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SUMMARY 

The rate of hydroformylation of olefms catalyzed by RhClCO(Ph3P)2 (I) is 
accelerated by the addition of a small amount of cyclohexenyl hydroperoxide which 
converts I into cis-RhCl(CO), PhaP (II), a very active olefin-hydroformylation and 
4somerization catalyst. 

The rates of olefm-hydrogenation’ y2 y3 and -isomerization4 by Group VIII metal 
phosphine complexes are accelerated by the presence of hydroperoxides and/or oxygen. We 
wish to report a similar rate enhancement observed during the hydroformylation of olefius 
catalyzed by RhClCO(Ph,P& (I)_ 

A solution of purified cyclohexene* (0.20 mol) in para-xylene (130 ml) containing 
TABLIZ 1 
RATE OF THE HYDRdFORMYLATION OF OLEFINS CATALYZED BY 
RhCKO(Ph,P), a AS A FUNCTION OF HYDROPEROXIDE PROMOTER 

Olefin Hydroperoxide 
(mmol) 

Ratio 

Ph,PlJW 

Maximum rate 
of COjH2 consumption 
[mo&l- .nlin-‘.l x ZP 

cyclohexene None 3b 4.2 

cychhexene 2.1 3b 180 
cyclohexene ABIN 0.1 g 2 5.0 
I-hexene None 3b 235 
I-hexene 2.1 3b 420 

B I=?reGon&or~diti~~~&ss.u”X 16-~rwzmzo~oi&lrwXX1.3rpI. 
b A&kXd @ ‘&55 ;adaik.~ Qf 0.75 X&m& of Pi$ P. 

-*The purified alefins were distilled from Lw, immediately prior to use. 
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I (0% mmoj) Feacfs with CO/H2 ( mo e ratio 1 to-l, 33 atm) at 100’ to.give cyclohexan+ -J 

w~boxddehyde at a very slow rate (Table I).- A similar sol&On containing cytilohexenyl 
hydropekide (2.1 mmol) reacts approximakly 45 timks +s.rzipidIy. The rate change 
,foIlows an induction period and is accompa&d by a change in the IR spectrum of the: 

.. reactig s&tioti (Fig: 1); Those spectra were recorded during the natural progress of the 
reaction using a h&h-pressure, high-tamp&a&e spectrophottimeter cells. The initial 
Spectixr~ (Fig. -la) k. that of the pure I (~(66) 1982 cm-’ ); however, shorhy after the 
addition of cyclohexene containing hydroperoxide, two new bands appear at 2093 and 
2013 cm-’ (Fig. lb and lc). The intensities of the cew bands increase as does the reaction 
rate until the 1982 cm-’ absorption completely disappears. The band at 2137 cm-’ is 
due to dissolved CO. Similar spectral changes are observed when I-hexene containing cyclo- 
hexenyl hydroperoxide is hydroformylated; however, a rate acceleration of only 2 was 
obskved. No spectral changes w&e observed in the absence of a hydroperoxide. The ladical 
initiator ar,or’-azodiisobutyronitrile had no effect on the rate of hydroformylation and the 
spectrum of the reacting solution. 

I i 
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Fig_ 1. Infrared spectra of the reacting solution at various temperatures. 

The rhodium complex, [RhCl(CO)(Ph3 P)] z (III) @(CO) 1992 cm -’ ) was isojated 
from the reaction solution. In the pre%nce of do, III is rapidly converted to RhCI(CO]2Ph3P 
(II) (v(CO). 2093 and 2013 cm-‘). II is a novel, very active hydroformylation ctitalyst. We 
established the identity of iI and III by elemental an~ysis, molecular weight determkation, 
and by CO-evolution and -absorption measur$menti. The formulation of II and III were 
later confirmed by Galley et aL6. 
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III is formed from I by the hydroperoxide oxidation of I mole of PhJP to Ph,PCl. 
However, neither II nor III contains I&l?0 nor is it necessary for the rate acceleration 
observed. The direct synthesis of II via reaction 1 yields a catalyst identical to that 

[RhCl(CO)& + 2F’heP --f 2RhCl(CO)2 Ph3P 

(II) 

.w 

produced by the action of hydroperoxide on I determined by both in situ spectral and rate 
measurements. No induction period is observed. 

The apparent absence of a large rate acceleration with I-hexene is an artifact. Once 
formed, II catalyzes the rapid isomerization of l-hexene to the internal isomers (detected 
by GLC analysis): The internal olefms undergo hydroformylation more slowly than the 
terminal hexene. Consequently, it is not possible to obtain the rate of hydroformylation of 
l-hexene catalyzed by II for comparison with the rate catalyzed by I. The products of the 
hydroformylation of 1-hexene catalyzed by I are heptanal(74 mole %), 2-methylhexanal 
(26 mole %), and only a trace of 2-ethylpentanal. When II is employed as the catalyst the 

product distribution is substantially different (heptanal, 65 mole %; 2-methylhexanal, 
30 mole %; and, 2-ethylpentanal, 5 mole %). The product distribution obtained when II is 
used as catalyst suggests that all hexene isomers undergo hydroformylation. Gas liquid 
chromatographic analysis shows that 1-hexene is not isomerized by I in the absence of 

cyclohexenyl hyclroperoxide. 
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