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INTRODUCTION

In the present work, the reactivity and selectivity of various t-phosphine
rhodium complex hydroformylation catalysts are correlated with their structures. Such
a study is of particular interest at this time because there has been a rapid com-
mercial development in this area during the last 10 years and because the structure of
the catalyst complexes can now be well characterized by nuclear magnetic resonance
spectroscopy (NMR) under simulated hydroformylation conditions.

Known triphenylphosphine rhodium carbonyl hydride and novel, more stable
alkyldiphenylphosphine rhodium carbonyl hydride complexes were particularly investi-
gated in this study. The catalyst behavior of various alkyldiphenylphosphine rhodium
carbonyl hydrides was studied as a function of substitution and branching of the alkyl
groups. As a result of this work rhodium complexes of alkyldiphenylphosphine were
recognized as potentially highly attractive catalyst candidates of increased stability
for continuous hydroformylation.

It should be recalled that the triphenylphosphine rhodium carbonyl hydride
(PhgP complex) catalyst system was discovered by Professor Wilkinson and coworkers in
the late 1960's as a low pressure, low temperature catalyst for the selective hydro-
formylation of 1-olefins to produce n-aldehydes (1). Pruett and Smith at Union Carbide

.Corp., and the Wilkinson group at Imperial College found in the same period that the

selectivity of Wilkinson's catalyst to n-aldehydes was greatly increased by the
addition of excess PhsP ligand, especially at low CO partial pressures(2). The dis-
covery of these effects resulted in the commercial development by Union Carbide and
Davy McKee of a low pressure propylene hydroformylation process based on a catalyst
system containing the tris-phosphine complex and excess triphenylphosphine 1igand
(3,4,5).

The commercial rhodium hydroformylation process operates at about 100°C. The
gaseous propylene, H, and (0 reactants are continuously introduced into a well stirred
solution of the cata%yst while a vapor mixture of unreacted reactants and products is
being flashed off (Figure 1). The ratio of normal versus iso-butyraldehyde products in
such an operation is high, in excess of ten. For an effective removal of high boiling
aldehyde products 1in such a process, increased reaction temperatures are obviously
advantageous.

We have previously reported on our work relating to the mechanisms of tri-
phenylphosphine rhodiumn complex catalyzed hydroformylations (6,7,8). We postulated
that, in selective 1-n-olefin hydroformylation to n-aldehydes, the tris-(triphenyl-
phosphine) rhodium carbonyl hydride complex is the stable precursor of the reactive
trans-bis phosphine species. This postulate is based on correlating the data on
equilibria among various Ph3P-Rh complexes with hydroformylation rates and selec-
tivities.

The structures of the various PhsP.Rh complexes and their equilibria were
determined via NMR in the presence of varying amounts of excess Ph3P and under dif-
ferent (0 partial pressures. Studies of hydroformylation catalysis were carried out
mainly using 1-butene as a reactant for the selective production of n-valeraldehyde at
temperatures in excess of 100°C.

In the present work, the catalytic and structural studies were extended to
various tris-(alkyldiphenylphosphine) rhodium carbonyl hydride complexes and related
catalysts (PhoPR complexes). The previously described experimental methods were used




(6). Although the use of these catalysts was found to require higher temperatures than
that of the Ph3P complex catalysts, high selectivities toward valeraldehydes, parti-
cularly the n-fsomer, could be maintained coupled with an increase in catalyst sta-
bility. Details of the work are described in Exxon patents (9). In this presentation,
correlations of catalyst structure and activity are emphasized.

Using 1-butene instead of propylene in this lahoratory allowed an additional
insight into the reaction mechanism since isomerization side reactions producing 2-
butenes could be also readily studied:

. e CO/My _ CHalHyCHpCHpCHD (n-) + CH3CHACH(CH)CHO (i-)
32T TR T TN CHyCHeCHOHy (cis- & trans-) + CHyCHCHpCH3

In contrast to the voluminous, prior patent literature, the present batch hydrofor-
mylation studies included not only the determination of the normal to iso (n/i) ratio
of the aldehyde products but the paraffin hydrogenation and internal olefin isomeri-
zation by-products as well. A limited study of continuous hydroformylation, via a
continuous product flash-off operation, was also made.

RESULTS AND DISCUSSION

In contrast to Ph3P complexes, Ph,PR complexes were generally not considered
for hydroformylation catalysis. For example, propyldiphenylphosphine, a Ph3P degra-
dation product during continuous propylene hydroformylation, was mainly regarded as a
catalyst modifier rather than as a catalyst ligand on its own (10-12). In the present
work, the structure and catalytic activity of Ph,PR complexes was studied in detail and
compared with those of the corresponding PhaP complexes.

Most of the Ph,PR studies to he discussed were carried out with
PhZPCHZCHZC(CH3)3 and thPé% CHZSi(CH )3 because they readily provided crystalline
rhodium carbonyl” hydride compTexes. When an excess of these ligands was reacted with
ethanolic solutions of rhodium dicarhonyl acetyl acetonate and then hydrogen at ambient
temperature , the corresponding tris-phosphine complexes were formed as pure
crystalline precipitates. The following overall reaction took place

3 Ph2PR + Acac Rh(Cﬂ)2 + H2 — (PthR)3Rh(C0)H + AcacH + €0

The same reaction occurred when other alkyldiphenylphosphines were used. However, most
of the products separated as oils.

Most of the alkyldiphenyl phosphine reactants used were prepared in our
laboratory. The preferred displacement approach to these compounds involved the re-
action of T1ithiun diphenylphosphide with the appropriate alkyl chlorides in tetrahydro-
furan, e.qg.

PhoPLE + C1CH,CH,C(CHy)y ——==  PhoPCH,CH,C(CHy) 5

The addition approach utilized the free radical chain addition of diphenyl phosphine to
the corresponding olefins, The additions were inititated by irradiation with broad
spectrum ultraviolet 1ight and preferably employed activated olefinic reactants at a
reaction temperature of about 15°, e.q.

PhoPH + CHy=CHSi((H3)3 —=  Ph,PCHoCH,ST(CHs)4

On changing the structure of the alkyl group of the PhZPR 1ligands, major
changes in catalyst activity were observed, primarily due to steric crowding. Steric
crowding affected the structure and stability of the Ph,PR complexes formed. The
structure of the catalyst complexes, in turn, determined reactivity and selectivity.

A11 the findings including hydrocarbon by-product formation, could be corre-
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Jated with changing equilibria between the catalyst complexes present in hydrofor-
mylation systems and with the steric and electronic effects of ligands on such equili-
bria. These equilibria and the critical reaction steps are shown by the outline of an
overall mechanistic scheme in Figure 2.

According to the figure, coordinatively saturated alkyldiarylphosphine
rhodium complexes of varying carbonylation degrees are the main components of such
hydroformylation catalyst systems. Upon reversible dissociation, these unreactive
complexes generate coordinatively unsaturated species which react with the olefin and
in turn, with CO and H, to provide the normal and iso aldehyde products, with the re-
generation of the catalyst.

1. Studies of Catalyst Complex Structures and Equilibria by NMR

In comparative NMR studies, first the structure and stability of Ph,PR and
PhaP complexes were compared. DNifferences in the behavior of specific Ph,PR Tigands
were also studied to ascertain electronic and steric influences of substituting the R
alkyl groups.

Ligand exchange studies of the tris-Ph,P complex using sterically non-crowded
PhoPR reactants generally showed substantial reaction:

(Ph3P)3Rh(COJH + 3 PhyPR ——= (PhoPR)3RN(COJH + 3 PhgP

The more basic Ph,PR ligand formed a more stable complex than Ph,P. In the above re-
action, the ratio of complexed Ph2PCH2CH2C(CH3)3 to complexed Ph3§ in the -60 to + 35°
temperature range was about 3.

Ligand exchange between complexed and free phosphine ligands also occurred,
in a reversible manner, when there was only one phosphine present. Such an exchange
took place via coordinatively unsaturated trans-bis-phosphine rhodium carbonyl hydride
intermediates:

Dissociation
(Ph,PR)ARA(CO)H + n PhyPR e —= (Ph,PR),Rh{CO)H + (n+1)Ph,PR
273 2 T 27RI2 2
Association

Since the equilibria strongly favor the coordinatively saturated tris-phosphine com-
plexes, only the NMR spectra of these species could be detected. However, the rate of
1igand dissociation could be determined by line shape ffalyses of the signals.

The qualitative aspects of the comparative °P NMR ligand exchange studies of
qu thPCHZCHZC(CH3)3, PhaP and Ph,PCH,CH,S1(CH )3 complex systems are indicated by the

P spectra in Figures 3a and b, At -60°C, %he typical doublet signal of the tris-

phosphine complexes plus singlet signals of the free phosphines were observed for all
three systems. However, the doublet signal of the Ph,PR type complexes remained sharp
at 35° while the PhiP complex exhibited a broad doublet. Similarly, the Phy,PR complex
sti11 showed a very broad doublet at 60° where the doublet of the PhsP complex had
already collapsed. Further increases in the ligand exchange rates, resulted in a
single composite signals for the Ph3P and PhoPR systems at 90° and 120°, respectively.

Clearly higher temperatures in the Ph,PR complex systems were necessary to
reach ligand exchange rates comparable to that o? the PhyP complex. Since the increase
in ligand exchange rate parallels that of complex dissociation to yield coordinatively
unsaturated species, these data indicate that in the Ph,PR complex systems a comparable
generation of such reactive species occurs at higher temperatures. This suggests that
to achieve comparable hydroformylation rates, higher temperatures are needed when com-
plexes of Ph,PR are used in place of Ph3P. On the other hand, at the higher tempera-
tures, the PhoPR complexes are more stabTe than the Ph3P complex.

In view of recent suggestions, of a potential CO dissociation from the tris-
Ph4P complex to generate hydride species leading to n-aldehyde products (13, 14),
ligand exchange was also studied by 13C NMR. For these studies, 13¢D enriched tris-
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phosphine complexes were used. Such complexes could be readily derwed by reacting the
corresponding tetrakis-phosphine rhodium hydride complexes with €0 at atmospheric
pressure. For example, the following sequence of reactions was carried out with
PhyPCHCHoC(CH3 )3 and PhoPCHoCHoST(CHy )3

NaBH, Bco 1
4 PhyPR + RhCly ————  (PhpPR)RMH ———=  (PhyPR)sRh(17CO)H

The first reaction to form the tetrakis-phosphine rhodium hydride was carried out in 10
minutes in refluxing ethanol solution in a manner reported E%r the PhsP derivative
(15). The resulting crystalline hydride could be reacted with ““CO at room temperature
either in toluene solution or et{uanm suspension.

Variable temperature C NMR studies of tris-phosphine monocarbonyl hydride
complexes are illustrated by Fiqure 4. The spectra indicate that at -30°, the EB P
complex has the expected structure. The double quartet signals of the complexed %O
show coupling to one rhodium and three phosphine 1igands. At increased temperatures up
to 110°C, this signal of the Ph3P complex collapsed into doublets. That was the con-
isquence of the exchange of the phosphine 1'igal s. Rhodium coupling remained since no

C0 dissociation occurred. However, free ““CO could be detected in this system at
140°C when frei triphenyl phosphine 1igand was used as the solvent (P/Rh = 260).

The 13¢0 NMR studies show that the (D ligand of these tris-phosphine mono-
carbonyl hydride complexes is very strongly bound. During hydroformylation, carbonyl
free phosphine rhodium hydride complexes are not present, except under non-equilibrium
€0 starvation conditions. The main reaction in these systems is always phosphine
rather than (0 dissociation. Proton NMR studies of the hydride region of tetrakis-
phosphine rhodium hydrides were known{16). The dissociation 13!1 d-toluene solutions of
three tetrakis-phosphine rhodium hydrides was studied by P NMR ligand exchange
methods in the presence of excess phosphine ligands in the present work.

(R3P)4RhH + SRaP = (R3P);RRH + 6 RyP
RaP = PhaP, PhyPCHyCHoC(CH3)3 and PhaPCHoCHRST(CH3)3

In general, it was found that significant 1igand exchange of these hydrides occurred at
much lower temperatures than those observed for the corresponding carbonyl hydrides.
The doublet signal of the tetrakis-triphenylphosphine rhodium hydride collapsed a]j ~30°
while the corresponding Ph,PR complexes gave broad singlet signals for complexed 1P at
about + 20°, Thus it was found PhyPR ligands are more strongly complexed than Ph3P in
carbonyl free rhodium hydrides as well.

The 1increase 1in hydrogenation and isomerization side reactions during 1-
butene hydroformylation under (0 starvation conditions can be explained by the for-
mation of carbonyl free rhodiun hydride complexes. Tetrakis-triphenylphosphine rhodium
hydride is a known hydrogenation catalyst (16). In the present work, it was found to
be an effective l-butene isomerization catalyst even at 0°. Its low temperature
catalytic activity is attributed to its facile dissociation to provide the corres-
ponding highly reactive tris-phosphine rhodiun hydride.

At increased CO partial pressure, tris-phosphine rhodium carbonyl hydrides
are converted to the corresponding trans-bis-phosphine dicarbonyl hydrides via the
following equilibrium reactions:

(R3P)3RR(COMH R_,;L(R:,’P)ZRh(CO)H .c;_—.. (RyP) RN (CD),H
3

R3P = PhaP, PhoPCH,CH,C{CHy)g, Ph,PCH,CH,ST(CHy)s

Complexes of PhaP and Ph,PR type ligands showed similar equilibria between mono- and
dicarbonyl hydride complexes.




Increased concentrations of excess phosphine ligand effectively reduced the
amount of dicarbonyl hydride formed. This is illustrated by Figure 5. The figure
shows that, in the absence of a significant excess of the Ph,PR type ligand, conversion
to the dicarbonyl hydride is essentially complete under about 200 kPa pressure of 1 to
1 H2/C0. However, at a five-fold excess of Ph,PR (P/Rh ratio of 15/1) the ratio of
dicarbonyl to monocarbonyl complex is only about 1 to 3.

In the case of bis-phosphine dicarbonyl hydride complexes, the relative dis-
soctation rates of phosphine and carbonyl ligands were also studied by NMR:

A 1% solution of the bis-Ph,P complex plus excess Ph,P to provide a P/1 ratio of 9
were used for the study. is solution was prepareg under 400kpa H,/*~CO pressure,
from the tetrakis-Ph3P complex which was largely converted to the desired bis-phosphine
rhodium dicarbonyl hydride. Variable temperature NMB studies indicated reversible (0
and phosphine Tigand dissociation.

As it is shown by -Figure 6, the 13c nmR 5f§ctrum of the resulting solution
showed the expecfgd double triplet for the complexed “~CO 1igand as well as the singlet
signal of free ““C0. At + 35°, the fi{l§ structure of the complexed (O disappeared.
Also, the signals of complexed and free considerably broadened as a consequence of
C0 exchange. At 90°C, only one, broad e signal was obtained due to further in-
creased ligand exchange rates.

Similar variable temperature 31p nwr studies showed reversible phosphine
ligand dissociation. However, a free versus bound PhsP ratio much below the expected
value was found at low temperature. This suggests the presence of unidentified rhodium
complex species undergoing rapid Tigand exchange.

When 1l-olefins are hydroformylated under conditions where the dicarbonyl
hydride predominates in the above type of system, the n/i ratio of aldehyde products is
greatly decreased but still remains above two. It is believed that most of the_re-
maining preference of such catalyst systems for producing n-aldehydes is due to co
dissociation to provide the trans-bis-phosphine monocarbonyl hydride intermediate of
Tinear hydroformylation.

The electronic effects on the properties of tris-Phy,PR rhodiun carbonyl
hydride catalyst complexes were studied by substituting groups of varying electro-
philicity on the B-carbons of the alkyl groups of their 11'gandsx The basicities of
some of these Tligands of general formula PhoPCHoCHoR' and their 1p R parameters of
their complexes are shown by Table I.

The data of the table indicate that by appropriate electronegative 8-
substituents the proton basicity of agueous alkyldiphenylphosphines was reduced to the
level of triphenylphosphine. However, no apparent correlation could be observed be-
tween the inverse basicity values, MNP's, and the NMR parameters. Mst of the
Ph PCHZCHZR' complexes showed 1ittle change of their chemical shift and coupling con-
stant values. Also, all the PhoPCH,CHoR ligands displaced Ph3P from its complex. Thus
the observed basicity was not a major factor in the NMR data.

In view of the above study, the difference between the sterically non-
hindered alkyldiarylphosphine and triphenylphosphine complexes is apparently attributed
to minor differences in their n-backbonding ability and steric hindrance.

Steric hindrance was found to have a major effect on the structure of the
complexes formed when o and B8 branched alkyldiphenylphosphine 1igands were used.
These effects were first studied by determing the degree of Ph3P 1igand displacement
with such PhZPR ligands as indicated by the following simplified scheme

(Ph3P)3Rh(C0)H + 6 PhaPR _— (thPR)3Rh(C0)H + 3PhqP + 3Ph,PR
In the case of the monomethyl branched 1igands, such as isobutyl-, secondary butyl- and

cyclohexyl- diphenylphosphines, partial displacement occurred. The ratio of bound
PhoPR to PhiP was about 3 to 2. However, 8, 8- and a,a-dimethyl branched 1igands such
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as neopentyl- and t-butyl-diphenyl phosphines were not able to displace any of the
PhaP.

3 Displacement of PhaP by the above sterically hindered phosphine Tigands could
be enhanced under about 400 ipa H /(‘0 pressure, This pressure results in the formation
of major amounts of the bis- tr1pheny1phosph1ne rhodium dicarbonyl hydride complex. The
latter, in turn, was found to be more subject to displacement by the sterically de-
manding phosphine 1ligands:

PhaP),Rh(C0),H + BPhoPR + PhqP  —g=s= (Ph,PR),Rh(CO),H + 4Ph,PR + 3PhqP
P2 2 2 3 2PRJ2 2 2 3

Thus, at equilibrium the mixtures containing monosubstituted ligands showed the dis-
placement of about 80% of the PhsP from the.dicarbonyl complex. However, there was
still no noticable displacement by the neopentyl and t-butyl derivatives.

The above inhibitition of 1igand displacement 1is clearly due to steric
effects. Electronic effects would result in increased 1igand displacement since these
branched alkyldiphenylphosphine Tligands have higher basicities than their straight
chain isomers.

Another effect of steric crowding is on the dissociation rate of the com-
plexes formed. This is illustrated by the example of triphenylphosphine plus isobutyl-
diphenylphosphine rhodium complex catalyst system in Fiqure 7. The -30°C spectrum of
this system shows that both Tigands participate in the complex formation to form four
different tris-phosphine complexes. However, no distinct phosphorus signals of these
complexes can be observed at ambient temperature. Only a broad phosphorus signal 1is
observed in the complex region. This indicates a high 1igand exchange rate at a re-
latively Tow temperature. This is clearly the consequence of increased phosphine dis-
sociation due to steric decompression:

[PhZPCHZCH(CH3)2]3Rh(CO)H —_— [PhZPCHZCH(CH3)2]2Rh(C0)H + PhZPCHZCH(CH3)2
The increased dissociation rate to provide vreactive coordinatively
unsaturated complex species results in increased catalytic activity. However, steric
crowding also results in a reduced ratio of monocarbonyl hydride versus dicarbonyl
hydride complexes, i.e. reduced n/i ratio of products.

2. Hydroformylation Process Studies

The main aim of the present 1-butene hydroformylation studies was to
determine the effect of the structure of phosphine-rhodiun complex catalysts on
activity, selectivity and stability. The well known Ph,P complex catalyst system which
we studied prev'Ious]y(S) was a catalyst primarily used gor comparison in this work., As
a Ph,yPCH,CHy R' type alkyldiarylphosphine ligand, 2-trimethylsilylethyldiphenylphosphine
(SEPf was studied in detail.

In the following at first, the Ph3P and SFEP based rhodiun complex
hydroformylation catalyst systems will be compared at different temperatures and excess
phosphine concentrations. Thereafter, the detailed structural effects of various Ph,PR
Tigands will be discussed with emphasis on steric crowding. The catalytic results will
be correlated with the structural findings of the NMR studies.

The effect of temperature on the Ph,P and SEP complex catalyst systems is
shown 1in Table II. Most of the batch experiments were carried out at a one molal
phosphine 1igand concentration to maintain the selectivity and stability of the
catalyst at increased temperatures. The results show that, at comparable temperatures,
the triarylphosphine complex 1s always more active than the alkyldiarylphosphine
complex. However, the activity and selectivity of the latter is better maintained
particularly at higher temperatures.

At the relatively Tow temperature of 110°, a lower n/i aldehyde product ratio
is obtained with the SEP complex. However, there is no significant difference between
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the higher n/i values of the two systems at 145°, In the 135 to 160° range, the use of
the SEP complex leads to a higher total (n+i) aldehyde selectivity. This is mainly due
to the reduced butene~1 to butene-2 isomerization side reactions in the presence of the
more basic SEP Tigand. The top temperature of 160° has generally less adverse effect
on the selectivity of the SEP complex system.

The effect of increasing concentrations of the SEP and Ph3P Tigands at 145°
is shown in Jable III. This increase in both systems resulted in a decreased activity
but increased n/i aldehyde selectivity. At high Tigand concentrations, the n/i values
depended on the phosphine concentration rather than on the P/Rh ratio. When these
phosphines were used as the only solvents, the n/i ratios reached maximum values but
the selectivities to total aldehyde products decreased.

The SEP and Ph.P rhodiun complex catalyst systems were also compared in
continuous 1-butene hydro;ormylation, operating via product flash-off (PF0) from the
reaction mixture (Figure 1). The reaction conditions and data obptained are shown by
Table IV,

In the first three experiments, the SEP system was operated at 120° while the
Ph3P system was running at 100°. Most importantly the results indicate that the
increased temperature of the SEP-Rh system is highly advantageous for achieving higher
butene conversions without increasing the stripping gas rate. At the Tower temperature
of the Ph,P-Rh system, a higher conversion operation was not feasible under these con-
ditions because of the 1limited product flash-off capability due to vapor Tiquid
equilibria. It is noted that the selectivities of the two systems are similar.

In the other three experiments, the stability of the SEP and Ph,P based
rhodium catalyst systems was compared in a six day continuous PFO operation at 145°C.
The butene conversion achieved with the SEP system showed less than 10% change. The
conversion in the case of the Ph,P system dropped from 82 to 65% during the test
period, About 1/2% per day of the Ph3P ligand was converted to butyldiphenylphosphine
via ortho-metalation(10). No similar degradation of the SEP ligand was observed. In
addition, as shown by the table, the selectivity of the SEP complex system was somewhat
higher and did not change significantly when a mixture of 1- and 2-butenes was used in
place of the pure l-butene feed. (The 2-butene is apparently of very low reactivity
under these conditions),

In more detailed PF0 process studies of the SEP-Rh catalyst system at 120°,
complete maintenance for 30 days of both hydroformylation activity and selectivity was
established. In these studies, the n/i ratios of the valeraldehyde products were
correlated with the excess phosphine 1igand concentration and €0 partial pressure. As
was expected on the basis of the NMR studies of catalyst structures, the n/i ratio was
directly dependent on the [SEP] and inversely dependent on the pCO.

The catalytic properties of a high number of alkyldiphenylphosphine rhodium
complexes were studied in batch experiments. Comparative results obtained with
complexes of ligands of the formula Ph,PCH, CH R' and PhsP are shown by Table V.

The results show that, at he™ 1M phosphine concentrations, all the
PhoPCHyCHoR' complexes are highly selective catalysts for hydroformylation at 145°,
They provide aldehyde products having n/i ratios in the 8.9-18.9 range. In general,
their product linearity is similar to that of the Ph4aP system (n/i =11.2). The total
aldehyde selectivity of the Ph,PR complex catalyst is higher. Their n + i aldehyde
selectivity is in the 86.9 to 61.8% range while the corresponding n + i value of the
Ph,P system is 81.2. However, as expected on the basis of the NMR ligand dissociation
rates, the Ph3P system is more than twice as active.

The activity and selectivity of all these catalysts is highly dependent on
the excess phosphine ligand concentration. When the phosphine ligand concentration was
dropped to 0.14 M, the reaction rate usually increased about fourfold and the n/i ratio
of the aldehyde products decreased to about a half of the previous value. Of course,
these effects are expected on the basis of the catalytic mechanisms suggested by the
NMR studies.

No definite correlation could be found between the basicity of the
thPCHZCHzR' ligands and the catalytic properties of their rhodium complexes. 0verall
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the differences among these complexes were smaller than the difference between them as
a group and the PhyP complex. The PhqP 11gand stands out by virtue of its increased s~
backbonding ability which weakens the 0 coordination to the rhodium. Alsd, Ph3P is a
sterically more demanding ligand than Ph PCHZCHZR' ligands. Both properties increase
the reactivity of the Ph;P-Rh complex catalyst system.

The effect on” catalysis of the steric crowding of alkyldipheny! phosphine
ligands by methyl substitution on the a- or g-carbon atoms of their alkyl group was
also studied. The comparative experiments were carried out using two different ligand
concentrations at 145°. The results are shown by Table VI,

Compared to straight chain and y-methyl substituted alkyldiphenylphosphines,
the a- and g-methyl substituted derivatives led to increased hydroformylation rates but
reduced selectivities. The rate increasing effect was observed at the higher phosphine
ligand concentration of 1M. The selectivities were decreased in terms of lower n/i
ratios of aldehyde products and increased isomerization side-reactions to 2-butenes,
The isomerization was particularly increased at the low ligand concentration of 0.14
M. At an extreme, this resulted in a reduced reaction rate since 2-butenes are much
less reactive than l-butene. The effect of steric crowding was further increased when
the o, o and 8, B-dimethyl substituted alkyldiphenylphosphines were used in place of
the monomethyl substituted 1igands.

The increased reactivity of branched alkyldiphenylphosphine rhodium complexes
is attributed to the accelerated dissociation via steric decompression of tris-
phosphine rhodium carbonyl hydride complexes to provide reactive species. The reduced
n/i ratio of the products is due to the increase of rhodium dicarbonyl hydride catalyst
complexes. The increased isomerization to 2-butenes is apparently a consequence of the
reversibility of reactions forming the secondary butyl rhodium complex intermediate.

CONCLUSIONS

The present correlation of the structure of t-phosphine rhodium carbonyl
hydride complexes with high temperature hydroformylation catalysis data leads to the
extension of our previously proposed rhodium hydroformylation wmechanisms to
alkyldiphenylphosphine 1igand based catalysts. In view of their increased stability,
alkyldiphenylphosphines are now recognized as rhodium complex catalyst ligands poten-
tially superior to the commercially widely used triphenylphosphine.

Alkyldiphenylphosphines form remarkably stable tris-phosphine rhodium
carbonyl hydride complexes of the formula (PhyPCH,CHoR')sRh(CO)H.  These act as a
preferred reversible reservoir for the generation ©of the highly reactive,
coordinatively unsaturated trans-bis-phosphine carbony! hydride intermediates of 1-n-
olefin hydroformylation to provide mostly n-aldehyde products. In accord with the
complex equilibria found among variously carbonylated rhodium complex catalyst
precursors, the stability and selectivity of such catalyst systems directly depends on
the excess phosphine ligand concentration. It is inversely related to the partial
pressure of the CO reactant. (hanges in the R' group of such l1igands did not result 1in
any profound change of the catalytic properties of their rhodium complexes although
they caused wide variations in their proton basicities.

In contrast branched alkyldiphenylphosphines having 8- or a~ alkyl
substituents e.g.

PhZPCHZCH(CH3)2 Ph2PCH(CH3)CH2CH3 thPCHZC(CH3)3 PhZPC(CH3)3

form rhodium carbonyl hydride complexes of widely differing stabilities. These
complexes in turn exhibit a broad range of catalyst behavior. Tris-phosphine rhodium
carbony! hydride complexes of these 1ligands are thermally unstable due to steric
crowding. This facilitates the generation of reactive species. Under €0 pressure,
complexes of these ligands are largely converted to bis-phosphine rhodium dicarbonyl
hydride, (PhZPR)ZRh(CO)zH, intermediates of nonselective hydroformylation.

R UF U




P ———

P Y o e

Thus profound electronic differences between sterically noncrowded
alkyldiphenylphosphine and triphenylphosphine rhodiun carbonyl hydride complexes
resulted in two types of catalyst systems having distinct properties. In contrast,
small changes in the electronic character of alkyldiphenylphosphine complexes did not
cause significant changes 1n catalysis. However, small changes 1in the steric
requirements of a- and B~ branched alkyldiarylphosphines produced tremendous changes in
the catalytic behavior of their rhodium complexes. Moderate steric crowding of such
complexes may result in highly desired catalyst properties. However, such steric
effects on catalysis are difficult to predict.
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Figure 1

SCHEME OF CONTINUOUS HYDROFORMYLATION UNIT WITH
CONTINUOUS PRODUCT FLASH-OFF
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SOLUTION
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Figure 2
CATALYTIC INTERMEDIATES IN PHOSPHINE RHODIUM
COMPLEX CATALYZED HYDROFORMYLATION OF 1-BUTENE
Non-reactive (R,P),Rh(CO),H (R.P);Rh(CO)H (RsP),RhH

Complexes

Complexes

Intermediates
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| |
CH,CHCH,CH, CH,CH,CH,CH, CH,CH,CH,CH,
f 1]
i co i co b H,
v ¢ i
CH,CH,CHCHO CH,CH,CH,CH,CHO CH,CH,CH,CH,

1
CH, + CH,CH = CHCH,
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Figure 4

EFFECT OF TEMPERATURE ON “CO NMR SPECTRUM: P/IRh = 9
CO + (Ph,P)RhH-=3.[(Ph,P),ARCO}H|«== (Ph,PL,AMCOIH + Ph,P

Figure §

EFFECT OF EXCESS PHOSPHINE UNDER 200 kPa HJCO AT 0°
(Ph,PR),RNCO),H + nPh,PRZ==(Ph,PR,ANCO}H + (*1)Ph,PR + CO
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Figure 6
EFFECT OF TEMPERATURE ON "CO NMR SPECTRUM: P/Rh = 9
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Figure7

EFFECT OF MODERATE STERIC HINDRANCE
ON LIGAND DISPLACEMENT AND EXCHANGE
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Table I

A HNP'S of Ph%PCHE ER LIGANDS AND 31p nMR PARAMETERSa)

OF THE CH CH2 Rh(CO)H COMP LEXES
Phosphine
Phosphine Ligand Complex
Inverse Chem. Chem. Coupling
Structure Basicity,?) shift shift  Constant
MNP ppm a,ppm Jp_Rh’cps
PhZPCHZCH251(CH )3 385 -12.2 34.6 150
Ph2PCH2CH2C(CH } 412 -16.8 27.5 152
PhZPCHZCH CHZCa gH CH3 392 -16.8 27.5 151
Ph2PCH2CH2Ph 416 -16.6 27.6 153
Ph2PCH2CH2-N;] 450 -23.0 21.6 151
0
thPCHZCH COZCH 455 -17.7 27.9 151
Ph2PCH2CH2§02CH3 543 -18.6 27.3 151
PhaP 510 -7.5 38.3 155

a) At 35° in toluene solvent, relative to 1M phosphoric acid.

b) Basicity determinations were carried out according to the
modified method of Streuli(17) using perchloric acid as a
titrant and pure nitromethane as a solvent. Half neutrali-
zation potentials (HNP's) were determined relative to the
value of diphenyl guanidine.
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Jable IV

CONT INUOUS HYDROFORMYLATION OF 1-BUTENE IN THE PRODUCT FLASH-OFF MODE

WITH SEP-Rh AND PhaP-Rh COMPLEX CATALYST SYSTEMS

*Plus 3 mole/hr/L 2-butenes **After 6 days operation

204a

TPP SEP SEP SEP SEP
e Temperature, °C 100 120 120 140 140
Pressure, kPa 800 1050 1050 1275 1275
PH , kPa 565 675 760 724 775
Pch» kPa 69 90 83 138 149
® Rhodium Conc., mM 2.50 2.50 4,44 4,44 4,44
e Phosphine Conc., mM 310 600 360 1000 1000
1-Butene Feed, mole/hr/L 4,0 4.0 4.0 2.8* 2.8
Aldehyde Product, mole/hr/L 1.0 1.0 1.5 1.6 1.6
® (Conversion per Pass, % 26 26 38 56 60
52** 55**
® n+i Selectivity % 92 92 9 90 90
n/i ratio 21 22 21 35 32
Hydrocarbon Selectivity,% 7 7 7 8 9
® Stripping Gas, mole/hr/L 35 25 38 24 24

AL

140
1275
724
138

4.44

1000

2.8
2.3

82
65**

84
29
14

21
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