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Aromat ic  i socyana tes  a r e  formed in high yield f rom ni tro compounds and CO in the p re sence  of Rh ca t a -  
lys t s ,  ac t ivated by pyridine (Py) [1-3]. 

RC~H4NO~ -b 3C0 --+ RC~H4NCO -t- 2C02 

We es tabl i shed that  Py  in combinat ion with pyridine hydrochlor ide  (PyHC1) is an efficient  ac t iva to r  of 
rhodium carbonyl  chlor ide.  [Rh(CO)2C1]2 alone is ca ta ly t ica l ly  inactive: Nitrobenzene (N-B) is not reduced in 
its p r e sence  at 205~ and a CO p r e s s u r e  of 50 a tm ,  and phenyl i socyanate  (Phi) is not fo rmed ,  while the [Rh- 
(CO)2C112 , accord ing  to the IR s p e c t r a  of the reac t ion  solut ions,  r ema ins  unchanged (vCO 2105 and 2048 em-1).  

Pyr id ine  ac t iva tes  the d i m e r i e  rhodium carbonyl  chlor ide  by  conver t ing it to the ca ta ly t ica l ly  ac t ive  m o -  
nomer:  With i nc rea se  in the Py  concent ra t ion  f rom O to 0.6 m o l e / l i t e r  both the NB convers ion  and the Phi yield 
pass  through a m a x i m u m  at  0.1 m o l e / l i t e r  of Py (Fig. 1), while in the IR s p e c t r a  of the reac t ion  solut ions ,  con-  
taining 0.05-0.15 m o l e / l i t e r  of Py,  a r e  observed  the f requencies  of the CO vibra t ions  at 2098 and 2022 c m  -1, 
which a r e  c h a r a c t e r i s t i c  for  [Rh(CO)2PyC1], which, as is known [4], is eas i ly  formed f rom [Rh(CO)2C1] 2 and Py.  
Excess  Py (>0.2 mole / l i t e r )  deac t iva tes  the Rh(CO)2PyC1 by apparen t ly  conver t ing it to the dehalogenated Rh 
f o r m  

[Rh(CO)~Clle ~ Rh(C0)~PyC1 c_%o._~ Rhx(CO)u PYz + Py2COCI~ 

s ince  the pyridine solution of [Rh(CO)2C1]2 , a f t e r  heat ing at 205 ~ and a CO p r e s s u r e  of 50a tm,  lack~ in the IR 
s p e c t r u m  the f requencies  of the CO vibra t ions  that  belong to rhodium carbonyl  ch lor ides .  

The f o r m  of the Pd ca ta lys t  ac t ive  in the carbonyla t ion  of ni t ro compounds is a l so  unstable  and on d i s s o -  
c iat ion l ibe ra tes  Py,  CO, and halide ion; the addition of an excess  of these  ligands to the reac t ion  solution 
s tab i l izes  the ca ta ly t ica l ly  ac t ive  fo rm of Pd [5]. In a s i m i l a r  manne r ,  it could be expected that the addition 
of C1- ions to the solution should prevent  the deact iva t ion  of the Rh ca ta lys t .  Actual ly (Fig. 2), when PyHC1 
is added to the [Rh(CO)2C1]2 and [Rh(CO)2C1]2- Py ca ta lys t s  in an amount up to 0.11 m o l e / l i t e r  the NB 
convers ion  and the Phi  yield i nc rea se  f r o m  0-10 and 0-5 to 100 and 70-90%, respec t ive ly .  At PyHC1 concen-  
t r a t ions  > 0.11 m o l e / l i t e r  the Phi  yield d e c r e a s e s .  In the en t i re  studied range of PyHC1 concentra t ions  (0- 
0.216 mole / l i t e r )  is observ~d an e x t r e m a l  dependence of the Phi  yield on the Py  concentra t ion (see Fig. 1), in 
which connection the op t imum Py concentra t ion  in solution is h igher  at a h igher  PyHC1 concentra t ion.  The 
c h a r a c t e r  of the cu rves  in Figs.  1 and 2 shows that  Rh(CO)2C1Py is apparen t ly  not the sole ca ta ly t ica l ly  act ive  
monomer i c  rhodium complex.  

Af te r  the carbonyla t ion  of the NB we isola ted  f r o m  the solut ions,  containing before  reac t ion  3-30 m m o l e s / l i t e r  
of [Rh(CO)2C1]2, 1.27-2 m o l e s / l i t e r  of Py,  and 0.05-0.25 m o l e / l f t e r  of PyHCI,  a subs tance  with the composi t ion  
RhPy3Cll.5, which is unstable  when heated to 100 ~ in the absence  of Py. 
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Fig. 1. Effect  of pyridine concentra t ion in solution on convers ion  (7) of ni t robenzene (2, 4, 
7, 8) and yield of phenyl isocyanate (1, 3, 5, 6) at 205 ~ a CO p r e s s u r e  of 50 a tm,  and a 
PyttC1 concentra t ion in mmole s / l i t e r :  1,. 2) 0; 3, 4) 48.34; 5, 8) 158.73; 6, 7) 108.23. [Rh- 
(CO)2C112 12 mmole / l i t e r .  

Fig. 2. Effect  of PyHC1 concentra t ion on convers ion  (-/) of ni t robenzene (1, 3, 5) and yield 
of phenyl isocyanate  (2, 4, 6) at 205 ~ CO p r e s s u r e  of 50 a tm,  react ion t ime of 1 h, and 
pyridine concentra t ion in mole / l i t e r :  1,2) 0.158; 3, 4) 0.633; 5, 6) in the absence of pyridine,  
[Rh(CO)2C1]2 12 m m o l e / l i t e r ;  
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Fig. 3. Rate constants fo r  carbonylat ion of n i t robenzene as a function of the 
concentra t ion of the rhodium carbonyl  chlor ide  complex at 205 ~ a CO p r e s -  
su re  of 50 a tm,  a pyridine concentra t ion of 0.58 m o l e / l i t e r ,  and a PyHC1 
concentra t ion of 0.108 mo le / l i t e r .  

Fig. 4. Rate constants fo r  the reduct ion of ni t robenzene as a function of the 
CO p r e s s u r e ,  at 205% in the p resence  of the ca ta lys t  [Rh(CO)2C1]2-py-I>y- 
HC1 (6.4:580:108 m m o l e / l i t e r ) .  
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TABLE 1. Synthesis of Aromat i c  I socyanates  in P r e s e n c e  of Cata lys t  
[Rh(CO)2C1] 2 : P y - P y H C 1  under  a CO P r e s s u r e  of 50 a tm 

[Rh(CO)2Clh ]PyHC1 Pu Reaction "~ ~. 
Temp., ~ ~ 

56 220 

56 220 
56 220 
56 150 
30 t50 
30 t50 

30 t50 

30 t50 
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600 205 60 
600 215 60 
550 205 6C 
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Fig. 5. Change in the concentrat ion 
of the s tar t ing nitrobenzene during 
the synthesis  of phenyl isocyanate at  
205 ~ a CO p re s su re  of 150 atm (1), 
100 (2), and 50 aim (3), i n the  p r e s -  
ence of [Rh(CO)2C1]2-Py-PyHC1 (6.4: 
580:108 mmo!e / l i t e r ) .  

In excess Py,  at 0-20 ~ Rh(CO)2PyC1 is converted to Rh(CO)2Py2C1 [4]. At 120-205 ~ a n d a C O p r e s s u r e  
of 1-50 aim,  [Rh(CO)2C1]2 reacts  with PyHC1 in cMorobenzene to give the monomer ic  complexes [Rh(CO)2C12]-~ 
Rh(CO)2PyC1, and [Rh(CO)PyC12]-, which are cata lyt ical ly  active in the synthesis  of isocyanates  and during the 
earbonylat ion of ni tro compounds a re  found in equil ibrium with the s tar t ing d imer  [Rh(CO)2C1]2 [6]. PyHC1 in 
the f ree  s tate  and in rhodium complexes is unstable and dissocia tes  into Py and HC1. All of the above said 
gives reason to assume that under the conditions of synthesizing isocyanates f rom nitro compounds and CO the 
Rh cata lyst  represents  a sys t em of complexes of var iable  catalytic activity,  found in dynamic equil ibrium with 
each other ,  among which can be the following complexes:  

P Y  P y  

- - ~  Rh(CO)~PyC1 ~_. Rh(CO)~Py~ RI~(CO)vP [Rh(COhClh ,_ Y~ 

o -IT ( )TI oqT oo 
PY Py 

[Rh(CO)~CI~]-~-..~- ~ [Bh(CO)sPyCld- Z [Rh(CO)Py~C14- ~. RhPy3Clt,5 
HC1 CO CO 

(H) co TI (i) 
[Rh(C0)PyCM- 

(D) 

As a result, the dimeric Rh carbonyl chloride, which is inactive in the carbonylation of NB, when re- 
acted with Py and PyHCI can dissociate reversibly into monomeric Rh complexes, which contain Py, CI, and 
either one or two CO molecules as ligands. If it is assumed that the monomeric Rh complexes, for example 
(B), (E), (H), (G), (D), and (1) are catalytically active in the synthesis of Phl, then the rate of synthesizing 
Phl, with a selectivity of 70-90%, should be proportional to the concentration of these complexes. The avail- 
able experimental and literature data do not permit making an unequivocai conclusion regarding the equilibrium 
composition of the active Rh complexes under the real conditions of synthesizing Phl under CO pressure. 
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However,  even if we limit ourselves only to the f i rs t  dissociat ion step of the complex, (A) to (E) (under the 
influence of Py) or  to (B) (under the influence of PyHC1), it can be seen that the concentrat ion of the active 
complexes should be proport ional  to the concentrat ion of the Start ing [Rh(CO)2C1]2 to the 0.5 power. Actually, 
at a concentrat ion of Py and PyHC1 in the react ion mixture that is optimum for  the synthesis of Phi the c a r -  
bonylation rate  is proport ional  to the [Rh(CO)2C1] 2 concentrat ion to the 0.5 power (Fig. 3). When the CO 
pres su re  is increased f rom 25 to 50 atm the react ion rate  is inverse ly  proportional  to the CO p re s su re ,  while 
in the range 50-150 a tm it is independent of the p res su re  (Fig. 4). Based on the s tar t ing NB, the react ion for 
the synthesis of Phi is f i rs t  o rde r  (Fig. 5). On this basis  it may be concluded that the rate  for the synthesis 
of Phi,  with a select ivi ty  of 70-90%, by the carbonylat ion of NB at a constant concentrat ion of PyHCI and Py 
i~ d i rec t ly  proport ional  to the concentrat ion of NB and the Rh carbonyl  complexes,  and is inverse ly  p ropor -  
tional to  the CO p re s su re  and has the form 

where kl, k2, and k s a re  constants ,  and PCO is the CO pressu re .  

This equation is in agreement  with the react ion scheme for the carbonylation Of NB, since the rate of the 
equilibrium t ransformat ions  between [Rh(CO)2Cl] 2, CO, and the catalyt ical ly  active Rh complexes is g rea te r  
than the rate of synthesizing Phi on these complexes.  

[Bh(CO)~C1]~ Bh(CO)~(BN0)Cl L eL , Bh(CO) (BN)C1L--~ BhC1L3+ BNCO 
--CO2 

o 

RN02 ] L I "~ 
Rh(C0),~C1L ---Bh(CO) (RN0)C1L----  Bh(RN)C1L~ 

--CO~ --C02 oo~ ~ c o ~  

Bh(CO)C1L~ R_--%~:~ Bh(BNO)C1L~ 

where L = Py or  PyHC1. 

The catalyst  [Rh(CO)2C1]2 - P y - P y H C 1  is also active in the synthesis  of various substituted phenyl i so-  
cyanates ,  and the carbonylat ion of 3-ni t rotoluene,  4-chloroni t robenzene,  and 4-methoxynitrobenzene in its 
presence  respect ive ly  gives 3-methylphenyl isocyanate,  4-chlorophenyl  isocyanate,  and 4-methoxyphenyl i so-  
cyanate in 36-47% yield (Table 1). 

E X P E R I M E N T A L  

The carbonylat ion of NB and its der ivat ives  was run in a rotated 0.15-l i ter  steel autoclave,  into which 
were charged 0.0195 mole of the nitro compound, 10 ml of chlorobenzene,  3 -56  mg of [Rh(CO)2C1] 2, 0-220 mg 
of PyHC1, and 0-1.5 ml of Py. Then the autoclave was purged with CO, the CO p re s su re  was raised to 15-150 
a tm,  and the autoclave was heated at 205 ~ for 5-120 min. The react ion products were analyzed by GLC on an 
LKhM-8MD chromatograph (length of column 1 m, packed with 5% XE-60 deposited on Chromaton N-AW-DM- 
CS, 30-60 mesh,  and helium as the c a r r i e r  gas at a flow rate of 40 ml/rnin), with elevation of the t empera tu re  
f rom 60 to 170 ~ at a rate of 20~ The quantitative composit ion of the products was determined relative 
to chlorobenzene as the internal s tandard.  The [Rh(CO)2C1] 2 and PyHC1 were synthesized as descr ibed in [7, 
8]. The IR spec t ra  were  taken on a UR-20 ins t rument  as a thin l aye r  between KBr plates and as KBr pellets.  
The complex RhPy3Ct 1 .~ was isolated at 0 ~ by fi l tering the react ion solutions that contained before the carbonyl -  
ation of NB: 3-30 mmoles / l i t e r  of [Rh(CO)2C1] 2, 1.27-2 mo le s / l i t e r  of Py,  and 0.05-0.25 mole / l i t e r  of PyHC1 
(calcd. for  RhPy3Cll.~: C 45.50; H 3.80;'C1 14,00%. Found: C 45.44; H 4.14; C1 13.87%), and it was also obtained 
by heating [Rh(CO)2CI] 2 at 70 ~ for 20 min in chlorobenzene,  containing 1 mole / l i t e r  of Py. The IR spec t ra  of 
the complexes ,  obtained by both methods,  were identical: u 1618, 1502, 1458, 1230, 1168, 1092, 1055, 1025, 
770, 705 cm -1 . The complex RhPy~Cll.5'is soluble in Py and is stable when heated. It decomposes  when hea-  
ted without the Py and is insoluble in  benzene and chlorobenzene.  

C O N C  L U S I O N S  

1. Pyridine and pyridine hydrochlor ide  activate [Rh(CO)2C1]2 in the synthesis_ of isocyanates by the c a r -  
bonylation of a romat ic  ni tro compounds; in the presence  of the catalyst  [Rh(CO}2 C1]2-PY-PyHC1 (weight ratio 
1-2:18:5),  at 205 ~ a CO p re s su re  of  50 arm, and a t ime of 40 rain, ni trobenzene,  3-ni trotoluene,  4 - ch lo ro -  
ni trobenzene,  and 4-methoxyni t robenzene are  converted to the corresponding isocyanates in 36-90% yield. 
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2. The act ivat ing effect  of Py  and Py. HC1 apparen t ly  cons is t s  in the fo rmat ion  f r o m  [Rh(CO)2C1]2 
of ca ta ly t ica l ly  act ive  monomer i c  rhodium complexes ,  which contain Py,  CI - ,  and CO as l igands.  
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EFFECT OF CATALYST COMPOSITION AND REACTION 

CONDITIONS ON SYNTHESIS OF PHENYL ISOCYANATE 

BY CARBONYLATION OF NITROBENZENE 

V. I. Manov-Yuvenskii, B. K. Nefedov, UDC 541.12.038:541.128:542.91:547.551.43 
and A. V. Smetanin 

Prev ious ly  we had es tabl i shed [1] that  the carbonyla t ion  of a r o m a t i c  mononi t ro  compounds using PdC12- 
pyr id ine-MoO~ as the ca ta lys t  gives i socyana tes  in high yield and a study was made of the effect  of the nature  
of the meta l  oxide on the ac t iv i ty  of the Pd ca ta lys t .  

In the p re sen t  pape r ,  on the example  of carbonylat ing n i t robenzene  (NB), we studied the effect  of the 
ca ta lys t  composi t ion ,  t e m p e r a t u r e ,  contact  t ime ,  and initial concent ra t ion  of the s ta r t ing  NB on the synthes is  
of phenyl i socyanate  (I). 

C6HsN02 + 3C0 -+ C6HsN=C=O(I) + 2C02 

The ca ta lys t  PdC12-py r id ine -MoO3 r e p r e s e n t s  a homogeneous -he te rogeneous  s y s t e m .  Under the r e -  
action condit ions,  as was shown prev ious ly  [2], f r o m  PdC12 and pyr idine a r e  formed ca ta ly t ica l ly  act ive  c o m -  
plexes of the type Pd(pyridine)2C12 that  a r e  soluble in chlorobenzene.  Molybdenum oxide is insoluble in ch lo ro -  
benzene ,  but it i nc reases  the ac t iv i ty  of the PdC12-pyr id ine  ca t a lys t  by a f ac to r  of 3 (Table 1), which is appa -  
ren t ly  due to the f a s t e r  r a t e  of carbonyla t ing  NB in the coordinat ion sphe re  of the pyridine complex  of Pd,  ad-  
sorbed  on the MoO3 s u r f ace ,  when compared  with that  of the s a m e  complex  in solution. Actually,  when MoO3 
is deposi ted on ~-A1203, despi te  a fivefold d e c r e a s e  in the amount  of MOO3, the carbonyla t ion  ~ t e  does  not 
d e c r e a s e  (Fig. 1). A fivefold d e c r e a s e  in the amount  of PdC12 in the PdC12-py r id ine -20% MoOJA120  ~ c a t a -  
lys t  leads to a ninefold d e c r e a s e  in the reac t ion  ra te  (see Table  1). 

Compound (I) f o r m s  at an initial r a te  of 1.5 m o l e s / l i t e r ,  h when NB i s  carbonyla ted  on the PdC12-py r i -  
d ine -MoO3 ca ta lys t  (h4:2) at 185 ~ and an initial CO p r e s s u r e  of 100 a tm.  With inc rease  in the reac t ion  t ime  
both the NB convers ion  and the (I) yield i nc r ea se  and a f t e r  60 min r e s p e c t i v e l y  r each  100 and 95% (see Fig. 1). 
We will ment ion that  under  the s a m e  condit ions,  without adding MoO~ to the PdC12-pyr id ine  complex ,  the NB 
convers ion  was a total  of 46%, and the yield was 40%. With fu r the r  i nc rea se  in the reac t ion  t ime  the NB con-  
ve r s ion  r ema ins  constant ,  while the yield of (I) drops  due to t a r r ing .  
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