. J. Am. Chern. Soc. 1988, 110,3560. 
' . ·. ' 

61. Gribble, G. W.; Nutaitis, C. F. Org. Prep. Proced. Int. 1985, 17,317. 

62. (a) Gribble, G. W.; Lord, D.; Skotnicki, J.; Dietz, S. E.; Eaton, J. T. J. Am. Chern. 

Soc. 1974, 96, 7812. (b) Gribble, G. W.; Jasinski, J. M.; Pellicane, L. T.; Panetta, 

. J. A. Synthesis 1978, 76(j. 

63. (a) Spring, M. M. Chern. Rev. 1940, 26, 297. (b) Layer, R. W. Chern. Rev. 1963, 

63, 489. (c) Bolton, R.; Danks, T. N.; ·Paul, J. M. Tetrahedron Lett. 1994, 35, 

3411. (d) Niel, J. C. G. V.; Pandit, U.K. Tetrahedron 1985,41,6005. (e) Bonnett, 

R.; Emerson, T. R. J. Chern. Soc. 1965, 4508. (f) Yaozho:rig, J.; Guilan, L.; Jinchu, 

· L.; Changyou, Z. S)mth. Commun. 1987, 17, 1545. 

64.(a) Ranu, B. C.; Basu, M. K. Tetrahedron Lett. 1991, 32, 3243. (b) Ito, Y.; 

Yamaguchi, M. Tetrahedron Lett. 1983, 24, 5385. 

65. Alcaide, B.; Lopez-Mardomingo, C.; Perez-Ossorio, R.; Plumet, J. J. Chern. Soc., 

Perkin Trans 2 1983, 1649. 

66. (a) Shibata, I.; Suzuki, T.; Baba, A.; Matsuda, H. J. Chern. Soc., Chern. Commun. 

1988, 882. (b) Shibata, I.; Yoshida, T.; Baba, A.; Matsuda, H. Chern. Lett. 1989, 

619. (c) Shibata,.!.; Yoshida, T.; Baba, A.; Matsuda, H. Chem. Lett. 1991,307. (d) 

Shibata, I.; Yoshida, T.; Kawakami, T.; Baba, A.; Matsuda, H. J. Org. Chem. 



133 

1992, 57, 4049. (e) Kawakami, T.; Sugimoto, T.; Shibata, I.; Baba, A.; Matsuda, 

H.; Sonoda, N.J. Org. Chern. 1995, 60,2677. 

67. (a) Kawakami, T.; Shibata, 1.; Baba, A.; Matsuda, H. J. Org. Chern. 1993, 58, 

7608._ (b) Kawakami, T.; Shibata, I.; Baba, A.; Matsuda, H.; Sonoda, N. 

Tetrahedron Lett. 1994, 35, 8625. (c) Kawakami, T.; Shibata, I.; Baba, A. J. Org. 

Chern. 1996, 61, 82. (d) Kawakami, T.; Miyatake, M.; Shibata, I.; Baba, A. J. Org. 

· Chern. 1996, 61, 376. 

68. (a) Micovic, I. V.; Ivanovic, M.D.; Roglic, G. M.; Kiricojevic, V. D.; Popovic, J. -

B. J. Chern. Soc., Perlin Trans 1 1996, 265. (b) Smith, M. B.; March, J: In 
' : : . • . . th _. -- • . . . . . . 
March's Advanced Organic Chemistry; 5 Edn., John Wiley and Sons, New York, 

2001, 1187. 

69. (a) Sharma, S. K.; Songster, M. F.; Colpitts, T. L.; Hegyes, P.; Barany, G.; 
Castellino, F. J. J. Org. Chern. 1993, 58, 4993. (b)'Hel~on-Garro, F.; Merzouk, A.; 

Guibe, ·F: J. Org. Chern. 1993, 58, 6109. (c) Merzouk, A.; Guibe, F.; loffet, A. 

Tetrahedron Lett. 1992, 33, 477. (d) Purchase, C. F:; Goel, 0. P. J. · Org. Chern. 

1991, 56, 457. (e) Soroka, M.; Zygmunt, J. Synthesis1988, 370. 

70. (a) Bhattacharyya, S. Tetrahedron Lett. 1994, 35, 2401. (b) Bhattacharyya, S. J. 

Org .. Chern. 1995, 60, 4928. 

71. Hine, J.; Yeh, C. Y. J. Am. Chern. Soc. 1967, 89, 2669~ 

72. (a) Mattson, R. J.; Pham, K. M.; Leuck, D. J.;- Cowen, K. A. J. Org. Chern. 1990, . 

55, 2552. (b) Reetz, M. T.; Westermann, J.; Steinbach, R.; Wenderoth, B.; Peter, 

R.; Ostarek, R.; Maus, S. Chern. Ber. 1985, 118, 1421. (c) Imwinkelried, R.; 

Seebach, D. Helv. Chim. Acta 1984, 67, 1496. 

73. Lee, S. H.; Park, Y. J.; Yoon, C. M. Tetrahedron Lett. 1999, 40, 6049. 

74. Berdini, V.; Cesta, M. C.; Curti, R.; D' Anniballe, G.; Bello, N. D.; Nano, G.; 

Nicolini, L.; Topai, A.; Allegretti, M. Tetrahedron 2002, 58, 5669. 

75. For reviews on reductions using hydrosilanes. See: (a) Kursanov, D. N.; Parens. Z. 

N.; Loim. N. M. Synthesis 1974, 633. (b) Nagai, Org. Prep. Proc. Int. 1980, 12, 

13. 



134 

76. (a) Kazakova, L. 1.; Loim, N. M.; Perevalova, E. G.; Parens, Z. N. Zh. Obshch. 

Khim. 1973, 43, 2306. (b) Kazakova, L 1.; Loim, N. M.; Perevalova, E. G.; 

Parens, Z. N. Chern. Abstr. 1974, 80, 94949. (c) Carey, F. A.; Tremper, H. S. J 

Am. Chern. Soc. 1968, 90, 2578. 

77. Loim, N. M. Bull. Acad. Sci. USSR. Div. Chern. Sci. 1968, 1345. 

78. Beulshausen, T.; Groth, U.; Schollkopf, U. Liebigs Ann. Chern. 199.2, 523. 

79. Webb- Ii, R. R.; Barker, P.; Baier, M.; Reynolds, M. E.; Robarge, K. D.; 

Blacklmrn, B. K.; Tischler, M. H.; Weese, K. J. Tetrahedr~n Lett. 1994, 35, 

2113. 

80. (a) Moore, ML. "Organic Reactions; Wiley: New York, 1949;.Vol. 5, pp. 301-

330. (b) Emerson, W. s>"Organic Reactions"; Wiley: New Ydrk, 1948; Vol.4; 

pp. 174-255.-

81. Brieger, G.';·.Nestrick, T. Chern. Rev. 1974, 74,567. 

82. Sasson, Y.; Blum, J. J Org. Chern. 1975, 40, 1887. 

83. (a) ·Matteoli, U.; Frediani, P.; Bianchi, M.; Botteghi, C.; Ghidiali, s.: J ·Mol. 

Catal. 1981, 12,265. (b) Brunner, H.; Kunz, M. Chern. Ber. 1986,119,2868. · 

84. Brown, J. M.; Brunner, H.; Leitner, W.; Rose, M. Tetrahedron: .Asymmeiry 

1991, 2, 331. 

85.. Johnstone, R. A. W.; Wilby, A. H.~ Entwistle, I. D. Chern. Rev .. 1985, 85, 129. 

'.off · 86. (a) Basu, B.; Bhuiyan, M. M. H.; Jha, S. Synth Commun. 2003, 33, 291. (b) 

,_ 
Arcadi, A.; Bernocchi, E.; Cacchi, S.; Marinelli, F. Synlett 1991, 27. 

87. (a) Arcadi, A.; Bernocchi, E.; Cacchi, S.; Ortar, G. J Organomet. Chern. 1989, 

368,249. (b) Laroe, R. C.; Johnson, P. L. J Chern. Soc., Chern. Commun. 1989, 

1368. 

88. Suwa, T.; Sugiyama, E.; Shibata, 1.; Baba, A. Synthesis 2000, 789. 




