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A Retrospective

Abstract: A personal account of the disc_overy and_ initial developh(_:‘tptlan?lf an(tjh 30% 2t-_methylhexanal II? hlgg )gelds. Tt?en
ment of organocobalt and organopalladium chemistry. R. F. Hec ’_ays or the reaction was generally added as coba
Professor Emeritus, Wrersity of Delaware, Newark DE, USA. ~ 0xide, carbonate, acetate or similar compounds. It was

known that the cobalt compounds were converted into the

well-known dicobalt octacarbonyl under the reaction con-
In 1956, after completing my graduate training and podtitions. Studies carried out by Professor Walter Hieber of
doctoral work in physical organic chemistry, | entered thiae Technische Hochschule in Munich at about this time
employment of the Hercules Powder Co. (now Herculeslso suggested that the very unstable (at room temperature
Inc.) at their research center in Wilmington, Delaware.dnd atmospheric pressure) cobalt hydrocarbonyl,
joined a group of chemists working on the development 6fCo(CO),, would be present in the catalytic reaction as
a commercial process for producing polyethylene angell.*

polypropylene employing ~the recently discovered yyief report appeared in the literature in 1953 by a re-
Ziegler—Natta catalysts. This work required me to learg,5,ch group under Irving Wendat the U.S. Govern-
the literature on transition-metal chemistry and to dfent Bureau of Mines Labs in Pittsburgh, which
laboratory work with air-sensitive and unstable organqggested that cobalt hydrocarbonyl was the actual cata-
metallic compounds. While | accomplished little of scieny st i the hydroformylation reaction. Since the decompo-
tific v:_alue in the two years that | was in this program, th&ion of HCo(CO) was probably second order in cobalt,
experience prepared me for my next assignment. The ngxlictions of the compound could be studied at 25 °C in
project | was given by my supervisor, Dr. David Breslowyjte solution if they were relatively fast. The Wender
was a rather unusual one. He said, “Do something Wifjon added 1-hexene dropwise to an excess of a solution
transition metals.” | had the opportunity to choose g HCo(CO), at room temperature and found the same
project that I thought would benefit the company. 70:30 mixture of heptanal and 2-methylhexanal as was
At this time, 1958, organotransition-metal chemistry wagbtained catalytically. They did not offer a reasonable ex-
just beginning. Only a few cyclopentadienyl, alkyl, angblanation for their results. During my previous work with
carbonyl complexes of the metals were known and vetsansition-metal-catalyzed alkene polymerization, there
little chemistry had been done with these compoundsas the idea by some that transition-metal hydrides might
There were several important commercial processes bebgjinvolved as initiators of polymer formation by first un-
used at that time, however, which employed transitiattergoing addition to the alkenes to form alkyl transition
metals as catalysts. All of these had been discovered ogtal complexes presumably bonded also to aluminum
empirical methods and nothing was known about thehloride or other metal halides employed as catalyst com-
chemistry involved. | decided to begin my new project bgonents. This step would then be followed by insertion of
trying to determine the mechanism of one of these impanultiple alkene units to form long-chain metal alkyls,
tant reactions in the hope that this knowledge would sugthich ultimately eliminate polyalkene and reformed the
gest new chemistry to study. metal hydride catalyst. There was no experimental evi-

The commercial process | chose to study was the hyd%e-nce to support this idea at that time but it was known
formylation reaction, which was also known as the Ox at some non-transition hydrides, such as those of boron
reaction in Germany where it had been discovered by Oftgd @luminum, would add to alkenes.

Roelen in 1938.The reaction involved a cobalt-catalyzedThis proposal led me to believe that the hydroformylation
combination of carbon monoxide and hydrogen with gorobably also began with a hydride addition of HCo(£O)
alkene at elevated temperature (~120 °C) and pressuteshe alkene presumably in both possible directions to ex-
(~800-1000 psi) to form aldehydes. For example, 1-heglain the formation of two isomeric aldehydes in the reac-
ene in the reaction produced a mixture of about 70%®n. The next step was not obvious at the time. As it
happened, | had noticed a paper by a group working at the
Ethyl Corporation on some hydrocarbon-soluble manga-
SYNLETT 2006, No. 18, pp 2855-2860 nese carbonyl derivatives, probably made to test as anti-
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pentacarbonyl in solution in an autoclave, pressured it apuch more stable (though still oxidizable in air) and less
with carbon monoxide, shook it for a while and isolatedoluble monophosphine derivatives. This allowed me to
the product. The product turned out to be acetylmangaelate and characterize organocobalt complexes more

nesepentacarbonyl (Equation 1). easily. The alkyl cobalttetracarbonyls turned out to react
with triphenylphosphine téorm acyl cobalttricarbonyl-
o} triphenylphosphine complexes as products and the acyl
Me-Mn(CO); — =2 Me)LMn(CO)s cobalttricarbonyltetracarbonyls gave the same products
_ with loss of carbon monoxide (Scheme 2). The kinetics of
Equation 1 the PPRreaction with acyl cobalttetracarbonyls were sub-

sequently studied and found to be first order in the cobalt
To my knowledge, this was the first recognized carbacompound but zero order in PPhndicating that the loss
monoxide insertion reaction. Of course, its generality was a coordinated carbonyl group from the acyl cobalttetra-
not known or even suggested at this time. It appeareddarbonyl is the rate-determining step. Thus, a 16-electron
me, however, as the probable next step in the hydraeyl cobalttricarbonyl species is an intermediate in the
formylation reaction, presuming cobalt would react aBPh reaction and probably in the CO reaction as well.
manganese did. If this were the case, then all that would
be needed to complete a reasonable mechanism for ' o) o
hydroformylation reaction would be a reduction of thiy_co o), ——= r 7 cooy — = n &> co(cONPPh:
acyl—cobalt bond by either hydrogen or the other potenti

o

reductant known to be present, HCo(&OJ¥hus, the
following mechanism was formulated with two possible o L MeOH O
final steps (shown with only one of the two isomer M ' I +Colz+4CO+HI

R” “Co(CO)s i
expected, Scheme 1). 0(CO)4 R” ~OCH;

Scheme 2
Ha B eSOt R When a solution of HCo(CQ)was allowed to react at
o 0 °C with a large excess of 1-pentene for 15 minutes and
R&)Lw Cox(CO); R u-CO(CO) an excess 'of triphenylphosphjne was added, evapo_ration
of the solution left a yellow solid whose spectrum indicat-
0 ed that it was a mixture of alkyl cobalttricarbonyltriphe-
H-Co(CO), R/\)k\:o(co)a co nylphosphines. Cleavage of the products with iodine in

methanol gave a solution containing roughly equal

alternative final step amounts of methyl hexanoate and methyl 2-methylpen-
0 0 tanoate, demonstrating that HCo(G@3lds rapidly to al-
R/\)‘\CD(CO) 2 R/\/”\WHWCO(CO) kenes. This was the first experimental proof of this
4 4 . . .
reaction. The rapid reduction of acyl cobalttetracarbonyls
Scheme 1 with cobalt hydrocarbonyl and with hydrogen at above

500 psi at room temperature was also found to occur, pro-
My next move was to show that the proposed steps wouwlilling evidence for the proposed mechanism (Scheme 2).

actually occur as shown with isolated, pure, cobalt carbgne next task was to use this information to find profitable
nyl derivatives at 'Iow tempera’;ures.\{vhere they were Sté‘f)plications of this new chemistry. My approach was to
ble enough to be isolated and identified. see what else, besides hydrogen and HCo{GB9 acyl
Fortunately, at about this time, Walter Hieber had just rend alkyl cobaltcarbonyls would react with.

ported the preparation of the very unstable methyl cobaiyhyjene reacted rapidly with acetyl cobalttetracarbonyl

tetracarbonyt. The compound was prepared by thgy gec and one atmosphere but a non-stoichiometric
reaction of sodium cobalttetracarbonyl with methyl iogmount was absorbed, as | recall about 2.5 moles of ethyl-
dide. The yellow-orange compound was not only VerRyne were taken up per mole of acetyl cobalttetracarbonyl.
readily oxidized by air, but in the pure state, it deCoMrpe |R spectrum of the reaction mixture showed several
posed rapidly well below 0 °C. Hieber established thge\, carbonyl absorptions. I did not pursue this apparently
formula of the compound but did no further chemistrgmplex reaction further, since, in the meantime, | had
with it or any other cobalt alkyls. discovered, while exploring the chemistry of the alkyl

| prepared methyl cobalttetracarbonyl as Hieber reportedbaltcarbonyls, that 1,3-butadiene reacted selectively
and found that it reacted rapidly with carbon monoxideith the acetyl cobalttetracarbonyl to give a single prod-

even at 0 °C and one atmosphere to form acetyl cobalttatt, t-1-acetylmethylallyl cobalttricarbonyl.

racar'bonyl as predicted by analogy with the manganesgis reaction turned out to be very general and nearly all
reaction. Another important discovery was that the congpnjugated dienes and alkyl or acyl cobalttetracarbonyls
monly employed ligand, triphenylphosphine, would reacfoyid undergo the reaction. It was then found that the

easily with alkyl and acyl cobalttetracarbonyls to givgganic ligand could be eliminated by reacting the com-
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plexes with a tertiary amine under carbon monoxide . - o
room temperature. Furthermore, the reaction became c\)oL Me)J\CO(CO)4 Me, OCOMe

alytic in cobalttetracarbonyl anion with a stoichiometric > “ve {/ ‘Co(CO); + CO

amount of a tertiary amine. Dicyclohexylethylamine was

used to avoid any possible coordination of the amine wiffiuation 2

cobalt intermediates. Thus, acyl chlorides or alkyl halides

and CO reacted with conjugated dienes in the presencdrotpite of the discovery of the above chemistry, | had no
a few mol% of the cobalt carbonyl anion and a stoichiogmmediate ideas on how to employ it profitably for Her-
metric quantity of the tertiary amine to form dienones inules. Therefore, my research then took a new direction.

good yields (Scheme 8). In the laboratory across the hall from me at Hercules
worked another chemist, named Pat Henry. He had been

_—

RSNH‘SO(CO)4 &l studying the mechanism of the commercially important
“Wacker Process”, the palladium chloride catalyzed oxi-
\/\j’\ dation of ethylene with oxygen (air) to acetaldehyde.
e, Gelotl Me—Co(CO), One step of his mechanism interested me, particularly. In
Cy.EtN 0 this step, Pat proposed that an intermedigtgdroxyeth-
RN MeJ\Co(CO)4 co ylpalladium chloride species decomposed by the elimina-

tion of dichloropalladium hydride anion (EidH)
Scheme 3 forming acetaldehyde. There was the widespread belief at
this time that transition-metal—-carbon bonds were quite
|weak and easily decomposed by homolytic cleavage. This
iglief arose because attempts to prepare compounds such
as dimethylpalladium, dimethylnickel, methylcobalt or

carbonylcobaltacyl intermediate, ultimately forming-a timethyliron all failed. Henry's proposal of the decompo-

allylic cobalt tricarbonyl complex of glactone (Scheme Sition occurring by &-hydrogen elimination raised the
4)}7/ y P " ( doubt in my mind that maybe the metal-carbon bond

wasn't so weak but that decomposition may occur prefer-

Similarly, it was found that acyl cobalttetracarbony
would add to alkynes at 25 °C or less to form 1,2-addu
which immediately cyclized by way of a l-acyl-2-tri-

ably by other mechanisms. | decided to try an experiment

(¢]
PIS " O Q coco ve_O_o to see what would happen if an organopalladium com-
e M ColCOk ew o(CO) (CO)scH pound without3-hydrogens was prepared in the presence
R R R R of something else — perhaps it could react with something

other than another group on the metal. The first experi-
ment | tried was to add phenylmercuric acetate to a stirred

solution of lithium tetrachloropalladate in acetonitrile at

In an analogous reaction using methyl bromoacetate afjdc ynder an atmosphere of ethylene. An immediate re-
CO, 3-hexyne underwent reaction with NaCo(€@)d  ction occurred. Palladium metal precipitated and ethyl-
dicyclohexylethylamine, but the expectedactone-co- ene gas was rapidly absorbed (about one mole per mole of
balt intermediate underwent base-catalyzed elimination Bélladium). Analysis of the reaction mixture showed that
HCo(CO) to form ay-dienolactone as a major productapoyt an 80% yield of styrene and 10%rahs-stilbene
(Scheme 5j. had been formed (Scheme 6)!

Scheme 4

[S]

(e}
CoCOl g M me ~
co : AHGOAC by 2 : PdCl>

_ = +

Me,om/\gi(v,o - o o — ACOHgCI ©/\
J
Me\OMCo(CO)4

+HCl+Pd+2CI~

x @

(0} o)
co Me” (=0 —
R,N o - Et—=—Et Scheme 6
Et Et
Co(CO); . .
® This was a very exciting result! A new method of carbon—
X=Na or RyNH carbon bond formation under very mild conditions had
Scheme5 been found. Further study showed the reaction to be very

general and tolerant of all important functional grotfps.
Unfortunately, there were obvious problems that would
keep the reaction from ever becoming generally useful.
While a wide variety of arylmercurials with nearly all
functional groups could be made by direct electrophilic

A similar addition reaction was found withB-unsaturat-
ed carbonyl compounds to give 1-acylaxgallylic cobalt
complexes and CO (Equation®).
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mercuration and used successfully stoichiometrically, thisowever, it was soon found that aryl bromides with
reaction was not only expensive, but the use of hightrongly electron-donating substituents suclp-asomo-
toxic mercurials was a severe deterrent. We found thalienol reacted very poorly.

aryltin compounds could also be used, but most subskifer considerable study, we found that the problem was
tuted 'derlvatlvgs were not readily aval.lable. The need fg(e to aryl bromides having strongly electron-donating

a stoichiometric amount of a palladium salt was alsq pstityents undergoing a palladium-catalyzed quaterner-
prohibitive. A sollutlon to the problem was suggested by;2ytion reaction with the triphenylphosphine ligands. This

literature report: ultimately removed the triphenylphosphine ligands from

This report, and subsequent ones, showed that air-staihle metal and palladium metal alone did not react well

arylpalladium-bistriphenylphosphine halides could bwith the aryl bromide under these conditions.

prepared by warming tetrakistriphenylphosphinepalladiye soon found a solution to this problem. We needed
um(0) with iodobenzene, bromobenzenes or even chigyy 1o supstitute tri-tolylphosphine (or othep-substi-

robenzenes (Equation 3). tuted triarylphosphines) for the triphenylphosphine to pre-
vent the migration of the aryl group on palladium to an

@Br PA(PPhs), Pd(PPhs),Br unhindered arylphosphine ligand and stopping the reac-
— (PPhg), tion. We were thus able to get a wide variety of aryl and

vinyl iodides and bromides to react with any mono- or di-
and even some trisubstituted alkenes normally. Aryl
chlorides, however, generally reacted poorly or not at all.
The next question was, would finely divided palladiunstill, the reaction has proved to be very convenient and
metal do the same and give the reactant needed for regseful for preparing a wide variety of aryl alkenes and
tion with alkenes? While separately prepared palladiutienest* Recently, Ft found it was possible to get aryl-
powder did work with iodobenzene, it was found morehlorides to react well by the use of the more basic phos-
convenient to simply add a palladium(ll) salt, which waghines, tritert-butylphosphine as a ligand.

reduced by the excess alkene in the reaction mixture. TP
reaction went poorly, however, until it was found that adD-
dition of a base such as triethylamine in a stoichiometrf
amount gave a high yield of the expected product, catal
ically in palladium? This catalytic form of the reaction is
shown in Scheme 7.

Equation 3

ffe reaction occurs to add the vinyl or aryl group from the
romide or iodide exclusively, or at least mainly, to the
ss substituted (hindered) carbon of the double bond. The
¥)'Iy known exception occurs with unsubstituted vinyl
alkyl ethers or amides where the reverse direction of
addition is favored.

_ The catalyzed addition of aryl bromidescts- andtrans-
RaN @/' alkenes is stereospecific. The major products formed are
explainable on the basis of a mechanism involving a
syn-addition of the aryl palladium bromide followed by a

5 Pd syn-elimination of the hydrido-palladium bromide.
©/\ - © Vinyl halide additions to mono-, di- or trienes provide

convenient routes to conjugated polyenes. Cyclic prod-
ucts are formed if a vinyl bromide group can form a five-
Pd or six-membered ring by reacting with an appropriately
- ©/\/ L placed double bond in the same molecule. In cases where
conjugated diene-palladium hydrido-halidecomplexes
Scheme 7 are formed as intermediate speciesllylic palladium
products are formed. These are stable up to at least 100 °C
This reaction was discovered independently in Japanaitd must be decomposed by using a nucleophilic second-
about the same time by Mizorokihowever, he did not ary amine rather than triethylamine as the base, in which
appear to appreciate the significance of it since he did egtse allylic amine products are formed catalytically
report any further work on it. We looked at severgiScheme 8}*
examples of the reaction bsbon found, as Mizoroki

apparently had as well, that the reaction was main’ Pd(Po-tolz),Br

limited to aryl iodides. Since it was known, as noted i B Pd(Po-tols), &/ &/\ P(o-tol)
Equation 3, that tetrakistriphenylphosphinepalladiur A Pd—H
would react with bromobenzene to give the pheny (o-tol)sP
palladiumbistriphenylphosphine bromide, a solution t O Br
getting bromobenzene to react well could be to simpl N O . ,':d(po_mba
add triphenylphosphine to the reaction mixture. Indee é/Me N / Me

this worked such that many aryl bromides reacted, catal -

ically, with a variety of mono- and disubstituted alkene$chemes
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Terminal alkynes, also, were found to react with aryl andith one molar equivalent of 98%, commercially

vinyl halides using a palladium triarylphosphine catalystvailable, formic acid in triethylamine solution with a

to form aryl or vinyl alkynes (Scheme ). palladium on carbon catalyst to nitrobenzene selectively,
while with three equivalents of formic acid and a platinum
on carbon catalyst the nitro group was reduced selectively

ELN P Br (Scheme 1033
R NO,
/
= Pd-C ® O
RC=CH PdBr e + EtNHBr + CO,
+  HPdBr NO,
Br
—C=0] ® O
©/Pd C=C=R ©/ + EtsNHCO — NH
2
Br

Scheme9 — + EtgN + CO,+H,0

. - heme 10
The same reaction was found by Luigi Cassar at about t%ce

same timeé8 Subsequently, Sonogashira fount that copper. .

salts catalyzed some of these reactiSnshen turned my >imilarly, a,p-double bonds to carbonyl groups were re-

attention to another palladium-catalyzed reaction. Marp)pced selectively in the presence of other unsaturation.

examples of the dimerization of 1,3-butadiene to Klore useful was the finding that triple bonds could be eas-

mixture of isomeric octatrienes by numerous palladiunty reduced tocis-double bonds in high yield, employing

complexes were known, but | was more interested mormal, commercially available palladium on carbon as

reports by two independent groups that the dimerizatimatalyst (Equation .

reaction led to a mixture of 1,6- and 1,7-octadienes by

employing ax-allylic palladium acetate dimer catalyst =0

combined with a triarylphosphine, formic acid and tri- o

ethylamine?®2! Two things interested me about thisph%Q_// P L

reaction. Could isoprene be dimerized selectively to ELNHEO, =

natural product structure with use of the proper phos-

phine co-catalyst, and what else could be reduced besiéyation 5

the central double bond in octatriene with this catalyst

system? Apparently, the triethylammonium formate is stable in the

We found that, indeed, isoprene could be dimerized cafesence Qf the catal_yst_unless th(_ere isa redugible material

lytically in about 80% yield to a mixture of 3,7-dimethyl-pre5?nt’ since quantitative reductions occur with all of the

1,6- and -1,7-octadienes, monoterpene-type structuf@mic acid added.

employing trio-tolylphosphine in the catalyst (EquationCarbonyl groups directly bound to aromatic rings were

4)2 also reduced by HCLEt;NH* analogously to the reduc-
tion with hydrogen gas.

+ CO, + EtzN

Me Me The formic acid—amine reducing system has two major

Me CaH<PA(OAC), | advantages over hydrogen gas reduction. Most important-
A oo BN + I ly, it is saf_er becguse with air, flammable and explosive
HCOLH Ve Ve “Me hydrogen is not involved. No free hydrogen (or carbon

-Co;, monoxide) is produced in the formic acid reductions.
Only carbon dioxide is evolved. Secondly, quantitative,
partial reductions are very easy to carry out simply by
f@dding the calculated amount of 98% liquid formic acid to

Equation 4

Unfortunately, even an 80% yield does not compete wi
Mother Nature because of the problem of separating 20pf reaction is complete when C@olution ceases. This

of other dimethyloctadiene isomers, also formed. procedure avoids the necessity of removing the hydrogen
We then turned our attention to the use of the catalygs as soon as the partial reduction is complete to prevent
system as a hydrogenation catalyst. We soon found tlher-reduction. Of course, there is no need to control
nearly any palladium compound or even palladium omperature carefully either (usually) to correct for the
carbon would catalyze reductions with formic acid and trirapor pressure of the solvent.

ethylamine. In fact, we were able to catalytically reducenis com : ;
. X . pletes a brief summary of the most important
just about anything with HCBI/ELN that could be roq 15| ohtained during more than 32 years of research.

reduced with low-pressure hydrogen (<~2 atm) and tigcent reviews on palladium-catalyzed reactions are
same catalyst. Thug-bromonitrobenzene was reduced,, ,iqpje25ab
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