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Methods for obtaining saturated five- and six-membered azaheterocycies based 
on the use of catalytic intra- and intermolecular hydroamination of dicarbon- 
yl compounds and ketones and amines of the furan series, hydride amination of 
aldehydes and ketones, and the Leuckart reaction are examined. 

Heterocycles of the pyrrolidine and piperidine series and their condensed analogs are 
the structural foundation of natural alkaloids and synthetic biologically active substances 
that have a broad spectrum of physiological activity [1-3]. These compounds have found ap- 
plication in the manufacture of herbicides, light-resistant polymers, plasticizers, accelera- 
tors of the vulcanization of rubber, special solvents, catalysts of condensation reactions, 
etc. 

The reductiveamination of dicarbonyl compounds, which makes it possible to combine amina- 
tion and reduction, occupies a special place in the arsenal of methods for obtaining azahetero- 
cycles. Catalytica!ly activated hydrogen (catalytic hydroamination in liquid and vapor pha- 
ses), formic ~cid and its derivatives (the Leuckart reaction), and complex metal hydrides 
(hydride amination) are used as the reducing agents. 

Reductive amination has been thoroughly studied as applied to the synthesis of amines of 
the aliphatic, alicyclic, and aliphatic-aromatic series that are formed on the basis of the 
corresponding monoketones; this has been reflected in a number of reviews [4-9]. Data on the 
use of reductive amination to obtain saturated nitrogen-containing heterocyclic compounds were 
not examined in these reviews or in [i0], which was devoted to the catalytic synthesis of aza- 
heterocycies. 

In the present review we attempted to thoroughly analyze these reactions as a function of 
the structures of the starting substances, the character of the reducing agent, and the condi- 
tions of the processes and to correlate the literature data published in recent years. 

i. Catalytic Hydroamination of Carbonyl Compounds 

The direct conversion of a carbonyl group to an amino group under heterogeneous catalysis 
conditions was first developed for aliphatic aldehydes and ketones [ii]. The mechanism, ki- 
netics [12-14], and a large number of catalysts of this process [15] have been studied. The 
first information on heterocyclization in the case of hydrogenation of 1,4-diketones on Raney 
nickel in the presence of ammonia was published in 1929 [16, 17!. However, this reaction did 
not receive wide application, evidently because of the relative inaccessibility of i,4-dicar- 
bonyl compounds. 

The largest number of studies devoted to the synthesis of five-membered nitrogen-contain- 
ing heterocyc!es in hydroamination processes is based on the use of accessible derivatives of 
furan, the ring of which serves as a latent supplier of carbonyi groups. 

Recent research has established the ability of 1,5-diketones and the products of their 
intramolecular aldol condensation, viz., B-cycloketols, to undergo conversion to saturated six- 
membered azaheterocycles through hydroamination [18, 19]. 

I.I. Hydroamination of 1,4-Diketones and y~Keto Carboxylic Acids. The catalytic hydro- 
amination Of i,4-diketones has been Studied in the case of acetonylacetone. Depending on the 
conditions, the reaction products are pyrrolidines [16, 17] or mixtures of the latter with pyr- 
roles [20]. 
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Aliphatic and aliphatic-aromatic nitriles are used as aminating agents in the gas-phase 
hydroamination of acetonylacetone [21]. The process can be directed to favor the primary for- 
marion of pyrrolidines or pyrroles by varying the temperature, the hydrogen pressure, and, 
chiefly, the nature of the catalyst,, viz., copper, which is applied to oxides of the basic, 
acidic, and semiconductor type [22]: 

, o . , .  , - . -  - ~  

CH3 / CH 3 CH~ CH3 ~ 3 
CH2R CHzR 

R=CaH ~. C3H 7, CH2CeH ~ 

The optimum conditions for obtaining saturated bases (in up to 46% yields) are as follows: 
a temperature of 220~ a pressure of 0.7 MPa, and the use of 15% Cu/AI203 promoted with 10% 
LiOH (to suppress the acidity). A decrease in the temperature and pressure and the use of 
30% Cu/ZnO decrease the yields of pyrrolidines to 7-11%. It has been assumed [23] that com- 
plexes of different types that are capable of undergoing conversion to pyrroies or pyrrolidines 
are formed on the surface of the catalyst, depending on its chemical nature. 

In contrast to 1,4-diketones, the hydroamination of the more accessible u carboxylic 
acids and their esters containing reaction centers with different activities has been thorough- 
ly studied. This reaction is interesting in that it leads to the formation of 2-pyrrolidones, 
which are cyclic analogs of y-aminobutyric acid and display diverse biological activities. 

R 2 R 3 

RSNHF H 2 ~ / ~  
R + __C__CH__CH_-C00R + 4~ 

0 R 1 0 

Rt=H, Alk, Ar; R% R a, R+=H, Alk; RS=H, Alk, At, CH2COOC~Hs, (CH~)~NH~, 
(CH2).OH, n=2--6 

High yields of lactams were obtained in the reductive methylamination in the gas phase 
(150-250~ of levulinic acid and its ethyl ester in the presence of copper chromite promoted 
with barium or 55% nickel on kieselguhr [24, 25]. 

5-Alkyl(aryl)-2-pyrrolidones containing C(:)--C(:3) n-alkyl substituents, radicals with 
iso structures, and functional groups in the substituent attached to the nitrogen atom were 
obtained as a result of the hydroamination in the liquid phase of the ethyl esters of a number 
of y-keto carboxylic acids [26-36]. �9 

The selectivity of the process is highest when a twofold excess of the aminating agent 
with respect to the substrate is used. The addition of acids (pH 6) that catalyze the nucleo- 

�9 philic reaction of the amine with the keto group is required in the case of weakly basic aro- 
matic amines, N-(3-aminopropyl)morpholine, and glycine ethyl ester [36, 37]; a slightly acidic 
medium also hinders self-condensation of glycine ethyl ester [38]. 

An increase in the number and volume of the substituents attached to the nitrogen atom, 
for example, the use of 2-amino-(2-hydroxymethyl)propanediol and tert-butylamine, leads to 
hydrogenation of the starting substances; the only reaction products were the corresponding 
lactones, which constitutes evidence for the high sensitivity of amination to steric factors. 

Platinum [39, 40] and catalysts based on ruthenium proved to be effective catalysts for 
the hydroamination of esters of keto carboxylic acids. The use of Raney nickel promoted with 
ruthenium makes it possible to obtain lactams in 70% yields at I00-120=C and a hydrogen pres- 
sure of 8-10 MPa. The process occurs at a lower temperature (60~ on 5% Ru/C. An advantage 
of ruthenium dioxide is the possibility of its repeated use at room temperature [34]. 

Since the use of a given method is determined by the accessibility of the starting sub- 
stances, it should be pointed out that esters of y-keto carboxylic acids are obtained on the 
basis of furfural -- a product of fundamental organic synthesis [41, 42]. In this connection, 
a report [29] regarding the fundamental possiblity of passing from B-furylacrylates to y-lac- 
tams without isolation of esters of y-keto carboxylic acids is of great interest. 

Very little is known about the intermediates of the heterogeneous-catalytic transformations 
of 1,4-dicarbonyl compounds. A possible pathway of the formation of 2-pyrrolidones from esters 
of y-ket 0 carboxylic acids (100~ Ni/AI) through the correspondingamides and pyrroiinones is 
discussed in [29]: 
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RCO(CX~I2)zCOOCzHs R' NH~__ RCO(CHz)zCONHR, --~" I 

R ~ ~ N  "O R ~ "  N ~ ~ ' ~ 0  

An a l t e r n a t i v e  scheme s u g g e s t s  a t t a c k  by the  n i t r o g e n - c o n t a i n i n g  r e a g e n t  a~ the  ca rbon  
atom of  the  ke to  group of  the  s u b s t r a t e  [43] .  

1 . 2 .  I n t r a m o l e c u l a r  R e d u c t i v e  Amina t ion  in  the  H y d r o g e n a t i o n  o f  .Amines and Ketones  of  
the  Furan  S e r i e s .  The c a t a l y t i c  h y d r o a m i n a t i o n  o f  a l d e h y d e s  and k e t o n e s  of  the f u r a n  s e r i e s  
i s  a known method f o r  the  s y n t h e s i s  of  f u r y l a i k y i a m i n e s  [44-48]  and in  some c a s e s  i s  an i n t e -  
~ r a i  p a r t  of  t e c h n o l o g i c a l  p r o c e s s e s  [49 ] .  

The t r a n s f o r m a t i o n s  of  f u r y l a i k y l ( c y c l o a l k y l ) a m i n e s  to  f ive -membered  a z a h e t e r o c y c l e s  i n -  
v o l v e  c l e a v a g e  of  the  f u r a n  r i n g  under  h y d r o l y s i s  or  h y d r o g e n o l y s i s  c o n d i t i o n s .  R e a c t i o n s  of  
this type are characteristic for amines that contain a functional group in the side chain in 
the 3 position relative to the furan ring.. Azacyclization is considered to be the result of 
intramolecular hydroamination of the intermediately formed amino carbonyl compounds, which con- 
tain favorably oriented functional groups. 

Piperidine is formed in low yield (9%) in the hydrogenation of furfurylamine on Raney 
nickel under severe conditions (215~ [50]. 

Systematic studies of the intramolecular hydroamination of furan compounds in the liquid 
phase were made by A. S. Ponomarev and co-workers. They developed a method for obtaining di- 
verse alcohols of the pyrrolidine series that are difficult to obtain by other methods by hy- 
Irogenation of primary and secondary amines and diamines [51-58] in aqueous acidic solutions 
~pH 4) at elevated temperatures (80-I00~ and hydrogen pressures (5-10 MPa) in the presence 
of heterogeneous catalysts based on group VIII metals: 

R ~ . R :z 

/ 4 �9 " 
R t 0 / "CII---CH - C i [ R  R* "~ N "  (CII2) 2 - C H R  R ~ "" O" \ ' C H - - C H . -  CHR 4 

R t ! 
2 i~3 NIIR 5 R p~ OH] R z[ R ~ NItR 5 

RJ=H, CHa; R 2, RS=H, Alk; R*=H, Alk, Ar; RS=H, Alk, At, (CH2)aNH~, (CH=).~OH 

The reaction has extensive preparative possibilities in that it enables one to obtain al- 
kyl-, aryi-, and hydroxy(amino)-alkyi-substituted and N-unsubstituted pyrrolidinyialkanols. 
Polycyciic alcohols, viz., derivatives of 2,3-trimethylene-pyrrolidine, octahydroindoie, ben- 
zo[c]octahydroindole, and indanopyrrolidine, are formed when furfuryl-substituted alicyclic 
amines are used [48, 56, 59]: 

R ~ 
[ I - - ~  --(CHZ )n (~H2)n]--'---I/ 
IL tl , ( - "" 

R'.R2,RO=H, AIR; n=l,2 

There is evidence to assume that the mechanism of the formation of hydroxTalky!pyrroli- 
dines is the same as in reductive amination and includes the intramolecuiar reaction of the 
amino and keto groups in the amino carbony! compound -- the product of acidic hydrolysis of 
the furan ring [60]. In addition to pyrrolidinylalkanols, tetrahydrofurfurylaikyl(cycloaikyi)- 
amines are formed as a result of the simultaneous reduction o~ the double bonds of the furan 
ring. The relative yields of the reaction products depend to a significant extent on the 
structure of the starting amines, the reaction conditions, and the nature of the catalyst used. 
In particular, the presence of alkyl radicals in the side chain of the starting amines promotes 
an increase in the yields of hydroxyalkylpyrrolidines and hydroxycycloalkylpyrroiidines; this 
effect decreases with withdrawal of the radical from the ring. This fact can be explained by 
the electron-donor effect of the alkyl groups, which facilitates acidic hydrolysis of the furan 
ring and, as a result, the formation of an azaheterocycle [59, 61]. A decrease in the hydro- 
gen pressure from i0 MPa to 5 MPa and the use of catalysts that are ineffective in the hydro- 
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genation of the multiple bonds of the furan ring under the selected conditions are factors 
that favor the development of pyrrolidinylalkanols. 

The use of Raney cobalt [56], "pickled" Raney Ni and Co treated with 2% acetic acid [62], 
Pd/C [56], nickel boride [63], industrial nickel on kieselguhr [64], an& Ni/Ru [65] has made 
it possible to obtain alcohols of the pyrrolidine series in up to 80% yields. Raney nickel 
has proved to be a selective catalyst with respect to amines that include a tetrahydrofuran 
ring in their molecules [53]. 

The conversion of N-arylfury!alkylamines to N-arylpyrrolidinylalkanols with retention of 
the aromatic ring can be realized with the highest yields by the use of Ni/Ru or nickel boride 
[66]. In the presence of Ni/K in acetic acid the reaction is accompanied by hydrogenolysis of 
the starting amines at the C--N bond, as evidenced by isolation of acetanilide. The benzene 
ring is reduced on Raney nickel. 

In addition to tetrahydrofurfurylcyc!opentylamines and cyclopentano[b]pyrrolidinylalka- 
nols, the corresponding amino diols were isolated in the hydrogenation of 2-furfurylcyclopen- 
cylamines [67]: 

H 

. . , - - -  ] . ~  

,I I! I 
.1 / " ' 0  ~ C H 2 ~ " " ' /  ~m,,~H"O" H 2 A"~-'~" I 0H 

: ~ H r i 

;R . . . . .  ; 0 t ~ N H l ~ 2  I v /  "CH2-~ H(CH2)2CHR'OI{ 
NHR 2 �9 OH 

0 

R', R 2 = H) C H }  

Obtaining these compounds confirms the assumption that the reaction proceedswith opening 
of the furan ring and the formation of amino dicarbonyl intermediates. The latter are not sta- 
ble under the reaction conditions and are reduced o? cyclized. This reaction pathway is evi- 
dently associated with the possibility of a cis or trans orientation of the substituting groups 
of 1,2-disubstituted cyclopentanes. According to this, of the two possible geometrical isomers 
of the intermediate amino diketone, only cis-isomer A is capable of undergoing azacyclization 
because of the close orientation of the functional groups. The trans form (B) undergoes hy- 
drogenation with the formation of an amino diol. 

The cis fusion of the carbo- and heterocycies and the cis,cis orientation of the hydrogen 
atoms at the chiral centers of the pyrrolidine:ring were established by structural investiga- 
tions of the isolated individual isomers of the cyclopenta[b]pyrrolidine alcohols [68]. 

Amino diols are not formed in the hydrogenation of furfurylayclohexylamines; this is in 
conformity with the concept of a chair conformation of the cyclohexane ring with dra~-together 
substituents in the i and 2 positions in the cis and trans forms [69]. 

Under the reaction conditions, tertiary furfurylcycloaikyiamines are converted to tatrahy- 
!rofurfurylalkylamines and cycloaliphatic amino diois, since azacyciization of the intermediate 
is impossible because of the absence of an active hydrogenatom attached to the nitrogen atom 
[67]. 

Experimental data on the hydrogenation of 3-(2-furyl)propylamine in D20 [60, 70] serve as 
an argument in favor of the scheme of the formation of pyrrolidinylalkanols proposed above. 
In a comparative study of the IR spectra of the products of hydrogenation in water and D20 it 
was observed that, despite retention of the general pattern of the spectrum, in the latter case 
one observes the appearance of new bands of stretching and deformation vibrations of CHD groups 
which are shifted bathochromically in conformity with the isotope effect. A quantitative es- 
timate of the deuterium atoms that were incorporated in the 3-pyrrolidinylpropanol molecule was 
made on the basis of the ratio of the integral intensities of the stretching vibrations of the 
CH2 and CHD groups and data on the isotope exchange of hydrogen [71, 72], and a conclusion re- 
garding the character of the participation of heavy water in the reaction was drawn: 
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D20, H + i CH--CH CH2--CH2 ~' II i! ] i i h H~, Ni/Ru 
IL~ 0 ~'(CH2)3NH21 ~ = ,I CH C --(CH2)3ND 2 ~ HCOCHDCHD--Cll CH21 iI 2. H20 ~- ~ 

L OD OD O ND2j ~'N/~CHDCHDCH2 OH 
H 

The chief reaction pathway was determined in this way; however, the possibility of the 
formation of heterocyclic amino alcohols by transformation of the corresponding dihydrofuran 
derivatives was not excluded [60]. It was established by ~H and ~C NMR spectroscopy and x- 
ray diffraction analysis that, regardless of the type of catalyst used, the reaction examined 
above proceeds in a direction that favors the primary formation of hydroxyalkylpyrrolidines 
with a cis configuration [62, 68, 73]. 

The temperature has a determining effect on the ratios of the cis,trans-isomeric hydroxy- 
alkylpyrroiidines. The reaction is carried out at 60~ for the preparative synthesis of the 
cis isomers. Reversible catalytic isomerization, as a result of which a constant ratio of ~he 
cis and trans isomers with preponderance of the latter is established, commences at 100~ 
[74]: 

, Ii m/eU or ~i/s 
(CH2)2CHR z R 2 "" N " / ~  (CH2)50H R2 ' ~ < " N / ' ~  (CH2)~0H 

NHR' R' R ~ 

RI=H. CH~; R2=CHy t-C4H s 

The transformations of furyl-3-aminoalkanes in the gas phase were studied by Shuikin and 
Be!'skii and co-workers [75-79]. They established that hydrogenolysis of the furan ring at 
the C(,)--O bond and the formation, depending on the temperature, of homologs of pyrroie or pyr 
rolidine in high yields occur in the presence of platinum catalysts: 

CH3--/CH., ) 2 --CO--CH2--CH--CHNHR ~ 
0/~CH CH CHN �9 2-- -- -' R' R2 , 

R',R2,R3=H, AIk 

R 

~ 00 ~ R 3 
/ R  I 

H c ~ " . ~ / " R  ~ 7 3 " 

Since pyrroles are hydrogenated at 200~ whereas the reverse reaction occurs at 300~ 
the temperature boundaries of the conversion of u to pyrroies and pyrrolidine 
are evidently determined by these conditions. The intermediately formed amino ketones could 
not be isolated because of their rapid cyclization. However, the corresponding N-acetyl-y- 
amino ketones were obtained in the hydrogenation of furylaikyiamines that were acetyiated at 
the amino group [80]. 

Selective hydrogenolysis of the furanring at the C--O bond that is not adjacent to the aminoa 
kyl substituent was observed in the case of 5-methyl-2-aminoa• this may be due to 
the joint action of ~he shielding effect and the stronger electron-donor effect of the amino- 
alkyl grnup. Under the conditions of vapor-phase hydrogenation on a Raney nickel--aluminum cat 
alyst, hydrogenoiysis of the furan ring proceeds in three directions at the C(~)--O, C(s)--O and 
C(~)--C(5), and C(5)--O and C(a)--C(~) bonds (conjugate hydrogenolysis) [80]: 

i 

C H ~  0 ~ CH 2- CH-- CHN H 2 
I~ I z 

/ z  i 
R~ R 1 R ~ 

~ - ~ N  ~! q "~ N .~..(c~)~cn" R, " ~ N ' ~ C H 3  R 2 C~,CH~- R 2 / ~ ' "  
~I H H 

367 



Investigations of the direct conversion of ~,8-unsaturated ke~ones and aldehydes of the 
furan series to five-membered azaheterocycles are of considerable interest, since oxo compounds 
of the indicated type are among the primary products of the processing of furfural and, corre- 
spondingly, fundamental intermediates of organic synthesis on thebasis of pentosan-containing 
raw material. In this connection, a pathway for the stereospecific formation of hydroxyalkyl 
derivatives of pyrrolidine, cyclopenta[b]pyrrolidine, and octahydroindole holds promise; this 
pathway consists in the hydroamination, in the presence of Ni/Ru, of furfuraiacetone and fur- 
furalcyclopenta(hexa)nones in an acidic aqueous alcohol medium at 60-80=C and a hydrogen pres- 
sure of 6-7 MPa [81, 82]. The selected conditions made it possible to combine into one step 
amination and cleavage of the furan ring in the starting ~,8-enones: 

R ~O/'~CI[=CH--COCH ~ Ni,'Ru CH !~ NW~.. !CH2)2 ~CHOH 

R2 R~ 

!1 

.... 1 --{Cl[2)n ~2.NM2. [ICI. |{.O',H 2 I('I[[ }i~ 

!l ?~ . . . . . . . . . . .  N i / R u  : . . . . . . .  , E / = ~{ 

i H 
O R "! R 

R',Rz=H. CH~; 9=I,~ 

The indicated reaction differs favorably from the previously described reaction [53, 83], 
since it excludes a step involving obtaining furylalkyl(eycloalkyl)amines from the synthetic 
scheme. When methylamine hydrochloride is used as the nitrogen-containing reagent, the yields 
of hydroamination products reach 50-80%. Hydrogenation of the starting substances prevails 
when methylamine is replaced by a weaker nucleephile, viz., ammonia (in the form of the chlor- 
ide or as ammonium acetate). 

The reactivities of a,8-enones in the indicated reaction decrease on passing from fur- 
furylideneacetone to furfurylidenecyclohexanones and then to furfurylidenecyclopentanones; 
this is due to the rigidity of the structures of the latter [84]. Deformation of the bond an- 
gles, which requires great energy expenditures in the case of cyclopentane derivatives, is in- 
=-vitable in the formation of the azaheterocycle. 

The peculiarities of azacyclization presented above Basically resemble the principles of 
the intramolecular reductive amination of amines of the furan series [53]. 

The direction of the vapor-phase hydroamination of furfurylideneacetone with aliphatic 
nitriles in the presence of copper applied to AI, Mg, and Zn oxides is determined by the na- 
ture and structure of the support, the state of the metal, and its interaction with the sup- 
port [85-87]. The use of Cu/AIzO3 leads to hydrogenolysis of the furan ring and cyclodehydra- 
tion of the intermediate y-amino ketones with the formation of N-alkyl-2-mechyl-5-propylpyr- 
rolidines (in 37-46% yields). Secondary furylalkylamines are the principal products in the 
presence of Cu/MgO. Both of the indicated pathways occur on a Cu/ZnO catalyst. In all cases, 
in the catalyzates one detects 17-22% pyrrole derivatives, which, in the opinion of the authors 
in [86], are formed via the scheme of the Yur'ev reaction with simultaneous reduction of the 
carbonyl group and the vinylene side chain: 

i! -i zzo_z~o=,  c a t  . "~'o/'~cn=ca--COCH, a~c/"~.~/"cH~ ~'>~AC H: \O/"<CH:)2--'~H--~H 
" i "! " g 

C}{2A~k CHzAIk CH2AIk 

1.3. Hydroamination of 1,5-Diketones and B-Cycloketol s. 1,5-Diketones, the position of 
the carbonyl groups in which determines their exceptionally facile cycLization, including het- 
erocyclization, constitute a unique class of dicarbonyl compounds. The possibility of the use 
of accessible aldehydes and ketones as a vast raw-material basis, as well as convenient prep- 
arative methods of synthesis," makes 1,5-diketones valuable synthones for six-membered hetero- 
cyclic compounds [88]. 

Diketones of various types and products of their intramolecular aldol condensation are 
capable of undergoing hydroamination under heterogeneous-catalysis conditions (catalysts: 5% 
Ru/C, Ni/Ru, RuO2, Raney Ni) with the formation of substituted piperidines, octadecahydroquino- 
lines, biscyclanopiperidines, and their analogs [18, 89-91]: 
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R 3 R ~ R 3 

R ' . . . ~  .~2 R ' .  J. R z 
! RSNt[2 ' H 2 " ' "  . . . .  RSN.2 .  H o ( ~ /  t "  v 

R 5 ~ N / ~ N R  ' ~ ~ O  R,~O o~R, ' Ni/Ru 
~S OH 

R', R~=~Hs; R ~, R~=H; R~--R ~, R~--RS=cycloalkyIene, b e ~ o c y c l o a l k y l e n ~  ~=H, 
CH~, C~H~, Ar, 2-~ryl; R~H,  CHa~ (CH:)~OH, ~H~ - 

A number of principles in the transformations of dioxo compounds as a function of the 
structure of the substrate (noncyclic, semicyciic, and bicyclic diketones), the nucleophilic 
reagent (ammonia, methylamine, aniline, ethanolamlne), and the nature of the cataiys$ have 
been ascertained. The hydroethanolamination of methylenebiscycianones proceeds most smoothly 
and unambiguously. It was found that Ni/Ru was an effective catalyst at IO0~ [92]; reduced 
.RuOa made it possible to lower the temperature of the process to 25~ with re~en~ion of the 
high yields of the products and the activity of the catalyst [93]. Under these conditions, 
2,3,5,6-biscyclano-N-B-hydroxyethylpiperidines were obtained in preparative yields of 74-85% 
in one of =he possible stereoisomeric forms [19]. Transition via Ehis pathway to C(~)-sub- 
stituted N-B-hydroxyethylperhydroacridines is possible on the basis of tricyclic B-ketois [94], 
since the corresponding arylidene(aikylidene)-l,5-dicyciohexanones have thus far remained dif- 
ficult to obtain because of their facile intramoiecular aldolization. The formation of 9-sub- 
stituted perhydroacridines attests to retroaldol cleavage of the $-cycloketols under the reac- 
tion conditions to give the corresponding 1,5-diketones, which then undergo hydroethanolamina- 
tion. Ethanoiamine reacts as a binucelophile with oxocyclohexylpropanones and i,5-diphenyipen- 
tane-l,5-dione: The principal pathway of the process is the formation of two rings to give 
derivatives of hydrogenated oxazolopyridines [19]: 

R~ -- R ~ -- R m R ~ 

R2 ~ NH=(CH.)~Oh. H 2 i ;, ) R ~ ] 
i ~ - ~ - - - ~  + R ~ 

L (CHz)2~ ~ ---'--~ 

R~=CsH5; P~2=H; R3=H, At: R~-R2=-(CH2)~ - 

The hydromethylamination of ~-diketones is a method for the synthesis of saturated azahet- 
erocycles of the piperidine series and related condensed systems [i8]. 

Hydroarylamination occurs on!y for methylenedicyclohexanone, from the three form of which 
N-phenylperhYdroacridine is formed in 50% yield [95]. %~en even one six-membered ring in the 
diketone is replaced by a five-membered ring, amination is completely overwhelmed by reduction 
of the carbonyl groups. 

Different character of the transformations of ~-diketones is observed under the influence 
of hydrogen and ammonia [18, 90]. Pyridines or mixtures of the latter with piperidines are 
formed in this case; ~his is probably associated with the possibility of competitive stabili- 
zation of the initially formed dihydropyridines due to aromatization or reduction. 

The hydroamination of 1,5-dialdehydes proceeds ambiguously, and little study has been de- 
voted to it. Thus a complex mixture of bases, including 2-aminomethylpiperidine, pyridine, 
and alkylpyridines, was isolated in the high-temperature hydrogenation of 2-hydroxyhexane-i,5- 
dial on Raney nickel in an alcohol or aqueous solution of ammonia [96]. 

The ability of pyrylium salts -- products of O-cyclization of 1,5-diketones -- to undergo 
hydroamination was recently observed [97]: 

R 3 I~ d R ~ H 3 

+.~ I 00  ~ N i / R u  ~- R5 / - . . . .~ / /~ .  R ~ R5/k"0  ~ R  ! R5/q'~ N" ~'R' R ~ /  N ' /~R  ~ 

.4,- Cllm CH 3 A- 

R', Rs=CoHs; R 2, R4=H; R3=H, AIM R'--R 2, R4--R 5~- cycloalkylene, benzocycloalkyiene 

3 6 9  



This reaction is noteworthy as a method for the synthesis of phenyl-substi~uted piperi- 
dines, since a peculiarity of 1,5-diketones that contain aryl groups attached to the carhonyl 
carbon atom is their facile transformation to the corresponding diols under similar conditions 
[97]. 

2: Carbonyl Compounds in the Leuckart Reaction 

The Leuckart reaction is an important synthetic method for obtaining saturated nitrogen- 
containing heterocycles. The early literature on it is correlated in [8]. i,5-Diketones and 
products of intramolecular condensation of methylenedicyclohexanones are converted under the 
reaction conditions to mixtures of pyridine and piperidine bases. The process is usually 
realized by heating (130-170~ a solution of the substrate in formamide or with an excess 
amount of a mixture of ammonium formate and formamide. One may also start from a equimolar 
mixture of ammonia or an amine and formic acid. The reaction has been applied to an extensive 
number of dioarbonyl compounds [98-105]. The yields of pyridine and piperidine bases differ, 
hut the primary formation of the latter is always noted. 

R 3 R ~ R ~ R ~ 
I ] i 

~'<~'%""" / HCONH~__ �9 ]'" }ICONH 2 " "" "~i 

R,'~o 6')"R ' R~'A"N "~'a' P.~'""N<~%~ ' "~ '"T'~ ' '%0 
H OH 

IRI=CeHs; R2=II; R3mH, Alk, ;).r; RI-P, 2. F.~-Rs=-(CH2)4 - 

The development of NMR spectroscopic methods has made it possible to establish the ster- 
eochemical result of the Leuckart reaction. The Leuckart reaction is not stereospecific in 
most cases. Thus decahydroquinolines are produced in the form of mixtures of cis and trans 
isomers [106], perhydroacridine is produced im two stereoisomeric forms, viz., trans-syn-trans 
(~) and trans-anti-cis (B) [107, 108] , and 9-methylperhydroacridine is produced in the form of 
three stereoisomers, viz., a, B, and u (cis-syn-trans) in a ratio of 5:2:3 [109]. N-Substi- 
tuted perhydroacridines were also obtained in the form of mixtures: four isomers of N-methyl- 
perhydroacridine [~, B, u and ~ (cis,cis)] [ii0] and three stereoisomers of N-phenylperhydro- 
acridine (a, B, y) [iii]. 

The question of the mechanism of the reaction of 1,5-diketones with formamide still re- 
mains open. Some researchers [112-114] propose the initial formation of dihydropyridine in- 
termediates, which then undergo disproportionation to pyridine and piperidine bases as a re- 
sult of hydride transfer from a molecule of the dihydro compound, which acts as a donor, to 
its protonated form, which acts as a hydride-ion acceptor. Taking into account the fact that 
the chief products of the reaction are saturated bases, it is assumed that reduction of the 
intermediate for formic acid proceeds in addition to disproportionation [115]. The development 
of cyclic amines, which can be isolated in pure form and then hydrolyzed to obtain the free 
bases, in the reaction of N-formyl derivatives has also been noted [98, 104, 105]. 

The Leuckart reaction makes it possible to synthesize saturated azaheterocycles in 45- 
100% yields. However, the severe conditions, the necessity in most cases for separation of the 
saturated and unsaturated heterocyclic compounds, and the lack of stereospecificity subsnan- 
tial!y limit, the range of application of this reaction. 

3. Hydride Amination of Dicarbonyl Compounds 

Reductive amination with the use of complex metal hydrides generally is advantageous as 
compared with the traditional Leuckart method, since mild conditions and high stereospecificity 
are features of this variant of hydroamination. The amination of methylenedicyclohexanones in 
the presence of KBH~ in alcohol has been studied in the 1,5-diketone series [116, 117]. Only 
one isomer of the nitrogen base was isolated in all of the examined cases. B-Perhydroacridine 
is formed in 80% yield when the threo form of methylenedicyclohexanone is used. It has been 
noted [118] that asymmetric centers are not involved in this method of amination, since a mix- 
ture of a- and B-perhydroacridines was obtained in the same overall yield when the mixtur& of 
=hreo and erythro forms that is usually isolated in the synthesis of methylenedicyclohexanone 
was subjected to the reaction. This conclusion was also confirmed in the case of the specific 
synthesis of isomers of N-(B-hydroxyethyl)- and N-(B-aminoethy!)perhydroacridines. 
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X ~ "  '"  : X R ' N H .  , X . [ X R '  
R '  , I g '  - . . . .  ~ R 

! \" K B H 4  ~. . .  / K . ~ R  , 
R' ~ " ' / < ~  0 ~'~ "~'R' " -,~ " N  

X=CHp, O; RI=H, CHs; RP=H, CH:N(CH3)~; RS=H, CHs, (CH=)2OH, (CHp)pNH2 

R e d u c t i o n  of  t h e  s t a r t i n g  oxo compound to  the  c o r r e s p o n d i n g  d i o l s ,  the  y i e l d s  of  which  
a r e  a l m o s t  q u a n t i t a t i v e  when d i m e t h y l a m i n e  i s  u s e d ,  p r o c e e d s  in  a d d i t i o n  to  h y d r o a m i n a t i o n .  
I t  i s  assumed [119] t h a t ,  i n  c o n t r a s ~  t o  t h e  L e u c k a r t  r e a c t i o n ,  d i h y d r o p y r i d i n e s  a r e  n o t  
formed in  b o r o h y d r i d e  a m i n a t i o n ,  s i n c e  t h e y  a r e  no t  r e d u c e d  by complex  m e t a l  h y d r i d e s  even  un -  
d e r  s e v e r e  c o n d i t i o n s .  Imino  k e t o n e s  a r e  p o s s i b l y  i n t e r m e d i a t e s  o f  t h i s  r e a c t i o n  [120] .  

The complex  p o t a s s i u m  t e t r a c a r b o n y l h y d r i d o f e r r a t e  and sodium c y a n o b o r o h y d r i d e  a r e  mikd 
and s e l e c t i v e  r e d u c i n g  a g e n t s  i n  t he  h y d r o a m i n a t i o n  o f  c a r b o n y l  compounds.  However ,  i n s u f f i -  
c i e n t  study has thus far been devoted to reactions with the use of the indicated reducing 
agents. N-substituted piperidines were synthesized in 41-90% yields from equimolar amounts 
of glutaraldehyde, primary amines, and KHFe(CO)a [120]. The reaction proceeds at 20~ in al- 
cohol in a stream of carbon monoxide: 

, , . %  } -..  --. N . r  

R H R fl i . 

R=AIk ,  At, cycloaIkyl, hydroxy(amino)a[kyl 

In conformity with [121], Schiff bases generated in situ from aldehydes and ketones are 
selectively reduced by a potassium hydride--iron carbonyl complex to amino aldehydes; this is 
followed by heterocyclization and reduction of the immonium salts. The reaction with the par- 
~icipation of sodium cyanoborohydride is represented by a similar scheme in which the rate-de- 
termining step is assumed to be the formation of cycloimmonium structures [122]. 

Sodium cyanoborohydride --a milder reducing agent than KBH, -- induces the reductive amine- 
tion of polyoxo compounds, sometimes even with retention of the oxo functions [123]. Consider- 
ing the solubility and stability of the reducing agent, the reaction is carried out in methan- 
ol, water, and acetonitrile at pH 6-8, since at such pH values the imino group is reduced much 
more rapidly than the carbonyl gro6p. N-Methylpiperidine was isolated in the form of the pi- 
crate in 43% yield via this method from glutaraldehyde and methylamine hydrochloride. Borch 
and co-workers have demonstrated the applicability of this reaction to the synthesis of nornic- 
otine [122]: 

The hvdrazination of glutaraldehyde and succinaldehyde in the presence of NaBHsCN leads 
to five-, six-, and seven-membered azaheterocyc!es [124]. l,l'-Dipiperidy! and l-pyrrolidino- 
piperidine were obtained when N-aminopiperidine was used as the nitrogen-containing reagent. 
S}~etrical!y substituted hydrazines and aqueous glutaraldehyde form azepine derivatives as a 
result of cyclization. Tetrasubstituted hydrazines had a high degree of purity; however, their 
yields did not exceed 36%. 

Despite the mild conditions and, in most cases, stereospecificity of hydride amination, 
its disadvantages are the necessity of using costly reducing agents, the formation of sid~ 
products, and the relatively small amount of study that has been devoted to it. 

Thus the material set forth above correlates the currently known information regarding 
the synthesis and possible pathways for the formation of azaheterocyclea in reductive amination 
processes. Of the examined variants of hydroamination, preference should be given to cataly- 
tic reductive amination. The merits of this method are the use of a cheap reducing agent, 
viz., molecular hydrogen, selectivity, and stereospecificity. Considering the great practi- 
cal value of catalytic methods for the synthesis of nitrogen heterocycles, it may be assumed 
that these studies will be developed further, particularly in the direction of the study of 
the kinetic principles and mechanisms of the reactions, as well as the selection of new effec- 
tive catalysts. 
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2-METHYL-5,6-DIHYDRO-2H-PYRAN IN THE SIMMONS--SMITH REACTION 

U. G. Ubatullin, T. F. Petrushina, Yu. N. Popov, 
R. R. Gataullin, and M. G. Safarov 

UDC 547.81i'892":543.51 

2-Methyl-5,6-dihydro-2H-pyran reacts With the Simmons--Smith reagent to give a 
mixture of 2-ethyl-5,6-dihydro-2H-pyran, cis- and trans-2-methyl-3-oxabieycio- 
[4.1.0]heptanes, and 2-methyl-2,5,6,7- or 3-methyl-2,3,6,7-tetrahydrooxepine in 
a ratio of 2:2:5:1. 

Carbene generated via the Simmons--Smith reaction readily adds to the double bond of 4- 
~ethy!-5,6-dihydro-2H-pyran (I) to give the corresponding cycioadduct [i]. We have observed 
~hat 2-methyl-5,6-dihydro-2H-pyran (Ii), which is isomeric to I with respect to the position 
of the methyl group, reacts with CH212 and a Zn--Cu couple in a completeiy different way to 
~ive a mixture of four compounds (III-VI) in a ratio of 2:2:5:1. 

, El CHxI~ + Zn-Cu L 
:, ~..j - § § o~ 

,Me Et ~[e Ne 

[I III 5 ;  v VII %q 

Considering the fact that the Simmons--Smith reaction is used for the stereospecific cy- 
cioaddition of carbene to alkenes [2], this result should be considered to be unexpected. 

The overall yield of III-VI when ether is used as the solvent is -1%, as compared with 
8% with tetrahydrofuran (THF) as the solvent vis-a-vis the same very small degree of conver- 
sion of the starting II. The reaction products were therefore identified by chromatographic 
mass spectrometry (Table i). All of the compounds are isomers, as evidenced by the presence 
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