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Highly active cationic cobalt(ll)

hydroformylation catalysts
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David J. Vinyard®, George G. Stanley'*

The cobalt complexes HCo(CO)4 and HCo(CO)3(PR3) were the original industrial catalysts used for the
hydroformylation of alkenes through reaction with hydrogen and carbon monoxide to produce aldehydes.
More recent and expensive rhodium-phosphine catalysts are hundreds of times more active and
operate under considerably lower pressures. Cationic cobalt(ll) bisphosphine hydrido-carbonyl catalysts
that are far more active than traditional neutral cobalt(l) catalysts and approach rhodium catalysts

in activity are reported here. These catalysts have low linear-to-branched (L:B) regioselectivity for simple
linear alkenes. However, owing to their high alkene isomerization activity and increased steric effects due
to the bisphosphine ligand, they have high L:B selectivities for internal alkenes with alkyl branches.
These catalysts exhibit long lifetimes and substantial resistance to degradation reactions.

ydroformylation, or the oxo reaction,

is one of the highest-volume homoge-

neously catalyzed industrial processes

today, converting alkenes, H,, and CO

into aldehydes (and related products)
at a rate of more than 10 million metric tons
per year (Z). The four most common industrial
catalyst technologies are summarized in Table 1
(1-8), along with the cationic Co(II) bisphos-
phine system reported here. Although these
major industrial catalyst systems exhibit dis-
tinctive strengths and perform optimally under
specific conditions, a long-standing challenge
has been to access the feed tolerance and ro-
bustness of so-called high-pressure systems
[i.e., HCo(CO),] under mild conditions with
base metals.

The first hydroformylation catalyst, cobalt
complex HCo(CO),, was accidently discovered
by Otto Roelen in 1938; its currently accepted
mechanism was proposed by Heck and Breslow
in 1960 (4, 5). The HCo(CO),-catalyzed process
is commonly referred to as the high-pressure
system because CO partial pressure must be
increased drastically as the temperature rises
in order to inhibit decomposition of the cata-
lyst to cobalt metal (6).

The phosphine-modified cobalt catalyst sys-
tem, HCo(CO)5(PR3), was discovered and com-
mercialized by Slaugh and Mullineaux in the
1960s (7, 8). The electron-donating alkylated
phosphine improves catalyst stability by in-
creasing n-backbonding to the carbonyl ligands,
which stabilizes the catalyst relative to HCo(CO),,
allowing it to be run at lower pressures. The
stronger Co-CO bonding, however, substan-
tially slows the catalyst, necessitating higher
operating temperatures and unusually high
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catalyst concentrations (Table 1). The donating
phosphine ligand increases the hydrogena-
tion activity of the catalyst for aldehyde-to-
alcohol (desired) and alkene-to-alkane (undesired)
conversion.

In the early 1970s, rhodium catalysts were
discovered to be hundreds of times more ac-
tive than cobalt for the hydroformylation of
linear 1-alkenes (9, 10). However, these systems
perform comparatively poorly with branched
or otherwise complex olefin streams. Although
HRh(CO),, is the most active hydroformylation
catalyst known, as well as an active alkene iso-
merization catalyst, it readily forms inactive
Rh-carbonyl clusters (7, 1I) and requires very
high operating pressures. The industry stan-
dard for low-pressure hydroformylation is
HRh(CO)(PPhs), (I, 12). However, facile disso-
ciation of the PPh; ligand requires excess PPh;
(e.g., 0.4 to 1.6 M PPhz with 1 mM Rh cata-
lyst) to maintain the most regioselective,
albeit lower-activity, bisphosphine catalyst. The
high cost and low abundance of rhodium re-
quires low-loss catalyst recycling technologies
a, 6, 12).

Our laboratory previously reported a highly
active and selective dicationic dirhodium hydro-
formylation catalyst bearing a tetraphosphine lig-
and, (Et,PCH,CH,)(Ph)PCH,P(Ph)CH,CH,PEt,,
that bridges and chelates the two rhodium
centers (13, 14). The chiral diastereomer (used
as a racemic mixture) of this catalyst showed
high activity and selectivity for the hydrofor-
mylation of 1-hexene, while the meso diaster-
eomer was a very poor catalyst. The activity of
the chiral diastereomer is a function of bimetallic
cooperativity, which is blocked for the meso
diastereomer. The localized cationic charges
on the metal centers play an important role
to compensate for the electron-donating alkyl-
ated phosphine ligands that produce poor mono-
metallic rhodium hydroformylation catalysts.
Unfortunately, the dicationic dirhodium cat-
alyst suffers from degradation pathways that
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lead to catalyst deactivation. A tetraphosphine
ligand with a far stronger chelate effect was
synthesized, and studies with model nickel com-
plexes using both ligand diastereomers demon-
strated the enhanced stability toward phosphine
ligand dissociation (15).

The strong chelate effect of this newly syn-
thesized tetraphosphine ligand prompted us to
prepare and study a dicationic dicobalt(IT) cata-
lyst precursor, [Coy(acac),(P4-phenylene)](BF,),
[acac, acetoacetonate; P4-phenylene, (Et,P)(1,2-
CgH,)P(Ph)CH,P(Ph)(1,2-CsH,)(PEL,)], for hy-
droformylation activity (Fig. 1). This system
proved to be quite active for hydroformylation,
but both the chiral and meso diastereomers
exhibited similar activity and selectivity (sup-
plementary materials, table S1). This observation
indicated that the dicobalt catalyst was func-
tioning as two independent monometallic cat-
alysts, because from the dirhodium catalysis only
the chiral diastereomer can effectively promote
bimetallic cooperativity. This prompted the
study of much simpler monometallic cationic
Co(IT) bisphosphine precursors.

A class of cationic monometallic
cobalt catalysts

The monometallic catalyst precursor, [Co
(acac)(DPPBz)](BF,) (Fig. 1), proved to be
even more active than the dicobalt complexes
for hydroformylation under exceptionally mild
conditions for cobalt. Table 2 shows the role
of temperature and pressure for the hydrofor-
mylation of 1-hexene using [Co(acac)(DPPBz)]
(BF,) as the catalyst precursor (average of three
catalytic runs). Activity increased with temper-
ature up to 170°C at 50 bar of 1:1 H,:CO, at
which point catalyst decomposition commenced.
This cationic Co(II) catalyst showed high alkene
isomerization activity, similar to Co(I) systems.
The low linear-to-branched (L:B) selectivity ob-
served for the aldehyde products demonstrates
that the cationic cobalt catalyst can coordinate
internal alkenes formed through isomerization
and hydroformylate them (full analysis of the
branched aldehyde and alkene products is given
in table S2). The highest alkene isomerization
activity occurred at relatively high tempera-
tures and low pressures (160°C and 30 bar),
which is consistent with most hydroformylation
catalysts (7, 6, 12). Hydrogenation of aldehyde
product to alcohol was occasionally observed
despite using a 1:1 H,:CO gas ratio that does
not favor hydrogenation. Alcohol production
was more prevalent with the more electron-
donating bisphosphine ligands at higher tem-
peratures (e.g., 160°C) in the 30- to 60-bar
pressure regime once the aldehyde concentra-
tion built up (tables S1 and S6). Hydrogena-
tion of alkene to alkane was usually <3%.

The observed CO pressure effect (Table 2)
appears notable. As the H,:CO pressure in-
creased, the catalyst activity also increased.
The initial turnover frequency (TOF) for the
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cobalt-DPPBz-based catalyst essentially doubled
from 52.5 min ™ (30 bar) to 103.2 min™ (90 bar).
Hydroformylation catalysts generally exhibit
anegative [CO] order rate dependence (e.g., 0.6
to -1) beyond a critical CO pressure (I, 6, 12)
owing to the inhibition noted above.
However, preliminary Kinetic data using
3,3-dimethylbutene as an alkene that cannot
be isomerized showed that reaction rates are
first order in cobalt catalyst and alkene, ap-
proximately +0.6 in H,, and -1 in CO (table S3).
The drastic increase in TOF with increasing
H,:CO pressure for 1-hexene shown in Table
2 is due to the lower alkene isomerization re-
action at higher pressures, which increases the
amount of the most-active 1-alkene present
relative to the considerably less reactive inter-
nal alkenes formed from alkene isomerization.

Electron-rich bisphosphine ligands lead
to more active cationic Co(II) hydroformyl-
ation catalysts at lower to medium H,:CO
pressures (table S4). The most electron-rich
Et,PCH,CH,PEt, (depe) ligand generates a
catalyst that is 46% more active compared
with the DPPBz system at 51.7 bar and 140°C
(table S4). This is very unusual, as electron-
donating phosphines, especially chelating
bisphosphines, are well known to substan-
tially lower the activity of both rhodium and
cobalt monometallic hydroformylation cata-
lysts. The more electron-donating phosphine-
based Co(II) catalysts do show a stronger CO
inhibitor effect at higher pressures. The (Et,P),-
1,2-C¢H, (DEPBz) ligand-based cationic co-
balt catalyst, for example, has an initial TOF of
61.5 min! at 50 bar and 140°C, but that rate

slows to 36.7 min " at 70 bar and 21.7 min " at
90 bar (table S5).

High activity at low pressure

The higher activity of the more electron-rich
cationic Co(IT) bisphosphine catalysts allows
operation at the low pressures typical of rhodium
catalysis. Using [Co(acac)(depe)](BF,) under
our standard conditions (1 mM catalyst, 1 M
1-hexene, dimethoxytetraglyme solvent), the
catalyst was activated at 140°C under 34 bar of
1:1 H,:CO for 5 min. The autoclave temperature
and pressure were then reduced to 100°C and
10 bar, followed by pressure injection of 1-hexene
to initiate catalysis. Sixty-eight turnovers (TOs)
to aldehyde [gas chromatography-mass spec-
trometry (GC-MS) analysis] were observed
after 1 hour and 619 TOs after 29 hours, with a

Table 1. Comparison of industrial hydroformylation catalysts and the cationic Co(ll) bisphosphine system. TOF, turnover frequency; L:B, product

linear-to-branched ratio.

. - SR - ey Cationic Co(ll)
Properties Unmodified Co(l) Phosphine-modified Co(I)  Unmodified Rh(l)  Phosphine-modified Rh(l) bisphosphine
Catalyst HCo(CO),4 HCo(CO)3(PRs) HRh(CO),4 HRh(CO)(PPhs), [HCo(CQ),(P)T*

Branched and/or

Typical alkene feed internal olefins

Branched and/or
internal olefins

Linear alkenes
(o or internal)

Branched and/or
internal olefins

Shorter-chain a-olefins
and specialty substrates

Temperature (°C) 140-200 180-200 100-150 80-130 100-160
Pressure (bar) 100-300 50-150 100-300 8-20 10-50
Ligand:metal ratio = 211 = 400-1600:1 11
Ligand type = Alkyl phosphine = PPhs (most common) Diphosphine
Catalyst loading 500-1500 1000-2500 1-10 10-250 60-600
(ppm metal)
H,:CO ratio 11 2:1 11 1.2:1 11
Typical TOF (min”5) 5-20 02-05 >150 40-600 10-60
for a-olefins
L:B (n:iso) 1-4:1 8-10:1 1-2:1 10-20:1 1-2:1
Alkene isomerization High Moderate Low to moderate Low High
) High (up to 30% alcohols, )
By-product formation 20-30% paraffin Low Very low Low

paraffin, acetals, etc.)

]
Table 2. Temperature- and pressure-dependent studies for the hydroformylation of 1-hexene with [Co(acac)(DPPBz)](BF4). DPPBz, (Ph,P),-1,2-CgHa.
Catalysis conditions: 1 mM catalyst (61 ppm Co), 1 M 1-hexene, 0.1 M heptane standard, dimethoxytetraglyme solvent, 1:1 H,:CO, 1000 revolutions per minute
stirring under constant pressure. TOF based on a sample taken at 2 min. Other results based on sampling after 1 hour.

Temperature (°C) Pressure (bar) Initial TOF (min™) Aldehyde (%) Aldehyde L:B Alkane (%) Isomerization (%)
120* 50 26.5 59.4 17 0 7.6
140* 50 43.6 71.3 13 0.3 17.9
160 50 66.0 76.8 11 14 189
Pressure (bar) Temperature (°C) Initial TOF (min~) Aldehyde (%) Aldehyde L:B Alkane (%) Isomerization (%)
30f 160 52.5 49.0 0.94 14 457
50 160 66.0 76.8 11 14 189
70 160 94.8 84.0 13 12 121
90 160 103.2 87.3 14 1.0 9.1

*The reaction mixture was heated to 160°C for 5 min to activate the catalyst, then cooled to operating temperature before alkene injection.

cobalt metal deposition.
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L:B aldehyde ratio of 0.8, no detectable alkane
or alcohol production, and 15.1% alkene iso-
merization. The cationic Co(IT) bisphosphine
catalyst is far faster than the recently reported
H,Fe(CO)o(PPh3), catalyst, which underwent
only 95 TOs with 1-octene over 24 hours at
100°C and 20 bar with 2:1 L:B aldehyde regio-
selectivity (16).

Direct rate comparisons between the cationic
cobalt(IT) bisphosphine catalysts reported here
and industrial cobalt systems are difficult be-
cause of the higher pressure or temperature
conditions used in industry and differences in
catalyst stability. The high-pressure HCo(CO).,,
catalyst, for example, decomposes to cobalt
metal under the medium-pressure conditions
reported in Table 1 (table S6). The phosphine-
modified HCo(PR3)(CO); catalyst is run indus-
trially at higher temperatures and rather high
catalyst and phosphine ligand concentrations
relative to our 1 mM [61 parts per million (ppm)
Co] catalyst conditions. After 10 minutes, cata-
Iytic runs using 1-hexene with a model Co(I)
catalyst using PBus under industrial conditions
[2400 ppm Co, 75% 1-hexene, 25% tetrahydro-
furan (THF), 200°C, 69 bar, 2:1 H,:CO] pro-
duced 13 TOs to aldehyde (6.4:1 L:B), 41 TOs to
alcohol, 35.9% alkene isomerization, and 3.7%

YYYY“

Et,R / \ /\ / \PEtz

Ph Ph@

OCH3

R,R R

hydrogenation of alkene to alkane. Therefore,
the cationic cobalt DPPBz catalyst is at least
30 to 60 times faster than typical phosphine-
modified neutral Co(I) catalyst systems.

Table 3 shows hydroformylation results using
3,3-dimethylbutene as the alkene substrate
with four different cationic cobalt(IT) bisphos-
phine catalysts and two rhodium-based cata-
lysts using triphenylphosphine (PPhs) and the
bulky, chelating bisphosphite ligand biphen-
phos (Fig. 1). The Rh-biphenphos-type catalyst
is one of the most active and selective hydro-
formylation catalysts but suffers from facile
phosphite degradation reactions that lead to
shorter catalyst lifetimes (7, 17-19). We chose
3,3-dimethylbutene as the substrate for these
studies to allow a direct comparison of the
intrinsic hydroformylation reaction rates be-
tween the cationic cobalt bisphosphine and
rhodium-based catalysts. The cobalt catalysts
are very active at alkene isomerization, which
competes with hydroformylation and produces
internal alkenes that hydroformylate more
slowly. Because of its tertiary carbon center,
3,3-dimethylbutene is not susceptible to alkene
isomerization, thus allowing a direct compar-
ison for the hydroformylation activity of these
catalysts.

‘ol el

O, o) (o)
oo’

Co \

o
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e

dppe (R =Ph)
depe (R =Et)

DPPBz (R = Ph)
DEPBz (R = Et)

OCHj;

O

J

biphenphos

Fig. 1. Structures of the cobalt catalyst precursors and biphenphos ligand in this study. (Top, left
to right) [Co.(acac),(P4-phenylene)]**, [Co(acac)(RoP-1,2-CgHa)]", and [Co(acac)(Ro,PCH,CH,PR,)]*

(R = Et or Ph). BF4~ counteranions are present for each complex. Bisphosphine ligand abbreviations are
shown. The biphenphos ligand (bottom) was used for the rhodium catalyst comparison. Et, ethyl; Ph,

phenyl; t-Bu, tert-butyl.

Hood et al., Science 367, 542-548 (2020)

31 January 2020

The data in Table 3 demonstrate that the
more active cationic cobalt catalysts based
on the stronger o-donating ethyl-substituted
bisphosphine ligands (depe and DEPBz) (Fig.
1) are within a factor of 10 of the rhodium
catalysts on the basis of the observed rate con-
stant k,p,s. The reactions with cobalt catalysts
were run at a higher temperature and pres-
sure, with the higher temperature probably
having more influence on the rate. Therefore,
the cobalt catalyst rates are within a factor of
~20 of these rhodium catalysts, although rho-
dium is >4000 times more expensive than cobalt
on a molar basis (20). The increased activity
of the cationic Co(II) bisphosphine catalyst
system with more electron-donating alkylated
phosphines, once again, is very unusual, as both
Co(I) and especially Rh(I) hydroformylation
catalysts are drastically slowed by electron-
donating phosphine ligands owing to stron-
ger metal-carbonyl n-backbonding.

The utility of this cationic cobalt(II) catalyst
system is most evident with respect to internal,
branched alkenes that are more challenging
to hydroformylate (21). The hydroformylation
of internal and internal branched alkenes
makes up ~20% of the commercial marketplace,
using mainly the high-pressure HCo(CO),
and HRh(CO), catalyst systems. Table 4 shows
the results after 6 hours for three internal
branched alkenes using HCo(CO),, [HCo(CO),.
(depe)](BF,), Rh:PPh (1:400), and Rh:biphen-
phos (1:3) catalysts. As might be expected, HCo
(CO), has the highest activity for these steri-
cally hindered alkenes, which is why it is used
in industry along with the high-pressure
HRh(CO),, catalyst system. Note, however, that
HCo(CO),. is running at 90 bar and would slowly
decompose to cobalt metal at lower pressures.
The [Co:depe]” cationic catalyst is almost as
active as HCo(CO),, but is operating at a pres-
sure of only 30 bar and would run substantially
faster at higher pressures and temperatures
(Table 1). The cationic Co(II) catalyst system,
like the HCo(CO), system, is selective toward
the more valuable linear aldehyde products.

Phosphine-modified rhodium hydroformyl-
ation catalysts perform poorly with internal
branched alkenes, as seen in Table 4. Nei-
ther Rh:PPh; nor the highly active rhodium-
bisphosphite catalyst systems can hydroformylate
2,3-dimethyl-2-butene (tetramethylethylene), and
Rh:biphenphos barely works with 4.4-dimethyl-
2-pentene, with only 0.8% conversion after
6 hours. Rh:biphenphos can hydroformylate
4-methyl-2-pentene with excellent selectivity
(28:1 L:B), but it completely decomposed and
stopped hydroformylating 3 hours into the run.
Rh:PPh; converted more 4-methyl-2-pentene
relative to [Co:depe]”, 62.0 versus 54.7% conver-
sion to aldehyde, but with low L:B selectivity
(0.4:1 versus 4.4:1).

Stability is a key criterion for judging the
overall quality of a catalyst system. For example,
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Rh:PPh; catalyst systems operate with a large
excess of PPh; to minimize Rh-induced phos-
phine fragmentation reactions that lead to
catalyst deactivation (22, 23). Unsaturated
rhodium centers are quite active for phosphine
P-phenyl, P-benzyl, or P-OR group oxidative
addition reactions that initiate several possi-
ble catalyst decomposition pathways.

The cationic cobalt bisphosphine catalysts
reported here, however, show prolonged stabil-
ity at moderate temperatures (140° to 160°C)
and pressures (50 bar). Unlike for all other
known phosphine-modified cobalt and rho-
dium catalysts, it is not necessary to add ex-
cess phosphine ligand to stabilize this cationic
cobalt(II) catalyst system. The bisphosphines
based on the 1,2-phenylene chelate (DPPBz

and DEPBz) are powerful chelates and appear
to generate the most-robust cationic cobalt(IT)
catalysts.

Three extended high-TO number hydro-
formylation runs were used to demonstrate
the stability of the cationic cobalt(II) catalyst
in a batch autoclave environment using very
low catalyst loadings (table S10). The longest
and highest TO run used 3 uM (0.24 ppm Co)
[Co(acac)(DPPBz)](BF,) and 6 M 1-hexene
(45.45 g, 68 ml, 2 million equivalents) in 18 ml
of dimethoxytetraglyme solvent. The reaction
was run at 160°C under 50 bar of 1:1 H,:CO
for 14 days (336 hours). During this time, 1.2
million TOs to aldehyde product were performed
with an average TOF of 59.5 min ™. The product
distribution at the end was 2% 1-hexene, 1.2%

alkane, 40.8% isohexenes, 33.4% aldehyde (of
which >50% was 2-methylhexanal), 1.1% alcohol,
and 21.5% condensed aldehydes (mostly dimers,
with some trimers). The catalyst was still oper-
ating after 336 hours, and the rate of hydro-
formylation at this point (55 TOs/min, GC-MS
analysis) indicated excellent catalyst stability.
With the exception of passing the 1-hexene
through a short alumina column to remove
peroxide impurities, no special purifications
of the solvent, catalyst, or reaction gases were
undertaken.

Evidence for a 19¢” intermediate

In situ Fourier-transform infrared (FTIR)
studies using a Mettler Toledo ReactIR sys-
tem with a high-pressure cell and a SiComp

Table 3. Hydroformylation of 3,3-dimethylbutene by cobalt and rhodium
catalysts. All reactions were run with 1.0 M 3,3-dimethylbutene, 1.0 mM
catalyst, 0.1 M heptane as internal standard, and 1:1 H,:CO. Results are based
on three runs with standard deviations given in parentheses; cobalt catalysts
were run for 2 hours, and the rhodium catalysts were run for 20 min. The Kops
values were determined by gas consumption analysis under constant

<

pressure conditions. Cobalt precatalysts were introduced as the BF, salts in
dimethoxytetraglyme solvent and activated at 160°C for 5 min, then cooled to
operating temperature before the alkene was injected. Rh(acac)(CO), was
used as the catalyst precursor and run in toluene with the following excess
phosphine:Rh ratios: 3:1 for the chelating biphenphos ligand and 400:1 for
PPhs:Rh. No excess phosphine was used for the cobalt runs.

Catalyst Temperature (°C)  Pressure (bar) Time (min) Aldehyde (%) Aldehyde L:B Alkane (%)  kops x 107* (M s™})
[Co:DPPBz]* 140 30 120 60.0 (3.8) 58 0.8 (0.02) 14 (2)
[Co:dppe]* 140 30 120 64.1 (3.5) 57 1.0 (0.1) 15 (1)
[Co:depe]” 140 30 120 77.1 (1.0) 54 1.2 (0.05) 2.1(1)
[Co:DEPBz]* 140 30 120 84.8 (1.7) 51 1.2 (0.1) 2.6 (1)
Rh:biphenphos 120 15 20 96.4 (0.2) All linear 3.3 (0.06) 25 (1)
Rh:PPh3 120 10.3 20 911 (2.1) 34 0.3 (0.04) 21 (2)

Hood et al., Science 367, 542-548 (2020)

Table 4. Hydroformylation results for internal branched alkenes. All reactions were run for 6 hours with 1.0 M alkene, 1.0 mM catalyst, 0.1 M heptane
as internal standard, and 1:1 H,/CO. Results are an average of two runs. Co,(CO)g or Co(hexanoate), was used to generate HCo(CO),, and the cobalt reactions
were run in dimethoxytetraglyme solvent. Rh(acac)(CO), was used as the catalyst precursor and run in toluene with the following excess phosphine:Rh ratios:
3:1 for the chelating biphenphos ligand and 400:1 for PPh3:Rh. No alcohol production was observed.

Alkene Catalyst Temperature (°C) Pressure (bar) Aldehyde (%) Aldehyde L:B Alkane (%) Isomer (%)
HCo(CO), 140 90 36.5 All linear = 4.8
>:< [Co:depe]” 140 30 24.9 All linear - 10.0
Rh:biphenphos 120 15 0 = = =
Rh:PPhs 120 10.3 0 = = =
HCo(CO), 140 90 28.6 All linear 2.2 14.2
M [Co:depe]” 140 30 26.9 All linear 3.7 335
Rh:biphenphos 120 15 0.8 All linear - 2.8
Rh:PPhs 120 10.3 0 = = =
HCo(CO), 140 90 77.7 6.2 = 10.4
M [Co:depe]” 140 30 54.7 4.4 - 321
Rh:biphenphos* 120 15 81.7% 28 19 14.8
Rh:PPhs 120 10.3 62.0 04 = 8.4

*The Rh:biphenphos catalyst decomposed and stopped hydroformylating after 3 hours, as indicated by the absence of additional Hp:CO gas uptake.
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Fig. 2. In situ FTIR studies of
[Co(acac)(DPPBz)](BF,). A
101-hour study of the cationic
cobalt catalyst (10 mM) in
dimethoxytetraglyme. The pro-
posed catalyst complexes,
[HCo(CO),(DPPB2)]" (x =1 to
3), have carbonyl bands at
2085, 2046 (shoulder), 2026,
2011 (shoulder), 1990, and
1974 cm™ (shoulder). The
monometallic cationic cobalt-
bisphosphine catalyst shows
only minor changes in the
carbonyl region upon stirring at
120°C and 53 bar for 65 hours.
The band at 2136 cm™ is

free CO dissolved in the solvent.

53.1 bar

Absorbance

53.1 bar

53.1 bar

53.1 bar

120°C, 96.4 hours,

120°C, 79.0 hours,

120°C, 44.0 hours,

120°C, 33.0 hours,

140°C, 6.8 h, 55.0 bar

2026.4

-
o
=3
o
-

T
2200

probe provided insight into the nature of the
active catalyst and its high stability. Figure 2
shows representative FTIR spectra of the
metal-carbonyl region between 120° and 140°C
over the course of a 101-hour study for a 10 mM
sample of [Co(acac)(DPPBz)](BF,) in dime-
thoxytetraglyme solvent reacting with 1:1 H,:CO.
The catalyst precursor underwent hydrogen-
olysis at 120°C (more slowly at lower tem-
peratures of 80° to 100°C) to lose acacH and
generate the proposed mixture of cationic
Co(II) hydrides: [HCo(CO),(DPPBz)]*, where
x=1(015e"),2(17e"),and 3 (19¢"). The formally
19e” tricarbonyl complex is assigned to the
highest-frequency coordinated carbonyl band
observed at 2085 cm™, along with two other
carbonyl bands in the 2046- to 2000-cm ™ re-
gion [fig. S16 and density functional theory
(DFT) assignments in table S12]. This spe-
cies is most clearly observed in the IR at
lower temperatures with enough dissolved
CO present. All three monomeric catalyst spe-
cies are in equilibrium across the temperature
range studied, with terminal CO bands in the
2085- to 1980-cm ' range.

A similar cationic 17e” Co(II) complex,
[HCo(CO)5(dippfH)]* [dippf, 1,1-bis(diisopropyl-
phosphino)ferrocene], has been prepared using
electrochemical oxidation from the neutral

Hood et al., Science 367, 542-548 (2020)

T T T T T T
2100 2000 1900

Wavenumber (cm-1)

1800

Co(I) species. Carbonyl bands are observed at
2051 and 2024 cm ™ (24). The dippf ligand has
a much larger chelate bite angle relative to
DPPBz, so the structures of [HCo(CO)o(dippf)]*
and [HCo(CO)o(DPPBz)]*, neither of which have
been determined, are expected to be different.
One of our carbonyls is proposed to be trans
to a phosphine ligand, which should resultin a
lower CO stretching frequency relative to that
seen for [HCo(CO)(dippf)]*, which should not
have any carbonyls trans to phosphine ligands.
The higher frequency positions of the terminal
bands are consistent between both cationic Co
(IT) complexes. [HCo(CO),(dippf)]* dispropor-
tionates under the spectroelectrochemical con-
ditions to eliminate H, and form the Co(I)
complex [Co(CO),(dippf)]*.

High-pressure 'H, P, and *Co nuclear mag-
netic resonance (NMR) studies (25, 26) of our
catalyst (23° to 120°C, 27 bar, 1:1 H,:CO) did not
show any hydride, ®'P, or *°Co NMR resonances,
which is consistent with the catalyst species
being paramagnetic Co(II). No diamagnetic co-
balt species were observed in the high-pressure
NMR studies of the catalyst, which considerably
reduces the likelihood that traditional Co(I)
hydroformylation catalysts are involved. The high
activity and medium-to-low pressure stability of
this cationic catalyst system clearly argue against
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HCo(CO),. or HCo(CO)3(PR3) catalyst formation
or participation. Electron paramagnetic reso-
nance (EPR) studies (fig. S9) demonstrate that
the [Co(acac)(DPPBz)](BF,) catalyst precursor
is low-spin Co(II) with clear hyperfine coupling
to one cobalt and two equivalent phosphorus
centers, indicating a square planar geometry.
This structure has been confirmed by x-ray crys-
tallography (fig. S10) with a coordinated THF.

The in situ FTIR study summarized in Fig. 2
demonstrates that there are only minor changes
in the carbonyl region of the catalyst at 120°C
and 53 bar between the 33- and 96-hour spec-
tra. After cooling and depressurization of the
IR cell, the catalyst solution was transferred
to an autoclave and was fully active for the
hydroformylation of 1-hexene (140°C, 50 bar),
giving the same catalytic results as a fresh
catalyst precursor sample. This observation
demonstrates very good catalyst stability un-
der reaction conditions with no alkene sub-
strate present. A simple industrial stability
test for rhodium-phosphine hydroformyla-
tion catalysts involves stirring in an autoclave
under 1:1 H,:CO at the reaction temperature in
the absence of alkene. All rhodium-phosphine
catalysts with P-OR, P-phenyl, or P-benzyl
linkages deactivate under these conditions
via Rh-induced phosphine fragmentation re-
actions within 24 hours (usually less). The
lower activity of our cobalt catalyst relative
to rhodium appears to protect it from metal-
induced phosphine ligand and catalyst deg-
radation reactions. This, combined with a
strong chelate effect that minimizes phos-
phine dissociation, produces a robust catalyst
that does not require excess phosphine ligand
for stability.

A proposed mechanism for this class of
cationic Co(II) bisphosphine catalysts is shown
in Fig. 3. The fundamental reaction steps are
essentially the same as those for known hydro-
formylation catalysts: alkene coordination, mi-
gratory insertion of hydride to form the alkyl,
and migratory insertion of CO with the alkyl to
form an acyl-like species. Owing to the cationic
charge and Co(II) oxidation state, the hydrogen
reaction with the cobalt-acyl is proposed to be
a heterolytic cleavage to eliminate aldehyde
product and regenerate the cationic cobalt-
hydride catalyst, as an oxidative addition of H,
to form a cationic Co(IV) dihydride complex is
unlikely.

Alkene coordination to the cobalt center is
proposed to occur almost exclusively via the
equatorial coordination site that is trans to the
bisphosphine ligand. The axial coordination
sites are less accessible to sterically hindered
alkenes, such as those shown in Table 4. DFT
calculations of the association of tetramethyl-
ethylene to the free coordination site favor
equatorial over axial sites by ~4 kcal/mol (table
S16). The most sterically accessible coordina-
tion site on the cobalt center is the equatorial
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Fig. 3. Proposed hydroformylation mechanism involving 19e™ catalyst species. Most of the proposed
reaction steps are entirely consistent with what is known for cobalt and rhodium hydroformylation catalysts. A
distinctive key feature is the capacity to form 19e™ complexes via CO coordination, which helps weaken and
dissociate the equatorial CO ligand, the strongest bound CO in the proposed alkene coordination site. The
equatorial coordination site is the most likely binding site for sterically hindered alkenes. Although single reaction
arrows are shown for clarity, each step is in equilibrium. 8+, partial positive charge; 8-, partial negative charge.

carbonyl, but this is also the strongest CO
binding site.

The coordination of a third CO ligand to
form a 6-coordinate 19e¢~ complex helps weaken
all the metal-ligand bonds, but especially
the equatorial CO ligand that must dissoci-
ate to make room for an incoming alkene
ligand. There is a much lower energy cost to
form a 19e” versus a 20e” complex. Shi and
colleagues demonstrated that the carbonyl
substitution chemistry for 17e~ V(CO); rad-
ical proceeds 10 times faster than for 18e~
Cr(CO)g (27). The phosphine substitution re-
action with the 17e” V(CO)4 radical was shown
to be associative and extremely facile, pro-
ceeding through a 19e™ transition state. The
18e™ [V(CO)s]™ anion, in marked contrast, is
inert toward phosphine substitution reac-
tions. DFT calculations show that the 19e”

Hood et al., Science 367, 542-548 (2020)

[HCo(CO)4;(DPPBz)]* complex is ~9 keal/mol
higher in free energy than the 17¢” complex at
115°C, indicating that its formation is energet-
ically accessible (table S15).

The other important rate-enhancing effect
is the cationic charge localized on the cobalt
center, which compensates for the two donat-
ing phosphine ligands. Our work on the dicationic
dirhodium tetraphosphine hydroformylation
catalyst system has clearly shown the impor-
tance of having a localized cationic charge on the
metal center to compensate for the electron-
donating property of the two phosphine ligands
(28). As seen for the neutral Co(I) HCo(CO);
(PRj) catalyst system, the electron-donating
phosphine ligand enhances electron density
at Co, which contributes to CO n-backbond-
ing. This, in turn, increases the Co-CO bond

strength, which stabilizes the catalyst with
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respect to decomposition to cobalt metal but
also substantially slows catalysis.

The 17e” dicarbonyl complex, [HCo(CO),
(bisphosphine)]*, may also coordinate alkene
to the equatorial coordination site after CO
dissociation to initiate hydroformylation. But
the observed ligand effects on hydroformyla-
tion and observation of proposed 19e™ carbonyl
complexes in the FTIR indicate that 19¢™ in-
termediates likely play an important role in
catalysis. This cationic Co(II)-bisphosphine
catalyst, for example, shows increased activ-
ity with more electron-donating phosphines
at medium CO partial pressures (Table 3 and
table S4). This observation further supports the
proposed 19e” intermediate that helps labilize
the equatorial Co-CO bond, allowing alkene
coordination to initiate hydroformylation.

The high-energy carbonyl band around
2085 cm ™! is assigned to the 19¢” [HCo(CO);
(bisphosphine)]*" complex. This band increases
in intensity for the more electron-donating
phosphine ligands studied (fig. S15). The more
electron-rich bisphosphine ligands favor the
19e” tricarbonyl complex at lower CO partial
pressures, which in turn helps labilize the equa-
torial carbonyl ligand under those conditions.
As the CO partial pressure increases, the free
CO in solution starts to compete with the al-
kene for coordination to the more electron-
rich metal center, leading to the CO inhibition
effect appearing sooner relative to the more
electron-deficient bisphosphine ligands. Tem-
perature also plays an important role in labilizing
the Co-CO ligands.

Monodentate phosphines (PBus, PPh3) do
not generate effective hydroformylation cata-
lysts under these medium-pressure conditions
(table S8). Sterically bulky chelating bisphos-
phines such as (iPr),PCH,CH,P(iPr), generate
cationic Co(II) hydroformylation catalysts that
are considerably less active than the bisphos-
phine ligands reported here (table S9). One
explanation is that the more hindered phos-
phine ligands inhibit addition of two axial CO
ligands to form the key 19¢” [HCo(CO);(P5)1*
catalyst species that favors equatorial CO dis-
sociation. The increased steric bulk of the
bisphosphine isopropyl or cyclohexyl groups
has little effect on the aldehyde L:B ratio (table
S9 and figs. S17 and S18), which supports the
proposed equatorial coordination of the alkene
into the least sterically hindered metal coor-
dination site. The bisphosphine R groups are
pointed away from the equatorial plane and
most affect axial ligand coordination. This is
another piece of evidence supporting the 19e™
catalyst species as an important player in the
catalytic mechanism.

Outlook

Relatively little research into new cobalt-based
hydroformylation catalysts has occurred since
the introduction of the phosphine-modified
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catalyst system in the late 1960s. The combi-
nation of relatively high pressures and tem-
peratures needed, along with the assumption
that industry had explored most alternative
cobalt hydroformylation catalysts, strongly in-
hibited research in this area. The discovery of this
highly active cationic Co(II) hydroformylation
catalyst system was therefore quite surpris-
ing. That this catalyst system appears to have
exceptional stability with respect to cobalt-
induced phosphine degradation reactions or
decomposition to cobalt metal opens doors for
medium-pressure hydroformylation technology
in both academic and industrial settings.
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Charging up cobalt for hydroformylation

Hydroformylation reactions are applied at massive scale in the chemical industry to transform olefins into
aldehydes. The original catalysts were neutral cobalt complexes. Hood et al. now report that positively charged cobalt
complexes, stabilized by chelating phosphine ligands, show higher activities at lower pressures than their neutral
counterparts, approaching the activities of precious rhodium catalysts. These charged catalysts are particularly adept at
accelerating the reactions of internal olefins while avoiding decomposition. Spectroscopic studies implicate the
involvement of 19-electron intermediates in the catalytic cycle.
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