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Summary 

The hydroformylatlon of V~~LIIOUS olefme. e.g. 3 -octene, &hy!ene, diiso- 
butylene and cyclohexene, m the presence of COAX and Co2(CO)s/P-n-Bu3 
as catalyst precursors has been studled by followlrlg infrared spectral changes 
under optimum reaction condltlons in a high pressure spectrophotometnc cell. 
The results are basically consistent with the Heck mecharusm for hydroformy- 
latlon but significant differences III the rate-controllmg steps have been observ- 
ed. These suggest that hydrogenolysB of the acyl species RCOCO(CO)~ 1s only a 
sqq-uficant rate-determinmg step m reactions with the fastest rates, I.e. hydro- 
formylatlon of simple terminal olefms catalysed by CO,(CO)~. In renctlons wrth 
slower rates, e.g. hydroformylatlon of mternal oleflns or use of the Co,(CO),/ 
PBul catalyst system, u-utlal mteractlon of the olefin Lvlth the hydrldo species 
HCO(CO)~L, where L = CO or P-n-Bu3, appears to be the ratedetermining step. 

Introduction 

Hydroformylation 1s the name used to descnbe the reaction of an olefm 
with carbon monoxide and hydrogen to yield an aldehyde: 

RCH=CH, + CO + H, --t RCHzCHzCHO + RCH(CHO)CH3 

The reaction was discovered In 1938 by Roelen and was found to take place at 
high pressures and temperatures and to be catalysed by Group VIII metal car- 
bonyls, particularly those of Co, Rh and Ir [ 11. 

Because of the Industrial importance of the hydroformylatlon reaction In 
the synthesis of plasix~er alcohols much effort has been devoted to an under- 
standing of the mechanism of the reaction. The general reaction scheme, pro- 
posed by Wender, Stemberg, Orchin and Heck and co-workers for the cobalt 
carbonylcatalysed reactlon affordmg the slcrzught chain lsomenc aldehyde is 
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as follows: 

Cor(CO)6Lz f Hz = ~HCO(CO)~L = 2HCo(CO)zL + 2C0 

HCo(CO), L + RCH=CH? == RCHrCH&o(CO), L 

RCH,CH,Co(CO),L + CO = RCH,CHzCOCo(CO),L 

RCH?CH2COCo(CO),L + H, -, RCH,CH,CHO + HCo(CO),L 

(L=COorPR,,_r=2or3) 

(1) 

(2) 

(3) 

(4) 

These reactrons may be considered as (1) acbvatron of catalyst by conversion 
of the parent carbonyl mto a hydrrdocarbonyl species whrch IS itself m eqmlrb- 
num wrth coordrnatrvely unsaturated hydrrdocarbonyl and carbon monoxide, 
(2) a formal msertron of the olefm mto the Co-H bond of the hydndocarbonyl 
equilrbnum mLvture to grve an dkylcobalt carbonyl, (3) a formal Insertron of 
carbon monovlde mto the Co-C bond of the all@ to grve the con-espondmg 
misture of acylcobalt carbonyls and (1) hydrogenolysrs of the acyl species to 
grve an aidehyde wrth the regeneration of the catalyst. 

In the case of Co2(CO)s as catalyst precursor these individual reactlon steps 
have been shown to occur, but generally m storchrometrrc reactrons under con- 
&t;ons whrch are far removed from normal operatmg condrtrons, and there 1s 
httle direct evidence to show that the proposed mtermedrate specres do m fact 
erlst In solution under the high pressures (250 atm CO/Hz) and temperatures 
(15OOC) commercrahy used in hydroformylation. 

In previous work we have studred the basic reactions of cobalt, rhodium 
and u-idrum carbonyls and 1 heir phosphine-subshtuted derivatives wth hrgh 
pressures of carbon monoxtde and hydrogen [2]. Infrared spectral ewdence has 
been obtamed for the cleawge of dmuclear a2d tetranuclear species with the 
formation of hydridocarbonyls of the type HTII(CO)~L, where L = CO or PR, 
and IL1 = Co, Rh and Ir, 1.e. step (1) In the above reaction sequence. In several 
cases evidence for the formation of Hhl(C0)3L was only obtained under the 
high CO/H2 pressures and temperatures slmllar to those used u-r hydroformyla- 
tron, and reversion to the stattmg matenal occurred on coolmg or on releasing 
the escess pressure. 

in order to mvestrgate the contnbutlon of other reaction steps to the pro- 
posed hydroformylanon sequence we have studred the reactrons of the common 
cobalt catalyst precursors, I e. COAX and Coz(CO)JP-n-Bu, m the presence 
of both termmal and Internal olefins under therr respectrve ophmum hydro- 
formylatron condihons and the results obtained are described in this paper. 
E’relmnnary accounts of thus work have appeared prevrously [3]. 

Results 

Examples of the spectra which have been obtamed dllring the hydroformy- 
latron reactions are shown in Fig s. 1-4. The reactrons were imhally studied In 
the absence of olefin In order to determme the extent of conversion of metal 
carbonyl mto hymdocarbonyl under optimum hydroformylatlon conditions. 
Thus Frg. 1 illustrates the spectra obtained when heptane solutions of Co2(CO)s 
(0.2% Co by wt.) are pressunsed with CO/Hz (250 atm, l/l gas ratio) and heated 

(conlrnued on p IO?) 
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FIN 1 Reaction of CO?(C0)8 .-.,th C0fl-l~ (1:l) LII heorane (a) 270 atm torti pressure at 30=.(b) 990 o:m 

at 120”. (c) 190 atm QL 150’ (d) 250 atrn at 20” 
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Fig 2 Hy&ofomylatmn of l-octene 10 the presence of Co,(C0)8 as catalyst Precursor (a) 250 atm total 

pressure CO/H:! (111) at 31r. (b) 280 atm at 150%.(c) 200 atm at 150° Peak ldenrdled bY crossesare 

l-octene absorptlons 
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Ftg 3 ReacL~oo of [Co(CO)3PBU3l~ 2PBu3 wrrh CO/H? (l/l) ID beptane (a) 70 atm total pressureat 50 
(b) 80 atm at 170’. (c) 80 aLm at 190’. (d) 70 aim at 501 
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F,g. 4 HydroformylaL~on of 1QCLene ,n lhe W=S+nee-Of Co2(Co)8 and 4PBu3 as Ci%LdfSL ~P~XlrSor, (a) ‘10 

aim toLal pressure CO/H? (l/l) aL 25”. 0~) 79 atm at 170-i (c) 75 atm aL 190” Peaks IdenLLfled by crosses 

are l-octene absorptronr 
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TABLE 1 

hlETAL CARBONYL STRETCHING FREQUENCIES (cm-‘) 

FIN Ic Co2(Co),j HCO(CO)~~ 

2111 w 2114 H 
2068 w 2070 5 

2059 (sh) 
2053 ms 2052 m 

204-I s(d) 
2032 5 

2030 s 2031 m(sh) 2030 s 
3022 5 
2002 VW 

1993 w 1993 VW 
1866 mvd(sh) 

1858 w 1857 m 

u From ref 5 

TABLE 2 

hlETAL CARBONYL STRETCHING FREQUENCIES (cm-‘) 

FIN 2b 

3103 w 
2068 s 

2041 s 
2030 (sh) 
2023 5 
2002 m 

1858 mw 

cO2(c0)8 

2070 s 
2059 (sh) 
204-l s(zh) 
2012 5 
2031 m(ch) 
202!? s 
a002 VW 
1866 mw (ah) 
1857 m 

HCo(CO)q CH ,CO(CO)J= n C&H, $OCo(CO)_y” 

211-l \\ 
2105 \c 1103 m 

2052 m 
204-l s 

2030 5 2036 m 
2019 v.5 2022 5 

1993 VW 2003 b5 

1720 m 

=From ref 8 

T4BLE 3 

hlET4L CARBONYL STRETCHING FREQUEKClES (Cm-‘) 

Fig 3c co+zo),L~O co2(co),L= HCo(CO)xL” HCO(CO)-JL~~ * 

2081 m 
2049 mw 2049 mw 

202-1 m 
1994 5 

1970 vs 1972 w 1970 vs 1977 ms 
1953 ms 1953 YS 1955 mw 1958 s 

1935 VW 1942 w 
1927 v\b (sh) 1912 (‘h) 

1904 vw(lh) 1902 “S 

‘L = PBu3 b From tef 10 
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to 150°C. Fig. 2 shows the spectra obtained from the same reactlon In the pres- 
ence of I-octene (l-occene/heptane 3/l). Similarly Figs. 3 and 4 dustrate the 
spech-a obtained from the correspondmg reactIons in the presence of tn-n-butyl- 
phosphme (0.1-0.2% Co by wt., PBu,/Co 2/l, 80 atm CO/H: (l/l), 190°C). 
Tables 1-3 summanse the accurate band maxuna noted In the different eupen- 
ments dunng steady-state hydroformylatlon condltlons, together with the spec- 
tra of related species for comparison 

Discussion 

Hydrofortnyht~on with CO,(CO)~ as catalyst precltrsor 
Comparison of the absorption maxuna m Fig. lc with the known spectra 

ofCoz(CO)8 [4] and HColCO); [5] ( see Table 1) clearly mdlcates the predom- 
mance af the Iatter specIea at 290 atm pressure and 150°C. The appearance of 
weak peaks at 2068 and 1358 cm-’ suggest that a small amount of CO?(CO)~ 
remams unchanged and or coohng to room temperature (Fig. Id) part& recon- 
version Into CO,(CO)~ occurs Clearly, however, the equdlbnum 

Co:(CO), f HZ = 2HCo(CO), 

hes well over on the rrght hand side at 290 atm pressure and 150°C. It LS relevant 
to note that under the high pressse-high temperature condltlons there are no 
add&IonaJ absorptlons whxh could be attnbutecl to the presence of a species 
such as HCo(CO), [6]: the concentration of th1.s species has been estimated to 
be < 1% of the HCo(CO), concentration under hydroformylatlon condltlons. 
Also, there is no ewdence For the formation of COAX [ 71. In Fig. 2 (the 
peaks marked with crosses are due to olefm absorptlons) the Initial spectrum ls 
again corwstent with the normal solution spectrum of CO,(CO)~ and the only 
change noted on heatrng to 120°C LS 3 decrcxe in the rntenslty of the bndgmg 
carbonyl frequencies. Thus may weLl be due to the stabdrsatlon of the non-brldg- 
ed somer of CO~(CO)~ at these higher temperatures. hlarked spectral changes are 
observed at 150°C on commencement of hydroformylatlon (as rndlcated by the 
appearance and rapid Increase m mtenslty of a band at 1730 cm-’ due to alde- 
hyde fonnatlon). In the terminal carbonyl r-on new bands are observed at 
2103 and 2002 cm-’ and the relative mtensltles of the bands at ca. 2020 cm-’ 
are altered. This spectrum (Fig. 2b) IS in fact, the “steady-state” spectrum and 
only towards the end of the hydroformylatlon are further changes noted. At 
tk stage (Fzg. 2c) the bands are broadened by the solvent effect of the large 
concentration of aldehyde but the spectrum may be Interpreted m terms of the 
presence of both HCo(CO), and Col(CO),+ 

Comparison of the band maxlma in Fig. 2b mth the spectra of HCO(CO)~ 
and CH&O(CO)~ (see Table 2) immediately eliminates the presence of hydndo- 
and Jkylcobaiilt, tetracarbonyls dunng the hydroformylatlon. The steady-state 
spectrum is most consistent mth the presence of a mixture of RCOCo(CO), and 
COAX and LS m fact very similar to that obtamed by Mark6 and co-workers 
from sampling the contents of a hydroformylahon reaction mrxture 181. 

This hydroforxnylation has also been stud& at carbon monoxide to hy- 
drogen ratios of 3/l and l/3, while mamtalrung the cobalt and olefm concentra- 
hens and the total pressure constant. The spectra obtamed show that the amount 
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of acyl species present m the steady-state hydroformylatlon mLvture mcreases 
wth mcreaslng partial pressure of carbon monoxide, 1.e. In the CO/H? order 
3/l > l/l > l/3. These results mdlcate that for the hydroformylatlon of l-oc- 
tene In the presence of CO~(CO)~ as catalyst precursor, hydrogenolysis of the 
acyl species (step 4 In the reaction sequence) IS a ratedetermu-ung step UI the 
reaction. 

If ethylene (40 atm) 1s substituted for 1-octene the spectra obtained durmg 
hydroformylatlon are very slmdar, shokvrng additional bands at 2105 and 2003 
cm-‘, this time corxxstent ivlth the presence of a mature of C,H,COCo(CO), [S] 
and COAX Thus unpiles the operation of a sun&~ ratedetermmlng step 
throughout the hydroformylation of the termma! olefm senes. However, when 
the hydroformylatlon of internal olefms (which are known to react more slow- 
ly than theu: termmal isomers) 1s studied, slgruflcant differences m the steady- 
state spectra have been observed. Thus spectra obtamed dlu ing the hydrofor- 
mylatlon of dusobutylene or cyclohexene are consistent \\qth the presence of 
HCO(CO)~ and Co,(CO), only throughout the reaction. There IS no spectral 
evidence for the presence of slgruflcant amounts of the acylcobalt tetmcarbonyls. 
This suggests that a different ratedetermuung step operates durmg the hydro- 
formylatlon of Internal oleflns and this IS probably the lnltlal Interaction of the 
olefm with HCo(CO), (step 2 In the reaction sequence) 

Hvdroformylatlorz wit/z CO~(CO)~,‘P-~Z-BU, as catalyst precursor 
The utlltiatlon of phosphmes as modifiers to lhe conventional cobalt car- 

bonyl-catalysed hydroformylatlon reaction has recently been described [ 11 and 
them addition produces the follo\!rlng effects- (1) the reaction rate IS lo\\ered, 
(u) the isomer dlstnbution IS altered to favour straight rather than branched 
chain products and (1~) under similar reaction condltlons to the non-llgnnded 
process the products tend to be alcohols rather than aldehydes Lmked with the 
last point 1s the fact that hydrogenation of the startrng olefm to corresponding 
alkane becomes a significant side reactlon. 

Xs with the non-llganded cobalt carbonyl system we have studied the reac- 
tlon under optimum hydroformylatlon condltlons both with and without added 
olefm. In order to obtam the desired P/Co ratlo we have used a barlety of start- 
mg systems, e g. CO~(CO)~(PBU,), + 2PBclj, CO,(CO)~ + 4PBu, and CO~(CO),~ + 
8PBu3, and although the lrutial components are different the high pressure, high 
temperature spectra are all vu-tually Identical. 

Comparison of the band maxlma m Fig. 3c with the spectra of the starting 
CO~(CO),JPBU~)~ and HCo(CO),PBu, [9] (see Table 3) again lndlcates that the 
hydndo species predominates under optunum hydroformylatlon conditions 
although the equlllbrlum 1 lies further to the left than when L = CO. The ap- 
pearance of a weak shoulder at 1904 cm-’ suggests that possibly a very smatl 
amount of HCO(CO)~(PBU~)~ 1s present m the reaction mixture [lo]. On coolmg 
to room temperature while stdl under pressure (Fig 3d), partial reconversion of 
HCo(CO),PBu3 mto CO~(CO)~(PBLI~)~ occurs; releasing the excess pressure 
causes complete reversion to the startmg material. 

If the reaction of CO~(CO),,(PBU,)~ watt; CO/H2 IS studied m the absence of 
excess phosphme, e g. a cobalt to phosphorus ratio of l/l, then Co,(CO),PBu, 
1s also observed in the reaction misture at 90 atm and 190°C. At higher pressures, 
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e.g 300 atm, evrdence for further resctron with the formatron of HCO(CO)~ has 
been obkuned. Thus the functron of the excess phosphme appears to be srmply 
to mhrbrt the drssocratron of the Irgand. I e. mamtamrng the followng equllrbrra 
on the left hand side. 

Co~(CO),L~ •l- co == CO~(CO)JL + L 

HCo(CO),L L CO = HCo(CO)_, + L 

F’rg. 4a LS consrstent wrth the spectrum of HCO(CO)~(PBU~)~, together wrth ab- 
sorptrons due to 1-octene (rdentrfred by crosses) On addltron of trr-n-butyl- 
phosphme to Coz(CO)s the bulk of the m1tta.J product IS known to be 
[CO(CO),(PBU,)~] [Co(CO),], whrch separates as an msoluble preclpltate at 
room temperature and hence 1s not seen rnrtrally rn the spectra. At 170°C (Fig. 
-Ib) the band at 1950 cm-’ has rncreased considerably In rntensrty, suggesting 
that both HCO(CO)?(PBU,I: and [Co(CO),(PBu,),] [Co(CO),] are berng convert- 
ed rnto CO~(CO)~(PBU~)~ IIt 190°C (Fig. 4~) new bands consistent wrth the for- 
matron of HCo(CO),PBu, xe observed and hydroformylahon commences, as 
evrdenced by the appearance of the aldehyde absorption at 1730 cm-’ Thus 
spectrum remams vrrtually unchanged throughout the hydroformylatron al- 
though the concentration of HCo(CO),PB LIP Increases very slightly with time 

There IS no evrdence for the presence of the known alkyl or acyl species of the 
types RCo(CO),PBu, or RCOCO(CO)~PBU, [9] and thus suggests the operatron 
of a drfferent rate-controllrng step from that observed with the correspondrng 
Co2(CO)8catalysed hydroformylatron of terminal olefms. This result suggests 
that mitral mteractron of the olefrn wrth HCO(CO)~PBU; IS the crrtrcal factor, a 
feature whrch IS also suppcrted by the mcreased tendency for hydrogenatron of 
the olefm usmg thus system. If the bulk of the catalyst was in the form of 
RCOCo(COjIPBu, then pwsumably hydrogenatron of olefrn to alkane would 
be mm~mrsed. 

Lf the hydroformylatlon of l-octene caxrlysed by thus system IS studred at 
a 3/l ratro of CO/H,, keeptng all other variables constant, then additronal bands 
are observed In the spectra at 190°C. These occur at 2081, 2024 and 1994 cm-’ 
and are consrstent wrth the presence of Co,(CO),PBu,, the hrgher partral pres- 
sure of carbon mono.wde havmg resulted In some dlssoclatlon of the Irgand. 
Agam however no bands whrch are attrrbutable to specres such as RCO(CO)~- 
PBu, or RCOCo(CO),PBu, are observed. A srmllar effect occurs when a P/Co 
rat10 of l/l Is employed. 

When the hydroformylation of rnternal olefms, e g. dusobutylene and cy- 
clohexene, IS studred under the standard condltrons, reactron takes place very 
slowly but the spectra observed are very s1mlla.r to those obtained wrth 1-octene, 
suggestmg the presence of only HCO(CO)~PBU~ and Co,(CO),(PBu3), durmg the 
reaction. These results suggest that mitral rnteractron of the olefm wth the hy- 
drrdo specres HCO(CO)~PBU, is the rate-controllmg step u-respective of the na- 
ture of the olefm when the Co2(CO)s/PBu, catalyst system is employed. 

In conclusion therefore the results obtained with Coz(CO)s and Co,(CO),,’ 
PBul as catalyst precursors are consistent with the generally accepted mechantsm 
for hydroformylahon [l] although there appear to be srgnrfrcant differences in 
the rate-determlnmg steps for different olefms and catalyst systems. Thus, hy- 
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drogenolysts of the acyl spectes RCOCo(CO), IS a stgntftcant rate-determtntng 
step only tn rescttons wtth the fastest rates, t-e. hydrofotmylatton of simple 
terrntrtal oleftns catalysed by COAL. In reacttons wtth slower rates, e.g. hy- 
droformylatton of tnternal oleftns or use of the Co~(CO),/PBu, cntnlyst system, 
tntttal mtetactton of the olefm wtth the hydrtdo spectes HCo(CO),L, where 
L = CO or PBu,. appears to be the rate-determtntng step 

The concIus~ons concerntng different rate-determtntng steps are supported 
by results obtalned from recent kmettc studies on the C’O~(C’O)~/PBLI, catalyst. 
system [ 111. Here, although the htnettcs ts not ftrst order on total cobalt con- 
centration. comparison of the rate of hydroformylatton of propylene wtth the 
estimated concentratton of HCo(CO),PBu, (obtatned from measurements of the 
eywlrbrtum constant for the resctton CO~(CO),,(PBU,)~ + H K= 2HCo(CO),PBtt,) 
shops a direct proporttonaltty, t e. ra.te = i: [ HCo(CO),PBu3 J, where I: Includes a 
ktnettc constant, and concentrattons of olefm, hydrogen, an3 c&arbon monowde 

Unfortunately the compartsott cannot be extended to the non-ltganded 
cobalt carbonyl catalyst system because ktnetlcally thts reaction IS extremely corn 
pie\ and a paruttcular rate equation may stttctly apply only over a Itmtted range of 
reactton condtttorls [12]. 

Expertmental 

Spectral mtxxm-emetlts utzdel pressure 

The design, constructton and mode of opernttan of the htgh pressure tnfn- 
red cell has been described prewously [ 13). Infrared spectra were recorded wth 
a Pet kin-Elmer hlodel 257 spectrophotometer ustt~g SlO scale e \panston and 
caltbratton wtth etther gaseous ca Iton mono\tde or water vapour. 

Prepam t Ion 0 f catalyst precursors 
The complexes Co?(CO), and CO~(CO),(PBLI~I~ lvere prepared by estnb- 

ltshed methods [ 11,151 Trt-n-butylphosphtne was obtained from Aldrtch Chem- 
~cal Company and used wtthout further purtftcatton 

Pur~ficutron of oiefmd 
Ethylene was drted by passtng through 3-A molecular sieve -BTS- 3.A mole- 

cular Steve columns. 1-Octene (BDH Chemtcals Ltd ), cyclohexene (BDH Chem- 
icals Ltd.) and dttsobutylene (Ralptt N Emanuel Ltd , mtiture of 2,4,-l-trt- 
methyl-l-pentene (759) and 2,1,-l-trtmethyl-8-pentene (25c;~)) were generally 
dsttlled tmmedtately before use. Sltght vartattons III reactton rate were noted 
depending on whether or not the oleftn had been freshly dtsttlled, there were 
however no slgmflcant dlfferences betmpeen corresponding spectra 
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