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The sa l t s  of the Group II me ta l s  of the per iodic  s y s t e m  as ca ta lys t s  for  carbonyla t ion  reac t ions  have 
remained  p rac t i ca l ly  unstudied. It was r epor t ed  that CaCI 2 has a low act ivi ty  in the carbonyla t ion  of a l l -  
cycl ic  amines  [1 ], and that the complexes  of Ca, Ba, and Mg can be used to synthes ize  carboxyl ic  acid 
amides  f r o m  olefins,  CO and amines  [2]. We es tab l i shed  that p iper id ine  at 200-250~ and an initial  CO 
p r e s s u r e  of 100-200 a tm is conver ted  to the fo rmy l  de r iva t ive  in the p r e s e n c e  of the sa l t s  of the mine ra l  
and organic  acids of Mg, Ca, Sr, and Ba (Table 1). Bes ides  fo rmylp iper id ine  (in up to 82~c yield when 
based  on s ta r t ing  amine) ,  N ,N, -d ipen tamethy leneurea  was fo rmed  in an amount of 1 mole  p e r  mole  of me ta l  
sal t ,  and a lso  a s m a l l  amount  of t a r  (4-7% of the s ta r t ing  amine),  which, based  on the IR spec t r a l  data, 
r e p r e s e n t e d  the condensat ion products  of p iper id ine  with fo rmylp iper id ine .  By means  of spec ia l  exp e r i -  
ments  it was shown that  amines ,  in the absence  of sa l t s  of the Group II me ta l s ,  do not r eac t  with CO under  
our studied condit ions.  These  data  comple te ly  exclude the poss ib i l i ty  of fo rmat ion  and the seconda ry  ca t a -  
lyt ic  ef fec t  of m e t a l  ca rbonyls  during the contact  of the CO with the autoclave m a t e r i a l  under  the synthes is  
condit ions.  The mos t  act ive  of the studied ca ta lys t s  p roved  to be CaCI2, in whose p r e s e n c e  piper idine  
reac ted  to the extent  of 80-91~c and was conver ted  to fo rmylp iper id ine  in ~82% yield.  The act ivi ty  of the 
sa l t s  of the Group II me ta l s  in the earbonyla t ion  of piper idine  d e c r e a s e d  in the o rder :  CaC12 > SrCI 2 > MgC12 
> BaC12 > Ca3(PO4) 2 > SrC204 ~ Be(CH3COO)2. On the example  of BaCI 2 it was shown that an op t imum t e m -  
p e r a t u r e  exis ts ,  at which a m a x i m u m  yield of the carbunyla t ion  p roduc t s  is obtained. The reac t ion  ra t e  is 
s low at lower  t e m p e r a t u r e s ;  at h igher  t e m p e r a t u r e s  the p r o c e s s e s  for  the decomposi t ion  of the fo rmy l  de-  
r iva t ive  of the amine  and polyeondensat ion with the fo rmat ion  of t a r  a r e  enhanced.  Thus,  in the p r e s e n c e  
of CaCI2, p iper id ine  at 300 ~ and h igher  is comple te ly  conver ted  to t a r r y  condensat ion products ,  which con-  
rain carbonyl  groups  at tached to n i t rogen (AV 1640-1660 cm- l ) .  With i nc r ea se  in the p r e s s u r e  f r o m  50 up 
to 100 a tm the yield of fo rmylp iper id ine  s teadi ly  i n c r e a s e s  and then it r e m a i n s  constant  in the range 100- 
200 a tm (Fig. 1). The amounts  of r eac ted  CO and amine change in a s i m i l a r  manne r  with i nc rea se  in the 
p r e s s u r e .  

Die thylamine  is carbonyla ted  at a h igher  t e m p e r a t u r e  than piper idine,  in which connection the yield 
of N ,N-d ie thy l fo rmamide  does not exceed 20-22% when based  on s ta r t ing  amine .  The carbonyla t ion  is 
accompanied  by the s imul taneous  conver s ion  of the d ie thylamine  to e thylamine and t r ie thylamine ,  which is 
sha rp ly  enhanced above 300 ~ (Table 2). 

On the example  of the carbonyla t ion  of p iper id ine  with CO in the p r e sence  of CaC12 at 200 ~ and a p r e s -  
su re  of 80 arm it was es tab l i shed  that the yield of fo rmylp iper id ine  in moles  pe r  mole of me ta l  sa l t  is in-  
v e r s e l y  p ropor t iona l  to the CaC12 concent ra t ion  in the s ta r t ing  amine  solution (Fig. 2). The yield of N ,N ' -  
d ipen tamethy leneurea  is independent of the CaC12 concentra t ion .  The yield of fo rmylp iper id ine  as a func-  
tion of the sa l t  concentrat ion,  shown in Fig.  2, makes  it poss ib le  to conclude that CaC12, and apparent ly  
o ther  sa l t s  of the Group II me ta l s ,  do not ca ta lyze ,  but r a t h e r  initiate the studied react ion,  while excess  
sal t ,  In cont ras t ,  inhibits the carbonyla t ion .  As a resul t ,  the s a m e  re la t ion  between the yield of ca rbony la -  
tion products  and the me ta l  sa l t  concent ra t ion  is obse rved  as when the sa l t s  of the t rans i t ion  me ta l s  of 
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TABLE 1. Carbonyla t ion  of P iper id ine  in P r e s e n c e  of Salts of 
Group lI Metals  of Per iod ic  Sys t em ( P c o  100 a tm,  amount of 
me ta l  sa l t  0.2 g / 2 5  g of amine) 

T., ~ 

200 
250 ] 

200 
250 [ 

250 

250 
300 

300 

200 
250 ] 

220 [ 
25O 
290 

Amount rea cted 

CO, moles [PeP eridine, 

0,20 
0,24 

0,07 
0,07 

0,18 

Traces 
0,04 

0,02 

0,06 
0,18 

0,08 
0,t4, 
O, 06 

Amount of ]__ Yield of formylpiperidine 
formylpi- . in mole %0.of amine in moles 
peridine for- per mole 
med~* moles starting I reacted tsal t 

CaCh.2R~O; CaCh ~anhydrous) 
80,2 0,20 70,0 87,0 11t ,0 
9t,5 0 , 2 3 1 8 2 , 0 1 8 7 , 5  t28,0 

20,5 
21,8 

63,4 

Traces 
t4,0 

7,0 

23,6 
66,9 

22.0 
63,4 
t8,2 

Caa(PO~)~ 
0.06 
0,07 [ 

SrCI~.2H~0 
o,18 I 

SrC20~.H~O 
Traces 
0,02 [ 

Be(CtIaCOO)z 
0,02 I 

MgCIe.6H~O 
0,06 
0,t7 I 

BaCI~.2H~O 
0,07 ] 
0 , I t  ' 

0,03 

2i,0 96,0 
25,0 t 98,0 

92,0 
t08,0 

63,1 I -- 179,0 

Traces 
9,2 I 96,0 2 ,0 

2t,0 90,0 
59,5 95,0 

t3,2 

60,0 
t70,0 

of 

22,0 87,5 89,0 
49,5 61,0 t38,0 
tl,0 50,0 37,0 

*Besides formylpiperidine, N,N' -dipentamethyleneurea was formed in all cases in 
yield of 1 mole per mole of sak. 

TABLE 2. Carbonyla t ion  of Diethylamine in P r e s e n c e  of CaCI 2 
(CaCI 2 0.018 mole ,  PCO 100 atm) 

.T., ~ 

250 
300 
320 
350 

Amount reacted, moles 

co ~iethylamine 

0,02 
0,06 0,t2 
0.07 0fl4 
0,22 0,23 

Amount formed 

N, N-diethvlformamide. .... ]ethylamine triethylamine, 
in% of start- 

moles ting amin e ]moles moles 

- -  1 Traces 0,06 21,8 
0,07 24,6 
0,06 20,0 

1o35 0,02 0,05 
0,02 0,0I 

Pe r iods  HI-IV a re  used, which re la t ion  c h a r a c t e r i z e s  the reac t ion  as proceeding  by the chain m e c h a n i s m  
[3]. However ,  in con t r a s t  to the t rans i t ion  meta l s  sa l ts ,  which have a low oxida t ion-reduct ion  potent ia l  
and a re  reduced  by the amine by the one -e l ec t ron  t r a n s f e r  m e c h a n i s m  during carbonylat ion,  the sa l t s  of 
the Group II  me ta l s  a re  not reduced and r e m a i n  in solution as the complexes  with the amine .  

The Group II me ta l s  lack d - e l e c t r o n s  and do not f o r m  carbonyls  with CO. As a rule,  the complexes  
of the i r  sa l t s  with amines ,  with a coordinat ion number  of 6 [4], a re  apparen t ly  fo rmed  via  the vacant  d-  
o rb i t a l s .  However ,  in con t r a s t  to the complexes  of amines  with the t rans i t ion  me ta l s  Cu, Co, Ni, Fe, 
the act ivi ty  of which in the carbonyla t ion  of amines  with CO c o r r e l a t e s  with the ene rgy  value of e l ec t ron  
t r a n s f e r  f r o m  the ligand (donor) to the me ta l  ion (acceptor)  [3], the complexes  of the sa l t s  of the Group II 
me t a l s  a r e  not c h a r g e - t r a n s f e r  complexes ,  s ince the ene rgy  levels  of the i r  d -o rb i t a l s  a re  located h igher  
than fo r  the t rans i t ion  meta l s ,  and cons iderab le  ene rgy  is r equ i red  fo r  comple te  e l ec t ron  t r a n s f e r  f r o m  
the ligand to the me ta l  ion (EMgo = - 2 . 3 7 ,  ECao = - 2 . 8 6 ,  ESrO =--2.89.  EBao = - 2 . 9 0  V). This  is con-  
f i rmed  by the e lec t ron ic  absorp t ion  spec t ra ,  in which the charge  t r a n s f e r  bands a re  absent ,  and a ba tho-  
ch romic  shif t  of the absorp t ion  m a x i m a  does  not occur ,  when c o m p a r e d  with the s p e c t r a  of the pure  c o m -  
pounds when the po la r i ty  of the solvent  is inc reased .  
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Fig. 1. Effec t  of p r e s s u r e :  1) on yield of f o r m y l p i p e r i -  
dine ( m o l e s / m o l e  of CaC12); 2) on amount of reac ted  CO 
(moles) in carbonyla t ion  of piper idine  at 250 ~ 

Fig.  2. Effec t  of CaCI 2 concent ra t ion  on yield of f o r m y l -  
p iper id ine  (1) and N, N, -d ipen tame thy leneurea  (2) (moles 
/ m o l e  of salt) in ca rbonyla t ion  of piper idine  at 200 ~ and 
an ini t ial  CO p r e s s u r e  of 80 a tm.  

P rev io tmly  we had shown by the E P R  method that when a number  of the sa l t s  of the t rans i t ion  and 
nont rans i t ion  m e t a l s  is d isso lved  in p iper id ine  the oxidation of the l igand-bound amine  is sha rp ly  enhanced 
by t r a c e s  of a tmosphe r i c  O 2 d isso lved  in it, with the fo rmat ion  of e i ther  the solvated ca t i on - r ad i ca l s  or  the 
N-oxide r ad ica l s  [5]. Since when opera t ing  in an autoclave it is difficult  to r emove  all of the a i r  d isso lved  
in the amine,  it could be a s s u m e d  that the carbonyla t ion  of the amine by CO in initiated by such rad ica l  
pa r t i c l e s  and p r o c e e d s  by the chain m e c h a n i s m .  The role  of the sa l t  of the Group II me ta l  apparen t ly  con-  
s i s t s  in act ivat ing the amine  during its coordinat ion,  which fac i l i ta tes  oxidation and the fo rma t ion  of the 
rad ica l  p a r t i c l e s .  At e leva ted  t e m p e r a t u r e  the l a t t e r  r e ac t  with CO and the amine,  effect ing chain t r a n s -  
fer ,  the s a m e  as in the case  of the sa l t s  of the t rans i t ion  m e t a l s .  Chain t e rmina t ion  occurs  as a r e su l t  of 
r ecombina t ion  of the r ad ica l  pa r t i c l e s ,  with the fo rmat ion  of u r e a  and ta r ,  and p robab ly  a lso  with excess  
salt ,  which at high concent ra t ions  ac ts  as an inhibi tor  of the p r o c e s s .  

E X P E R I M E N T A L  M E T H O D  

The e x p e r i m e n t s  were  run in a ro ta ted  0.25-1iter  s t ee l  autoclave,  into which in each  e x p e r i m e n t  were  
charged  0.05-1 g of the meta l  sa l t  (usually the cp c rys ta l lohydra te )  and 30-40 ml  of the amine,  the s y s t e m  
was purged with CO, the CO p r e s s u r e  was brought  up to 50-200 atm, and the autoclave was heated for  5 h 
at the given t e m p e r a t u r e .  Af te r  cooling, the reac t ion  products  were  analyzed on an LKhM-8MD c h r o m a t o -  
graph  (7~c Apiezon L deposi ted  on C h r o m o s o r b  W (30-60 mesh) ,  2 - m e t e r  column, and c a r r i e r  gas  he l ium 
at 40 m l / r a i n ) .  The N ,N, -d ipen tamethy leneurea  was s epa ra t ed  by f i l t ra t ion,  and pa r t i a l l y  by dis t i l la t ion;  
it was r e c r y s t a l l i z e d  f r o m  ethanol and was c h a r a c t e r i z e d  by the mel t ing  point [47 ~ bp. 180-182 ~ (30 mm)] .  
The e lec t ron ic  s p e c t r a  of the p iper id ine  complexes  with CaCI2, MgC12, SrCI  2 and BaC12 were  taken on a r e -  
cording SP-700 s p e c t r o p h o t o m e t e r  in a quartz cel l  ( layer  th ickness  0.1 cm) in methanol  solution at a sa l t  
and amine concent ra t ion  of 10-2-10 -3 M. The IR s p e c t r a  were  taken as a thin l aye r  of the subs tance  be -  
tween NaCI p la tes  on a UR-20 ins t rument .  

CONCLUSIONS 

1. The sa l t s  of the Group II me ta l s  cause  the carbonyla t ion  of piper idine  and d ie thylamine  at 200-250 ~ 
and a CO p r e s s u r e  of 50-200 a tm  predominan t ly  to the cor responding  fo rmy l  de r iva t ive  in up to 82~c yield 
when based  on amine  taken for  reac t ion .  

2. The ch lor ides  a re  the mos t  effect ive,  the act ivi ty  of which d e c r e a s e s  in the o rde r :  CaC12 > SrC12 

> MgCI 2 > BaCI 2. 

1 .  

2. 

L I T E R A T U R E  C I T E D  

Ya. Yu. Alley, Carbonyla t ion  of Organic Compounds [in Russian],  Nauka, Tashkent  (1964). 
W. Reppe and A. Magin, B r i t i s h  pa t en t  672,376 (1952); C. A., 4_~7, 5428 (1953). 

294 



3. 

4. 
5. 

B. K. Nefedov, V. A. Petukhov, and ya .  T. ~,idus, Izv. Akad. Nauk SSSR, Ser. Khim., 1974, 2535. 
A. A. Grinberg, Introduction to the Chemistry of Complexes [in Russian], Khimiya, Leningrad(1971). 
A. A. Slinkin, B. K. Nefedov, A. V. Kucherov, M. I. Loktev, and Ya. T. ]~idus, Izv. Akad. Nauk 
SSSR, Ser.  Khim., 1973, 2163. 

295 


