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FOREWORD

The ACS Symrosrum Sertes was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ApvANCES
IN CHEMISTRY SERIES except that in order to save time the
papers are not typeset but are reproduced as they are sub-
mitted by the authors in camera-ready form. Papers are re-
viewed under the supervision of the Editors with the assistance
of the Series Advisory Board and are selected to maintain the
integrity of the symposia; however, verbatim reproductions of
previously published papers are not accepted. Both reviews
and reports of research are acceptable since symposia may
embrace both types of presentation.
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PREFACE

he catalyiic activation of carbon monoxide is a research area currently

receiving major attention from academic, industrial, and government
laboratories. There has been a long standing interest in this area; however,
the new attention obviously is stimulated by concerns with the present and
future costs and availability of petroleum as a feedstock for the production
of hydrocarbon fuels and of organic chemicals. One logical alternative
source to be considered is “synthesis gas,” mixtures of carbon monoxide
and hydrogen that can be produced from coal and other carbonaceous
materials.

Potential applications of synthesis gas include conversion to liquid
fuels via the Fischer—Tropsch reaction, production of hydrogen via the
shift reaction (for ammonia manufacture and for the direct liquifaction
of coal) and the production of methanol, ethylene glycol, and other
oxygenated organic chemicals. Efficient catalysts for such processes need
to be designed and their fundamental reaction mechanism chemistry under-
stood. The symposium was organized to focus on these questions. The
major emphasis was directed toward homogeneous catalysis; however,
several authors addressed the question of characterizing catalysis pathways
on surfaces. The chapters included in this volume comprise the major part
of the papers presented and are organized in the order of presentation.
The symposium was sponsored by the Inorganic Division of the American
Chemical Society and also received some financial support from the
Chevron Research Company, for which the Editor is grateful.

PETER C. FORD
Santa Barbara, California

November 30, 1980

ix



Publication Date: May 5, 1981 | doi: 10.1021/bk-1981-0152.ch001

Activation of Carbon Monoxide by Carbon and
Oxygen Coordination

Lewis Acid and Proton Induced Reduction
of Carbon Monoxide

D. F. SHRIVER
Department of Chemistry, Northwestern University, Evanston, IL 60201

In its free state, carbon monoxide is highly resistant to
attack by hydrogen and a variety of other common reducing agents.
The reactivity of coordinated CO is much greater than that of the
free molecule and metal surfaces are in general even more effec-
tive than simple coordination compounds in promoting CO reduc-
tion. One great challenge to the inorganic chemist is to make
the connection between chemistry which occurs on the surfaces of
metals and the more readily studied reactions of discrete molecu-
lar organometallics. One possible mode of CO activation which
has been invoked in heterogenous catalysis is C and O bonding to
a surface. This bifunctional activation of CO may lead to CO
cleavage and eventual incorporation of a surface carbide into
organic products, or to direct incorporation of the C and O coor-
dinated CO into an organic group (1-3). Bifunctional activation
also is thought to be important in molecular systems (f_,z), but
it is fair to say that the evidence for, and understanding of
this phenomenon has been very rudimentary. In this paper we pre-
sent the results of studies at Northwestern which were designed
to provide clear-cut evidence for bifunctional CO activation in
molecular systems and to provide information on the important

0097-6156/81,/0152-0001$05.00/0
© 1981 American Chemical Society
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2 CATALYTIC ACTIVATION OF CARBON MONOXIDE

chemical variables in these reactions. We first describe Lewis
acid promotion of the alkyl migration (CO insertion) reaction,
including recent results on the combination of this acid promoted
alkyl migration reaction with CO reduction. This repetitive
sequence of CO insertion and carbonyl reduction provides a means
of building hydrocarbon chains under mild conditions. Finally,
proton induced CO reduction will be described, and the most
recent mechanistic information on this reaction will be pre-
sented. As a prelude to these discussions, we outline two fun-
damental reactions of coordinated CO.

Electrophilic and Nucleophilic Attack of Coordinated CO

The attack on coordinated carbon monoxide by nucleophiles was
first extensively developed in synthetic organometallic chemistry
by E. O. Fischer and his students (6); as discussed by others in
this volume, this reaction provides one route to the reduction of
coordinated CO and to catalysis of the water gas shift reaction.
Those carbonyl groups which are susceptible to attack by nucleo-
philes are electron deficient, as judged by their high CO
stretcing frequencies (7).

By contrast, metal carbonyls having low CO stretcing frequen-
clies are susceptible to attack of the CO oxygen atom by electro-
philes such as Al(CH3)3, AlBrj, or BF3. This chemical evidence
and a variety of physical evidence indicate that a low CO
stretching frequency corresponds to high electron density on the
CO ligand (8). Carbonyl groups in this category include bridging
carbonyls, terminal carbonyls in metal carbonyl anions, and ter-
minal carbonyls in donor substituted metal carbonyls, structures
la through lc. The attack on bridging carbonyls by electrophilic

RaAl
3
0 0 o
C Co L, C g
\ I/ / /
Fe Fe’ 0C —W—CO0—Mg—O0C —W—CO
c/ \c ¢ | /| ¢’ |
Y o Y 0" ¢ L oo ¢
N
AlR4
(la) (1b)
\Lo/c
//l \\c
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reagents is a common feature of the chemistry of polynuclear
carbonyls, and it may lead to a variety of CO rearrangements
(8,9). One striking physical effect of Lewis acid addition to
the oxygen end of CO is a very large reduction in the CO
stretching frequency, which implies a large decrease in CO bond
order, Figure 1 (10). This phenomenon will be discussed in more
detail at the end of the paper, and for the present it will
suffice to point out that the addition of a Lewis acid to the
carbonyl oxygen favors carbene-like resonance structures, which
arise from the polarization of the 7 system, equation 2.

LoM-C=0 + AlX3 —> L M=C=0._ (2)
AlXq

The very large perturbing influence of C and O bonding on
the CO bond order led us to explore the influence of Lewis acid
and proton acid promoted reactions of metal carbonyl complexes.

Acid Promoted CO Insertion

Owing in part to its great commercial importance, the CO
insertion reaction is perhaps the most thoroughly studied metal
carbonyl reaction other than substition (11-2). As shown in
equation 3a, the currently -

R

| k R k
-~ _
L, M~CO ——l—*‘___k_l L M-C < = 'R‘L_l (3a)

accepted mechanism for this reaction 1is the migration of the
alkyl group onto a coordinated CO, to yield a coordinatively
unsaturated metal acyl intermediate (which perhaps may be solvent
stabilized). This intermediate is then attacked by an incoming
ligand to produce a stable acyl complex, equation 3b. When a

R k R
— 1 .__2._\ [RVEN 14
LM CQo + L ‘_._T L,L'M c\\o (3b)

stable product is formed, k-9 << kg, the kinetic expression takes
the form given in equation &4, with two limiting conditions,
equations 5a and 5b.

kyko[L'][L MR(CO)]

rate = o] + K[L'] (4)
rate = Kkp[L'][L MR(CO)] when kp[L'] << k_; (5a)
rate = kj[L MR(CO)] when ko[L'] >> k_; (5b)
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Figure 1. Bond order vs. CO stretching frequency; the curve was determined from

data on organic compounds, data for organometallic compounds have been entered
on the curve based on observed CO stretching frequencies.
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1. SHRIVER Lewis Acid and Proton Induced Reduction 5

The simple second-order kinetics of equation 5a apply for
Mn(CO) 5(CH3) when L=CO at subatmospheric pressures. It is under
this set of conditions that we have studied the Lewis acid pro-
moted CO insertion reaction, see Figure 2.

Prior to our studies it was recognized that ion pairing with
anionic metal carbonyls could promote CO insertion and related
reactions (14-16). Both kinetic and non-kinetic evidence
suggests the importance of ion pairs in these types of reactions
(H_,ﬂ). For example, a small cation was found to greatly acce-
lerate the CO insertion reaction relative to the same reaction
with a large cation, equation 6 (14).

THF
M*[RFe(C0),"] + L' — > M*"[L'Fe(C0)3(CRO)] (6)
rate (M* = (Ph3P)oN*) : rate (M* = Li*) 1:103

Our work on the bifunctional activation of CO insertion was
prompted by the thought that strong molecular Lewis acids should
be more effective and more general than simple cations. It
already had been observed that molecular Lewis acids would pro-
mote a molecular Fischer-Tropsch type reaction (5), and that iron
diene complexes can be converted to polycyclic ketones by the
action of aluminum halides, equation 7,(18), but information on
the course of these reactions was sketchy._

1
) AlClj3 S \ N

2) work-up

Fe(CO) 4

In the first studies performed at Northwestern, Steven
Strauss found that AlBrj brought about a moderate increase in the
rate of CO uptake by Mn(CO)S(CH3). Susan Butts then discovered
that the reaction occurs in two steps. The first is a very rapid
CO insertion to yield a cyclic product, equation 8a, which is
followed by the much slower uptake of CO, equation 8b.

8 o 8 o (8a)
c c
|/ ver | /7 cHg
0C—Mn—CO  + AlBr3 ———~—3 0C— Mn~—Cy
C/l fast C/l 0
0 ¢ 0

0 Br — Al Bry
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Figure 2. Second-order kinetic plot for the reaction of CO at subatmospheric pres-
sures with Mn(CO),(CCH;OAIBrBr;) in toluene solution (19)
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0 0 (8b)
C 0 C 0
| /% cny | /¢ cns
OC-——Mn.-.-.-r:C.\ + CO — OC-—MnewtC_\
c/l 0 C/l "OA].BI'3
0 / 0° ¢
Br '—AIBIZ 0

The structure of the cyclic reaction product of equation 8a
has been determined by Dr Elizabeth Holt at the University of
Georgia, and a similar cyclic structure is indicated by spectro-
scopic data for other metal systems (19). Reaction 8a is so
rapid that the rate has eluded measurement by conventional kine-
tic methods, but based on the immediate color change upon mixing
we estimate that the rate is at least 103 greater than the for-
ward rate in reaction 3a. Thus the role of the Lewis acid is not
simply to capture the coordinatively unsaturated intermediate,
Mn(C0),4(COR), but rather to promote the alkyl migration process.
Attack by the Lewis acid must occur prior to or very early in the
sequence of alkyl migration. One possible variation on this
general picture is prior equilibrium complex formation between
Mn(CO)5R and AlBrj, eq. 9a, followed by alkyl migration, eq. 9b.
We have no experimental evidence on whether or not the reaction

RMn(CO)5 + AlBr3 T=—— RMn(CO),(COAlBr3) (9a)
1
RMn(C0) 5(COAlBr3) ——> Mn(CO),(CROA1BrBrj) (9b)

rate is increased by simultaneous bromide attack on Mn, but the
theoretical studies of Berke and Hoffmann suggest that nucleophi-
lic attack on the central metal is not likely to assist the alkyl
migration reaction (13). There is no direct evidence for the equ-
librium complex formation depicted in equation 9a; indeed the high
CO stretching frequencies of Mn(C0)5(CH3) are in a range for which
stable complexes have not been observed between carbonyls and
Lewis acids such as AlBrj. However, the frequency-basicity corre-
lation does not exclude the possibility of minute but kinetically
important amounts of the complex being formed. It also 1is
possible that a pre-equilibrium does not exist but instead alkyl
migration occurs simultaneously with Lewis acid attack, equation
10. Whatever the finer details of this step, there is no doubt of
the great acceleration of alkyl migration by molecular Lewis
acids.

R
|
(OC)“Mn'CO F—A].Br:; (10)

The second slower step in the over-all reaction, eq. 8b, obeys
second order kinetics, eq. 11, and Figure 2. The relative rate
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increases on going from Br to Cl to F bridging groups, Table I
(19). 1In view of these data, and of the general occurence of a
dissociative pathway for substitution reactions on octahedral 18
electron complexes, the most likely rate determining process in
these reactions is Mn-halide bond breaking.

——
rate = k[CO][Mn(CO),(CROALBrBrj,)] (11)
The CO insertion process also can be promoted by proton

acids (20). The only compound to be studied in detail is

Mn(CO)5(6ﬁ3), for which very weak acids such as acetic acid bring

Table I. TInitial Rate of CO Uptake Under Uniform Conditions

Complex Relative Initial Rate

Mn(CH3) (CO) 5 1

—

Mn(C(0A1BrBry)CH3) (CO) 4 4

—

Mn(C(0ALC1C1,)CH3) (CO), 23

—

Mn(C(OBFF,)CH3) (CO), 43

about little rate enhancement, acids of intermediate strength
cause appreciable rate enhancement, and strong acids such as HBr
bring about a competitive cleavage of the Mn-CHj bond, Table II.

Table II. HX Promoted CO Insertion

0
Mn(CO)5(CHy) + CO —IX 5 Mn(cO)5(CCH3)
HX Relative Rate
HBr (CHy evolved)
HOOCCF3 >9 (some CHg)
HOOCCCL,H 7
HOOCCCLH, 2

none 1
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Kinetic studies by Butts and Richmond indicate that both the
monomer and dimer of dichloroacetic acid promote the reaction in
an aromatic solvent, equations 12a and 12b, (ﬁ)_).

Mn(C0)5(CHy) + €0~z Ma(c0)5(CCH30) (12a)
rate = k{[HA] + a[HpA;]}[Mn(CO)5(CH4)]1[CO] (12b)

where HA = Cl1oHCOOH and o= 0.2

A very exciting recent development in joint research with
Professor Burwell is the observation by Correa, Nakamura and
Stimson, that metal oxide surfaces also promote CO insertion
(21). 1In this study it was possible to characterize the nature
of the reaction products formed by the interaction of alkylmetal
carbonyls with metal oxide surfaces, which had been activated to
produce surface acid and base sites. The reaction was followed
by two methods, in the first instance the evolution of CO, Hj,
CH, and other light molecules was measured in the course of the
interaction of the organometallic molecule with the surface.
Secondly the nature of the reaction product on the surface was
deduced from Fourier transform infrared spectroscopy of the sur-
face species. Fortunately we have available molecular analogues
of the surface species so the structural inferences from infrared
spectroscopy are quite strong. For example a sample of y-alumina
was heated to 900°C in high purity helium, cooled, and then
exposed to Mn(CO)5(CH3). The resulting infrared spectrum, when
compared with the molecular species, indicates that a surface
acetyl is formed with a cyclic structure analogous to those seen
in the molecular Lewis acid promoted reactions, equation 13.

cH
Al-0-A1-0 + Ma(CO)5(CH3 —> (0C) Ma==C 3 (13)
11 3

Al—0—A1Z-0

11

This insertion reaction is very fast, as judged by the immediate
color change wupon exposure of the alumina surface to the
organometallic, and in keeping with these interpretations no
appreciable amounts of gaseous products are evolved on the time
scale of the measurements. One implication of this observation
is that the metal oxides, which are frequently employed to sup-
port conventional metallic heterogenous catalysts, may play an
active role in promoting CO reduction by the interaction of sur-
face Lewis acid sites with the oxygen end of CO. Indeed support
effects are well documented for the conversion of CO to hydrocar-
bons (22-23), and therefore we speculate that interactioms, such
as those suggested in equation 14, may be important. The usual
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,H) _CHj

w i

. %
Al1-0-A1-0-Al Al-0-A1-0-Al (14)

A A A A A

explanation is that The Al903 surface withdraws electron density
from the metal particle, thereby changing its reactivity. We do
not believe that this is a chemically reasonable explanation,
because Al,03 lacks low lying conduction bands which might accept
electron density. More localized interactions, such as those
between the surface atoms and the metal particle should be inef-
fective in greatly altering the charge on the metal particle,
because the presence on the surface of both electron acceptors,
A1*2,  and donors, 0'2, should yield mutually compensating
effects.

Addition of MX,q Across CO Multiple Bonds

The organic analogues of the reactions to be discussed here
are the borane reductions of aldehydes and ketones and the addi-
tion of metal alkyls across ketonic carbonyls, equation 15. 1In
contrast to the ease of these organic reactions, qualitative data
which has accumulated in our laboratory over the last decade
demonstrates that the carbonyl group in organometallics is fairly
resistant to addition across CO. For example, many stable
adducts of organometallic carbonyls with aluminum alkyls are
known, eq. lc, but under similar conditions a ketone will quickly
react by addition of the aluminum alkyl across the CO bond. A
similar reactivity pattern is seen with boron halides.

There is good evidence that addition across ketonic CO
groups is preceeded by simple adduct formation (24 26), and it is
thought that this adduct formation polarlzes the carbonyl, making
the carbon susceptible to attack by the R™, H™, or X nucleo-
philes, equation 15.

S+
R~ R'
r—C= 0A1: R’

(Y

R '
>C=0 + AlRy —>

;?;c-oma'z (15)

The resistance of metal carbonyls to addition across the CO
bond may reflect the influence of the adjacent electron rich
metal center, which can delocalize electron density onto the car-
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bonyl carbon. The electron density shift from the metal to the
carbonyl carbon will thereby partially offset the polarization of
the carbonyl by the Lewis acid, and thus moderate the reactivity
of the carbonyl carbon toward nucleophiles. Vibrational spectro-
scopic evidence for this electron delocalization upon adduct for-
mation has been cited in an earlier section.

The depressed reactivity of the CO bond in metal carbonyls
relative to organic carbonyls is not apparent in the case of BHj
and AlH3. For example, Masters and coworkers have observed that
H3B*THF reduces metal acyl compounds to the corresponding alkyls,
eq. 16. Although no mechanistic studies have been reported, it

0
Y,
L M-C-CH3 + H3B*THF ~——> L M-CH,CHj3 (16)

was proposed that this reduction is preceeded by the formation of
a BH3 adduct at the acyl oxygen (é_). Recently, AlH3 reductions
of metal carbonyls to produce hydrocarbons have been reported as
well (2_7.’£§_)°

Investigations in our laboratory by Rebecca Stimson have
demonstrated that it is possible to combine the borane reduction
of a metal acyl with the Lewis acid promoted CO insertion reac-
tion which has been discussed earlier in this paper (29). In
this reaction, which is presumed to proceed by equation 17, the

0
R m "
' "By Mec”® ) R an
- —-——H ~M= 3 -

LM-CO —= LyMsGg  ——> L M-CH,

BH3

BHy acts both as a reducing ageat for the acyl carbonyl and as a
promoting agent for subsequent CO insertion into the metal-alkyl
bond. As yet the process has been carried as far as CiHg, with
Mn(C0)5(CH3), CO, and H3B°THF as reactants.

CO Conversion to Methylidynes

As previously illustrated in Figure 1, the CO bond order is
greatly reduced by the addition of an acceptor to the carbonyl
oxygens of a metal carbonyl. The CO stretching frequencies and
structures of these adducts bear close resemblances to those in
compounds which are regarded as methylene (carbene) and methyl-
idyne (carbyne) complexes. Comparisons between some of these
analogues are given in 18a and 18b. (For the sake of clarity,

.;0-AlBrj3 .;0—CH3 (180)
LnM—C\ vs LnM-C\ a
CHj3 CHj
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0-AlBr 0-CH
y c 3 c 3
Fe—\>Fe vs Co—|— Co (18b)

N N
Fe

terminal CO ligands will be omitted from the structural represen-
tations of the polynuclear carbonyls throughout the rest of the
text.) The analogy with the methylidenes is strengthened by the
recent discovery that bridging carbonyls in anionic polynuclear
carbonyl anions are susceptible to alkylation and protonation,
equations 19a and 19b (3_0-2). These reactions contrast

_reg, co™ _res CO-CH3
~ ~
+ CH3SO3F —>  F / (19a)
Fe\ FJH 3°%3 e\Fe) H
P Fel, o Fe<, Co-H
-40° - /
F + HSO,F 19b
e\Fe)H S03F —m> Fe\Fejl_1 (19b)

markedly with the usual products obtained from mononuclear car-
bonyl anions, where CH' or H'electrophyles attack metal centers
(36). Keister has shown that in the case of HRu3(C0);;~ the pro-
tonation at low temperatures occurs initially at a carbonyl
oxygen, and this is followed by migration to the metal center,
producing HoRu3(C0);; (37). This result suggests that the attack
by electrophiles may often initially go onto the carbonyl
ligands, even though the stable and only observable products
indicate that the metal center is the ultimate nucleophile.

Examples of O-alkylation have also been demonstrated for
triruthenium and triosmium anionic clusters, as well as the
tetrairon cluster Fe4(C0)132' (31-33). This reaction has con-
siderable promise as an entry into many different methylidyne
complexes through the replacement of the OR™ group, eq. 20 (38).

OR X

C C
VAN AN
Ru \Ru + BXj e Ru \Ru (20)
H\ Ru/H }\RU/H
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Protonation of the carbonyl oxygen is as yet only recognized in a
couple of cases (34 35). Even though O—alkylatlon and perhaps O-
protonation open up useful synthetic paths in metal carbonyl
chemistry, their main interest for the purposes of this survey is
their intermediacy in the further reduction of CO.

Proton Induced Reduction of CO

The observation of O-protonation with the attendant formal
reduction of the carbonyl carbon suggested to us that further
protonation steps might lead to methane or methanol formation.
In this process the necessary electrons for the reduction would
be provided by the metal cluster, as indicated schematically in
equation 21. After considerable experimentation with reactants

and reaction conditions, Kenton Whitmire demonstrated the first
reaction of this type, eq. 22 (29). A yield of about 0.5 CH, per

neat H2303CF3

Fea(CO)%g > CH, + Felt . CO + Hy

~3 days, room t
+ Fe clusters (22)

cluster was obtained, and isotopic experiments demonstrated that
the carbon in the CH, originated from a carbonyl carbon and not
from some adventitious source. It was also shown that the hydro-
gen in the methane is derived directly from the proton, and not
via intermediate Hy. Furthermore, the quantity of Fel* produced
is sufficient to account for the equivalents of electrons neces-
sary to yield CH, and Hy (39) This reaction clearly fits our
original concept of proton induced reduction.

With the general nature of reaction 22 established, we are
now concentrating on a more detailed understanding of the
mechanism. The first step undoubtedly is the known monoprotona-
tion and rearangement of the tetrahedral iron cluster,
Fe,(C0)132” to yield a butterfly arrangement of the iron atoms in
the product HFea(CO)13(40) This interesting reaction, which pro-
duces a unique n“-CO ligand, is shown schematically in equation
23. The next step is likely to be the protonation of the unique
bridging CO ligand to yield 24a, which is analogous to the known
compound 24b (41). In keeping with this 1nterpretat10n, Whitmire
has shown by 1sotope tracer studies that the unique n“-CO in 24b
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o 2-
C
| {R
Fé— | —F + H "“~F 23)
%Q::Fe;;7 e _ Fe\\';éi//’ e (
Fe
H\o CH 3 <o
/ \~C\\\\ 7/ =C
Fe— Fe Fe= /| ™Fe
b
7 J
F& R (249) Fe7H  (24p)

undergoes proton induced reduction to yield CH,. The exact route
by which this transformation to methane occurs is still not fully
understood, however the reaction mixture which has been quenched
before extensive reaction has occurred, contains significant
quantites of the previously known methyne (42,43), illustrated in
equation 25. Whitmire has shown that this methyne in the

~

Fe i __Fe (25)
S~ V

presence of neat HSO3CF3 yields some CH4 Therefore, we are

inclined to write the sequence of reactions shown in equatLOn 26
to describe the proton induced reduction of CO in Fe4(CO)13 .

The above observations strongly indicate that O-protonation
is an important step in this particular reaction for the reduc-
tion of coordinated CO. Recent studies in our laboratory provide
other examples of proton induced reduction in metal cluster
systems, and an example of proton induced CO reduction has
recently been reported by Atwood (44). It thus appears that
protons as well as Lewis acids are effective in the bifunctional
activation of coordinated CO.

Principles of Bifunctional CO Activation

The foregoing examples clearly demonstrate that the attach-
ment of an electron acceptor to the oxygen of coordinated CO
activates this molecule toward a variety of reduction reactions.
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protonation of CO oxygen

CO cleavage red.

agt.

(26)

>

+ (4

CHy, + °°° H — ~—

4 — Fe\\\.; __Fe
Fe H

—"

conversion of carbyne to methane

This bifunctional activation can be ascribed to a variety of fac-
tors (10,13,14): (1) lowering of the CO bond order to more nearly
approximate that of the products, (2) stabilization of electrom
migration toward oxygen, which typically occurs during reduction,
(3) lowering of a specific unoccupied MO which facilitates the
formation of the transition state, and (4) polarization of the CO
bond, making the carbon susceptible to attack by nucleophiles.
These are all the simple consequence of transforming CO into a
more polar group by the electron acceptor. This perturbation can
be illustrated by comparison of the electronic structure of CO
with that of the more polar isoelectronic molecule CF*, Because
of the very simple relationships which exist between the MO's of
heteronuclear diatomic molecules, one can immediately make sever-
al predictions about the relative properties of these ligands.
The highest occupied o orbital will be lowered in energy so
CF* will be a poorer o donor, the energy of the 7™ LUMO will be
lowered and the amplitude on C will be increased thereby
increasing the m acceptor character of the ligand (eq. 27), the

™ LMo — ¢ &
+ g o Q , (27)
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m overlap population will be reduced between C and X, and there
will be a drift of charge from C to X making the C more suscep-
tible to attack by electrophiles (in the actual complex this last
perturbation will be attenuated by the metal to C m bonding).

Some of these changes and the similarity of CF* to an O proto-
nated CO are shown in Figure 3, where the results of ab initio MO
calculations (45), are presented in graphical form.
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At the outset it is important to clarify the scope of this
discussion by the elimination of areas which will not be con-
sidered. When one notes that the term "activation of carbon mon-
oxide" may mean a process as little perturbative of the C-0 bond
as its end-on attachment to a metal atom in carbonyls, or as
strongly perturbative as its dissociation to atoms on a metal
surface, the need for limits becomes obvious. In this discussion
we will consider only the activation of carbon monoxide in the
sense that isolable products are formed by the addition of hydro-
gen to the molecule without complete rupture of all carbon-oxygen
bonds, Z.e. oxygenates are formed.

Within this context carbon monoxide is not the inertmolecule
so frequently depicted on the basis of its formal triple bond and
the remarkable similarity of its physical properties to those of
the isoelectronic molecule dinitrogen. (Indeed, if it were, at-
mospheric carbon monoxide would present no hazard!) It is, in
fact, a fairly readily activated molecule; the industrial process
for the production of methyl formate (1) is well known, but it is
less widely appreciated that this procgbs is an example of a homo-
geneous, selective, base-catalyzed, activation of carbon monoxide
which has for its net chemistry

MeOH + CO .ﬁ\ MeO.CH [Me = CH,] 1)
< 2 3

the insertion of CO into an O-H bond. It should also be noted
that the same reactants yield an isomer of methyl formate, acetic

0097-6156/81/0152-0019$05.00/0
© 1981 American Chemical Society
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acid, also with good selectivity, when the catalyst solution con-
tains a carboxylic acid, water, methyl iodide, and the transition
metal ion, [Rh(CO),I,]T The mechanism of this elegant (and in-
dustrially important (2)) reaction is fairly well understood (3).
A further important point made by these two examples should be
noted. It is that selectivity for the formation of only omne (or
few) out of the many thermodynamically possible products from a
given set of reactants is often the most sought-after character-
istic of a catalyst system. By the same token, analysis of the
factors which determine the distribution of products from a given
catalyst system can lead to desirable modifications of its be-
havior.

HYDROGENATION OF CO

When our work in this area began (1978) it was fashionable
to assume that the activation of CO toward hydrogenation by molec-
ular catalysts was the exclusive province of multiple transition
metal centers ('"clusters'"). This belief was based mainly on two
observations. (a) The heterogeneous Fischer-Tropsch process for
the production of catenated hydrocarbons and oxygenates was known
to be of the catalysis type known as "demanding" (4). This was
generally interpreted as meaning that metal atoms in specific geo-
metric arrangements were required to guide the formation of the
transition state. (b) Then current studies were disclosing the
formation of carbon monoxide hydrogenation products -- methane (),
ethane (6), methanol and various polyhydroxylic compounds (7) -—
by clusters which appeared intact subsequent to the catalyzed
reaction.

There were, however, countervailing indications the signifi-
cance of which only became apparent in retrospect. (a) Methanol
and ethylene glycol had been reported by Gresham (8) to be among
the products of CO hydrogenation by soluble cobalt catalysts under
conditions that are now known to give mononuclear cobalt species
almost exclusively. (b) Ziesecke (9), also using cobalt cata-
lysts under similar conditions, reported that methanol and ethanol
occurred among the products of the homogeneously catalyzed homo-
logation of n-propanol to n-butanol.

Our own research was not based on scepticism concerning the
essential role of clusters nor on the obscure significance of 25-
year old observations. Rather, it was based on the idea that or-
ganotransition metal compounds capable of thermal generation of
radicals or radical pairs (10,11) might afford a different entry
into the problem of CO hydrogenation with mononuclear catalyst
complexes. From this perspective, the immediate success (12) of
the attempted reactions with HCo(CO), or HMn(CO)s made it possible
for the first time to study the reductive transformations of CO
with readily characterizable catalysts by the conventional tech-
niques of physical organic chemistry. We (12,13) and others (14,
15,16,17) have now obtained evidence concerning the reaction
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pathways for the formation of oxygenates by examining kinetic or-
ders, activation parameters, product distributions, solvent ef-
fects, in-situ IR spectra, isotopic labeling, and kinetic isotope
effects. The remainder of this section will be devoted to the
conclusions which may be drawn from the evidence.

A. Nuclearity. For Co (12,13), Mn (12), and Ru (l4) based
catalytic systems a mononuclear species has been established in
each case as playing an essential role in homogeneous hydrogena-
tion to oxygenates. In catalytic systems (1l5) based on precursor
complexes containing Fe, Ni, Rh, Pd, Os, Ir, or Pt dissolved in
organic solvents, kinetic orders have not been measured, nor have
equilibria among the oligomers been determined, so that nuclearity
of the catalytically active species is unknown. (For Pd (15,17)
and Pt (lé) it is not even certain that homogeneous catalysis
occurred; for Ru carbonyls the problem of avoiding the confusion
caused by partial decomposition to metal has been discussed (14)).
King et al. (17) have examined Co-based systems at 180-200°/200
atm/p-dioxane in some detail. Precursor compounds added as multi-
nuclear species, Co,(C0)g, (13~MeC)Co3(C0)q(I), Coz(CO)gl[uy-CPhly
(IT), and Coy(CO)jq (uy=PPh), (III), [Ph=CgH5], which IR spectro-
scopy revealed as forming HCo(CO), under reaction conditionms,
catalyzed the formation of oxygenates. They reported that cobalt
added as the compounds Me3SnCo(CO)y (IV) and Coj (CO)2 [up-MeN(PF2)l3
(V), formed carbonyl-free species under the same reaction condi-
tions and were inactive for the formation of oxygenates. It ap-
pears reasonable to conclude that under these conditions only
HCo(CO), is the active catalyst for homogeneous hydrogenation to
oxygenates. This is not to deny that cluster catalysis may be
important under other conditions. For example III catalyzes hy-
droformylation at 130°/60 atm, may be recovered intact from re-
action mixtures (18a), and has been shown (18b) to exhibit selec-
tivity different from its fragmentation products. In this case
the evidence for cluster catalysis is good.

B. Activation of Hydrogen. Activation of hydrogen is
clearly as important for the catalytic processes under considera-
tion as the activation of CO. For Co and Mn the hydrogen activa-
tion mechanism is the equilibrium:

H + Mz(co)2x$ 2HM(C0)_ [0,x) = (Co,4),(Mn,5)] (2)

2
For ruthenium the hydrogen activation mechanism is not clearly
established, although King (17) reports observing carbonyl bands
in the infrared specta of catalytically active solutions in p-
dioxane which are suggestive of minor amounts of HRu,(CO);3 and
HyRuy (CO) 1o along with the major species Ru(CO)s. In the aqueous
alkaline water-gas shift system described by Pettit et al.(19)
the appearance of minor amounts of methanol among the products
may or may not involve the activation of molecular hydrogen. The
well-known hydride-forming reaction (3a) is almost certainly in-
volved in the

Fe(CO). + 20H - HFe(CO), + HCO (3a)
5 4 3
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initial stages; the analog of (2), namely (3b),
H, + Fez(cmg' ﬁznpe(cm; (3b)
may be involved as well.

C. Product Distributions (13). A distinguishing character-
istic of all the catalytic systems under consideration is the
occurrence of methanol and methyl formate among the products,
their ratio being a function of the transition metal and the ex-
perimental conditions. Polyhydroxylic products, principally

ethylene glycol, also occur with the d metals but have not
been identified with certainty among products with the d°,
d®, or a0 petals. Reactions which are clearly secondary

abound in these CO hydrogenation systems; they contributute great-
ly to the low specificity which plagues them. Among the second-
ary reactions which can occur are:

(2) alcohol homologation, the formation of ethanol from meth-
anol, n-propanol from ethanol, ete., via the formation of
metal-alkyls, metal-acyls, and aldehydes;

(b) transesterification, the formation of formate esters of
various alcohols by equilibration with methyl formate;

(c) methanolysis, the reaction of accumulated methanol with
an intermediate metal-acyl to produce methyl esters of
higher acids, particularly methyl acetate;

(d) alkane, particularly methane, formation from cleavage of
an intermediate alkyl;

(e) aldolization, vZia condensations of intermediate aldehydes;

(f) CO, formation, induced by the accumulation of water by-
product and its reaction with formate esters to produce
formic acid which is readily decomposed catalytically.

It should be noted at this point that primary and secondary
reaction products can be distinguished not only by kinetic data
(13) but also by suppression of the secondary reactioms. E.g.,
substitution of 2,2,2-trifluoroethanol for p-dioxane as solvent for
HCo (CO), suppresses homologation and methane formation; addition
of a phosphine to give the less acidic catalyst HCo(CO)3PR3 has
the same effect, as has the substitution of the less acidic cata-
lyst HMn(CO)s5.

With respect to quantitative results, Rathke and Feder have
shown (13) that when account is taken of the secondary reactions
in the cobalt-catalyzed system the fractions of primary products
MeOH(f1), MeO,CH(f3), and (CH,0H);(f3) can be rationalized as
follows:

a _o

fz/(f1 + f3) o PCo PH 1 2a?l2) (4a)
c .d

(f3/f1) a« PH PCO (c,d v 1) (4b)

The studies of Keim et al. (l5a) and Fahey (16), which were car-
ried out to much higher pressures (2500 atm. vs 300 atm.) but
with constant gas compositions, generally confirm these relations
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for HCo(CO), in that they show the methanol fraction decreases
with increasing pressure, and the ethylene glycol/methanol ratio
increases rapidly with increasing pressure; but precise relations
cannot be discerned because secondary reaction products are not
taken into account. Fahey's study (16) of the rhodium-catalyzed
reaction shows a selectivity unaffected by total pressure at con-
stant gas composition.

D. Activity. Reliable values for relative activities of
various homogeneous transition metal complexes to give oxygenates
do not exist, although qualitative ordering (1l5a) has been done.
Such orderings should, however, be suspect, especially when the
comparisons are done at a single specified temperature and pres-—
sure, because of variation in the stabilities of the carbonyls,
variation of the activation energies for total hydrogenation pro-
ducts and for specified products, variable solvent effects, lig-
and effects, ete. These phenomena may account for appraent dis-
crepancies between reports of good activity (12) for Mn,(CO);o at
240° and 300 atm. and relative inactivity (16) for the same com—
pound at 225° and 2500 atm. They may also account for the dis-
crepant reports that ruthenium carbonyl has no significant activ-
ity for ethylene glycol formation (l4) and has slight activity
(15a), because the temperature at which these studies were done
were 260° and 230°, respectively. (In work with cobalt (13) it
was noted that selectivity toward formation of ethylene glycol
decreases with increasing temperature.) It would be wrong to
attach too much significance to relatively minor discrepancies in
the absence of certain knowledge that reactors were scrupulously
cleaned between runs, etc.

The most that can be said for relative activities at this
stage is that to a good approximation in each period d2 > ds >
d10, and in each group 4d>3d>5d. Only for cobalt has sufficient
rate law data been obtained (12,13) to allow future comparisons
of absolute activities with respect to CO hydrogenation to oxy-
genates.

dlp] _ k(z) [HCo(CO)A]PH s ([P] = I Concn. products) (5a)

dt.
(PH partial pressure hydrogen)

1og10[k(2)(atm.'1sec'1)] = A — 41,000/0;(6 = 2.303 RT)  (5b)

A = 12.40 (p-dioxane), 13.02 (2,2,2-trifluoroethanol). (5¢c)

Note that the pre-exponential factors indicate only small entro-
pies of activation in the Eyring form of the rate equations. This
is a significant observation which indicates that the decrease
of entropy associated with the incorporation of a hydrogen mole-
cule at or prior to the transition state must be compensated for
by a dissociation or decrease of coordination number.

Fahey (16) finds the rate of reaction in the rhodium-based
system to be proportional in the (3.3 + 0.5) power of the total
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gas composition; he concludes that pressure-induced declustering
to species of varying activities is involved.

E. Solvent Effects. Significant solvent effects have been
noted; e.g.. Rh and Fe-based complexes are more active by about a
decade in the polar aprotic solvnet N-methylpyrrolidinone (e35¥32)
than in toluene (15a). Likewise, as noted above, the HCo(CO)y
based system in 2,2,2-trifluoroethanol (e;5=26.7) is about four
times as active as in p-dioxane (e,5=2.2) and about 20 times as
active as in benzene (ey5=1.8). It seems unlikely that such rel-
atively small changes can be ascribed to development of large
charge separations in the transition state. We attribute the
observed increases with solvent polarity to stabilization of an
important polar intermediate by a general dipolar mechanism.
Carbonyl insertions (20), for example, are of this type. 1In this
same connection it should be mentioned that although anionic
clusters of variable nuclearity are regarded as the catalytic
species in certain reactions, e.g. the Rh carbonyl-based ethylene
glycol process (7), the formation of ion pairs (the counter-ions
deriving from so-called promotors) may in fact be crucial with
respect to activity and selectivity.

Specific solvent effects, such as may be ascribed to tight
binding of certain solvent molecules in the coordination sphere
of a complex, appears not be have been encountered in primary hy-
drogenation of CO. The specific solvent effect of 2,2,2-tri-
fluoroethanol which strongly inhibits the secondary reaction of
methanol homologation in the cobalt system has been ascribed to
strong hydrogen bond donation of the type CF3CHpOH::--O(H)Me; such
complexes effectively prevent further protonation of the alcohols.

Another specific effect of some consequence arises from the
use of aqueous organic solvent mixtures. For the cobalt system,
dry solvents induce CO hydrogenations which are stoichiometric for
water (13a) (within 2% material balance) according to the reac-
tion:

aCo + (a+b--c)l-12 = CaHZboc + (a-c)HZO (6)

The production of CO, is negligible. When large excesses of water
are added new secondary reactions occur and selectivities change.
As already noted, these include hydrolysis of formates followed
by formation of carbon dioxide, enhancement of ethylene glycol
formation, and strong acceleration of alcohol homologation and of
its secondary consequences, ¢.g. methane formation. The cause of
the increase in methanol homologation rate is, in our opinion, a
solvation-enhanced increase in the ability of HCo(CO), to proto-
nate alcohols. The effect of water on ethylene glycol production
is probably quite real (21) but the cause is less evident.

F. Kinetic Isotope Effect. One of the more important ob-
servations regarding the cobalt-based homogeneous CO hydrogena-
tion system is that the substitution of gaseous deuterium for gas-
eous hydro%en causes an inverse (Z.e., kp<kp) kinetic isotope
effect, ko 2)/kH = 0.73 at 180° in p-dioxane (13b). Because
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ky # kp it is immediately evident that hydrogen is transferred in
or before the transition state and not, say, an electron followed
by a fast proton transfer. Because inverse kinetic isotope
effects are somewhat infrequently observed in homogeneous cataly-
ses the rules which govern mechanisms leading to such results have
been extensively discussed in the literature (23). In brief, for
a significant inverse kinetic isotope effect to be observed in
thermal reactions it is necessary, according to transition-state
theory, that the transition state position be strongly assymmetric
with respect to the reactant state immediately preceding and the
product state immediately following. Accordingly, this reaction
should be far from thermoneutral; in the present case, the large
activation endothermicity guarantees that the transition state
will be close to the immediately following product state. Also,
it is necessary that in the sum of steps leading to the transition
state, including pre-equilibria, there occurs a net transfer of
hydrogen atoms from lower vibrational frequency bonds to higher
vibrational frequency bonds.

For the cobalt-based system the molecularity of the transi-
tion state indicated by the reaction order is H3CoCyO, and the re-
actants are H, and HCo(CO),. Thus, two hydrogen atoms start with
values of v v 3200 cm™! and one with v ~ 1830 cm™!. If in the
transition state the strong H-H bond is not yet completely broken,
then we should expect to find the H atom originally attached to
cobalt bound to carbon or oxygen (vv2900-3400 cm—l) in the tran-
sition state.

MECHANISM

The mechanism we have proposed (13) for the cobalt-based
catalytic cycle is shown (slightly modified) in Chart I. For the
reasons described immediately above, the transition state is pre-
sumed to occur between the left- and right-hand sides of eq. 8.

Fahey (16), Keim et al. (15a), and ourselves (13) appear to
have independently arrived at the equilibrium formation of the
formyl complex 1 as a key step. Some of the arguments advanced
are given in Ref. 13b. Other principles used in the construction
of the scheme include: hydrogenolyses, indicated by [H]., are
irreversible; branching occurs viag alternative hydrogen transfers
to either carbon or oxygen of an attached aldehydic group; CO "in-
sertions'" into cobalt-carbon bonds are reversible, while those
into cobalt-oxygen bonds are not. By use of the usual assumption
of steady state concentrations of all cyclic intermediates the
experimental forms of the rate and selectivity equations (4) and
(5) are readily recovered.

HCo (co)a —_— (00)3010 (CHO) 7

1+ H, == (C0),(H),Co(CHO) (8)
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2 ——(C0) 5 (H) Co (CH,0) = CH,0 + HCo(CO), (9)
3
3 = (co) 3C0 (-OCH,) (10a)
y
Iz= (€0) 4Co (~CO,CH) (10b)
5
4+ 2CO> > (CO)ACO(;COZCH,}’) (11)
g__ﬂ]—-—»ncozcrl3 + [Co] (12)
5 J{—]——>CH3OH + [Col (13)
3 + €0 == (C0) ,Co(~COCH,0H) (14)
1
7 +H, ——=(C0),(H)Co(CHO - CH,OH) (15)
8
§ﬂ_,(cnzou)2 + [Co] (16)

CHART I. Outline Mechanism of Primary Reactions

A number of other mechanistic possibilities were examined
and rejected in the course of this work. (a) The original sug-
gestion (12) of a rate-determining step involving formation of
radical pairs

HCo (C0), + CO ———= HCO + Co(C0), 17)

was rejected when the expected first-order dependence on Ppqo did
not materialize. The involvement of Co(CO), radicals (24) in the
kinetics of 2HCo(CO), = H, + Co,(CO)g, and, presumably, the re-
verse step has been recently demonstrated, as have one-electron
reactions of trityl radical with HCo(CO), and of benzophenone
ketyl with CO,(CO)g. Thus, in Chart I each hydrogenolysis, in-
dicated by____lﬂl__,is a rapid reaction which may involve attack
by Co(CO), radicals, scission of cobalt-carbon or cobalt-oxygen
bonds, hydrogen abstractions from HCo(CO),, and Co(CO), radical
pairings. (b) A second possibility, the equilibrium formation of
low concentrations of formaldehyde, followed by a rate-determin-
ing, product-forming step which is inverse first-order in Pgq,
has been considered (13b); it was rejected on the basis that
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catalyzed decomposition of formaldehyde to Hp + CO was not ob-
served. Nevertheless, the coincidence of products from the cata-
lyzed reactions of formaldehyde and of synthesis gas (13,16)
points strongly to the involvement of a common intermediate.
Fahey (16) suggests that intermediate 3 dissociates formaldehyde;
he finds supportive evidence in the rhodium-based system by ob-
servation of minor yields of 1,3-dioxolane, the ethylene glycol
trapped acetal of formaldehyde. For reasons to be discussed
later, we believe the formation of free formaldehyde is not on
the principal reaction pathway. (c) We have also rejected two
aspects of the reaction mechanism proposed by Keim, Berger, and
Schlupp (15a): (i) the production of formates via alcoholysis of
a formyl-cobalt bond, and (ii) the production of ethylene glycol
via the cooperation of two cobalt centers. Neither of these pro-
posals accords with the observed kinetic orders and the time in-
variant ratios of primary products.

Results of Molecular-Orbital Theory Investigation

Although the intermediates indicated in Chart I have adequate
precedents in organometallic chemistry and have been discussed
elsewhere, it was thought that additional insight would be afford-
ed by applying current methods of theoretical chemistry. In par-
ticular, it was hoped that calculations within current capabili-
ties would help establish approximate structures and relative
electronic energies for various intermediates. The reader is re-
ferred to recent studies of this type for the hydroformylation
reaction (25) and for organometallic migration reactions (26).
The molecular orbital methods which have been employed for such
studies include extended Hiickel theory (EHT), CNDO, and ab initio
LCAO-SCF. .

The method employed for an initial effort to explore a com-
plex reaction sequence should be fast and inexpensive, but suf-
ficiently reliable to enable meaningful deductions concerning
structures and relative energies to be made. The results can
then be usefully employed as starting points for more elaborate
and accurate methods for detailing the energy hypersurfaces. For
this study we have chosen to use Anderson's modification (27) of
extended Hiickel theory (MEHT). MEHT differs from EHT by the in-
clusion of a pair-wise correction for atom—atom repulsions.
Pensak and McKinney (28) [PM], using this method, have recently
reported a systematic study of first-row transition metal carbonyl
complexes for which experimental bond distances and angles were
reliably reproduced, along with key bond dissociation energies.
We have chosen to perform our initial M.O. calculations also with
MEHT, but have made two modifications to the [PM] parameter
choices: (i) The set of coulomb integrals (diagonal elements),
Hj;, for Co, H, C, and O were replaced by the set of values used
by Hoffman (26a). (ii) The Wolfsberg-Helmholz parameter, K, used
for the calculation of off-diagonal elements Hjj via the relation
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1
=58;. K. .(H

15 %iy Wy + Hjj)exp(-o.13 R) (18)

H,.
1]
(R = internuclear distance; Sij = overlap integral)

is given the fixed value 2.25 by [PM]. Such a treatment fails to
give good bond energies for small common molecules which may be
involved in reactions; thus there is an inherent distortion of
energy changes in reactions. The modifications we employ assigns
the following values: (a) Kg,H = Ky co = 1.75. This value pro-
duces a bond length and a dissociation energy for H; in good
agreement with experiment, and a bond energy for H-Co(CO), disso-
ciation at its experimental bond length in good agreement with
experiment. (b) Ky,c = 1.88. This value reproduces experimental
bond dissociation energies in HpCO. (c) Ky o = 2.05. This value
reproduces experimental bond dissociation energies in H0. (d)
Kc,0 = 2.15. It appears necessary to distinguish carbon-oxygen
bonds with formal order two from carbon-oxygen bonds in carbonyl
ligands, for which K = 2.23 is employed. The [PM] parameter is
used for all other bonds.

As a result of these changes the [PM] lengths for M-C and
C-0 bonds are essentially undisturbed. We believe this minimum
parameterization is both necessary and sufficient to give a rea-
sonable approximation to the energy hypersurface.

The calculations were done in two stages. The first stage
calculations were done with the constant value K = 2.25. Bond
lengths and bond angles were optimized. The bond angles were then
fixed, and those bond lengths which were close to their reference
values were fixed at their reference values. The reference values
are as follows: Co-H, 1.56A; Co-C, 1.82&; Co-C,,[HCo(CO)4], 1.76A;
C-0 (carbonyl), 1.143; C-0 (aldehyde), 1.208; C-H, 1.10A. 1In the
second stage the parameterized values of K discussed in (ii) were
employed and the remaining geometric variables optimized to obtain
the molecular electronic energy values. By this technique the
following results were obtained.

(a) HCo(CO)y. In the C3, form the H-Co-Cgq angle optimized
at 86°; the experimental value is 80.3°. The mo%ecular electronic
energy, -923.16e.v., was taken as a reference point for subse-
quent calculations.

(b) Co(CO)3(CHO). The l6-electron formyl cobalt tricar-
bonyl, postulated as participating in an unfavorable equilibrium
with HCo(CO),, was optimized in the symmetries shown in Fig. 1.
Structure B optimized in a surprising way: the angles ©; and O
closed to 0° and 5°, respectively, while B opened to 171°. The
result is a nearly square planar structure, shown in Fig. 2. It
should be noted that the near planarity of this structure may be
sensitive to the values chosen for the coulomb integrals. The
calculated relative internal energy (0 Kelvins) of this form is
+9 kcal mole. (Uncertainties of not less than 10 kcal/mole
should be assigned to this and subsequent relative values.) Our
previous estimate (13b), based on thermochemical considerations,
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was +16 kcal/mole at 200°C. The approximate C3, form, A, opti-
mized at © = 86° and a relative energy of +39 kcal/mole; it is
unlikely to be the ground state of the pair. The possibility of
a dihapto formyl (n?-CHO) interaction was investigated for both
structures A and B, but in both cases it was less stable. Evi-~
dently, the oxophilicity of earlier transition metals is an im-
portant factor in stabilizing the n2-CHO configuration.

(¢) Hy:-:(Co(CO)3(CHO). In common with other d8 square pla-
nar complexes Co(CO)3(CHO) should lend itself to oxidative addi-
tive to yield an octahedral molecule; the approach of a molecule
of Hy should lead to the cis-addition product. Stage cne calcu-
lations were carried out for parallel and perpendicular orienta-
tions of H, with respect to the base plane. A very weak complex
(stabilization energy approximately 0.5 kcal/mole) was found with
H, located about 3A from the cobalt center in the parallel orien—
tation. The perpendicular orientation was close in energy to the
parallel orientation.

(d) Co(H),(CO)3(CHO). Two octahedral structures, mer (A)
and fac (B) shown in Fig. 3, were considered for the cis-addition
product. The bond lengths displayed were optimized at stage one;
the energies were found to be less than 1 kcal/mole apart. Using
the reference bond lengths and angles, we calculate the internal
energy of B relative to HCo(CO), + H, to be +52 kcal/mole. Con-
sidering the uncertainty limits and the lack of complete optimi-
zation, we remark that this structure has the correct stoichiome-
try and approximate relative energy to be near the transition
state (at +41 kcal/mole) on the energy hypersurface.

(e) (H)Co(CO)3CH,0). We next looked at the result of trans-
ferring a hydrogen atom in (H),Co(CO)3(CHO) to the formyl group.
The two obvious candidate complexes which result contain either a
formaldehyde grouping or a hydroxycarbene grouping. Geometry op-
timization at stage one was done with the formaldehyde H-C-H angle
and bond lengths fixed, and the other variables shown on Fig. 4
optimized. On optimization the angle o opened to about 175° and
B became 87°, i.e. the HCo(CO)3 fragment is nearly a square planar
structure. The angles y and § are 88° and 76°, respectively, and
are not complementary, Z.e. the formaldehyde molecule is no long-
er exactly planar, the hydrogens being tilted back v16°, but its
approximate plane is parallel to the basal plane. Variation of
the rotation angle, ¢, produced no potential well deeper than 0.5
kcal/mole, Z.e. rotation in the plane is essentially unhindered.
The point and angle of intersection between the X-axis and the C-0
bond of the formaldehyde fragment were allowed to vary. The opti-
mized lgcation is close to the carbon atom and the distance, R,
is 2.34A. The relative energy of this complex at stage two is +40
kcal/mole, downhill (exoergic) from the octahedral complex at +52
kcal/mole. The calculated energy of dissociation of the formalde-
hyde complex to HCo(CO)3; plus formaldehyde is +6 kcal/mole. The
thermochemically estimated value (13b) was +10 kcal/mole.

The distance of the formaldehyde oxygen from the cobalt
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center is 2.85% which indicates that there is little dihapto
character in the interaction of HCo(CO)3 with H,CO. This result
is supported by a recent study of the X-ray crystal structure of
some acyl derivatives of ruthenium by Roper et al. (30). They
found the mean difference between the oxygen-metal bond length
and carbon-metal bond length to be 0.52R; this should be compared
to a difference of 0.51A in our case. We also find a structure,
having a more nonplanar HCo(CO); fragment, which has the oxygen
of H,CO closer to the cobalt center. This structure is slightly
less stable than the complex described above. These results,
showing that cobalt can form a bond to either the carbon or oxy-
gen of H,CO, indicate that the next internal hydrogen transfer
could go either to the carbon or oxygen.

The hydroxycarbene isomer (H)Co(CO)3(CHOH) was also examined.
It yielded a complex with molecular electronic energy more than
60 kcal/mole higher on the energy scale. The hydroxycarbene com-
plex is not likely to play a significant role in the catalytic
cycle. It is of some interest to inquire why the 18e hydroxycar-
bene complex (H) (CO)3Co(=CHOH) is less stable than the l6e isomer
(H) (CO) 3Co(CHp0). The results suggest that the formation of the
carbonyl double bond makes the critical difference. The elec-
tronically delocalized structure (H)(CO)3CotS-CHy-0"8 may provide
some extra stabilization for the formally unbonded formaldehyde
moiety. The resonance form is dipolar and could be further sta-
bilized by polar solvents.

(f) (CO)3Co(CH,0H) and (CO)3Co(OCH3). These molecules have
been examined only briefly by the method outlined, the hydroxy-
methyl and methoxy groups being held fixed in the methanol experi-
mental geometry. They form quite energetically from the formalde-
hyde complex by internal hydrogen transfer to either formaldehyde
oxygen or carbon and rearrangement. It would require calculations
of great delicacy and accuracy to determine whether the difference
between the two transitional pathways accounts for the observed
branching ratio.

CONCLUSIONS

Detailed investigation of the hydrogenation of the carbon
monoxide molecule, as homogeneously catalyzed by the HCo(CO),/
Co, (CO)g system, reveals that the reactions proceed through mono-
nuclear transition states and intermediates, many of which have
established precedents. The major pathway requires neither radi-
cal intermediates nor free formaldehyde. The observed rate laws,
product distributions, kinetic isotope effects, solvent effects,
and thermochemical parameters are accounted for by the proposed
mechanistic scheme. Significant support of the proposed scheme
at every crucial step is provided by a new type of semi-empirical
molecular-orbital calculation which is parameterized via known
bond-dissociation energies. The results may serve as a starting
point for more detailed calculations. Generalization to other
transition-metal catalyzed systems is not yet possible.
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Heterobimetallic Carbon Monoxide
Hydrogenation

Hydrogen Transfer to Coordinated Acyls: The Molecular
Structure of (C5H5)2Re [(CsHs)zZl‘CHs] (OCHCHa)
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There is mounting evidence that the intramolecular
transformation of a hydridocarbonyl, M(H)CO, into a '7-
formyl, MC(O)H, is not thermodynamically favorable (1).
This has directed attention towards reactions which
provide exceptional stability to the formyl species.
The oxophilic character of the early transition metals
may provide such stabilization in the form of dihapto
binding (I). This unusual donor behavior was first
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demonstrated crystallographically by Floriani, et. al.
(2,3) for homologous acetyl complexes of titanium and
zirconium.

One approach to promoting the kinetics of hydrogen
transfer to bound carbon monoxide is based on maximiz-
ing the difference in polarity of the carbon (eg. 6+)
and hydrogen (eg. 6-) involved (4). This strategy
leads naturally to a bimolecular approach, based upon
MCO and M'H. The additional degree of freedom which
follows from employing two different transition metals
is noteworthy as an alternative to cluster activation
or catalysis.

In view of the fact that early transition metal
alkyls insert CO under very mild conditions (2,3), we
chose to examine the reactions of electron-rich metal
hydrides (5) with the resultant dihapto acyl complexes.
Such acyls obviously benefit from reduction of the CO
bond order from three (in C=0) to two. More signifi-
cantly, the dihapto binding mode will significantly
enhance the electrophilic character of the acyl carbon.

In the course of this work, we found that addition
of CpzReH (6) to Cp=Zr[C(O)Me]Me (2) yielded a product
whose spectroscopic properties were in accord with the
stoichiometry CpoRe[Cp-ZrMe](OCHMe) (7). The presence
of a chiral carbon produced a slight Inequivalence
(0.0016 ppm) in the cyclopentadienyl ring protons
attached to zirconium. These results do not distin-
guish between structures II and III, both being

H Me
szae—o\c , szRe-\c/\
/S rMesz O—ZrMeCp2
H e
I II

reasonable in view of the high oxophilicity of
rhenium and zirconium. Moreover, in view of the fact
that [Cp2ZrClA1Ets]-CH2CHz exhibits a structure (IV)

CH

2\

Cp,(AICIE t3)2r\c H/ Zr(AICIEY;)Cp,
2

LA
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with remarkably acute ZrCaCB angles (76°) (8),
structure V, with a bridging acetaldehyde ligand, also

H,’ ’M.

~
sz Re\(IJ/Zr Me Cp,

X

merits consideration. A structure of this type may
represent the transition state in the fluxional pro-
cess displayed by (Cp2ZrCl)-OCHz (9). We now report a
solution to this structural problem by means of
crystallographic methods.

Experimental

Synthesis. Crystals of CpzRe[CpzZrMe](OCHMe) were
grown ¥rom a toluenZ/hexane soEutionp(ca. 2&1) in)the
following manner. Equimolar amounts of Cp=Zr[C(0)Me]-
Me and CpzReH were dissolved in a minimum of toluene.
Within several hours, the solution had taken on the
dark orange color of the dimeric product. Hexane was
added and the resulting solution was allowed to stand
for several days at room temperature until bright
orange crystals formed. The compound is sensitive to
both oxygen and moisture.

Crystallography. The crystal was transferred to
the goniostat using inert atmosphere techniques.
Crystal data and parameters of the data collection (at
-173°, 5° < 26 < 45°) are shown in Table I. A data set
collected on a parallelopiped of dimensions 0.09 x 0.18
X 0.35 mm yielded the molecular structure with little
difficulty using direct methods and Fourier techniques.
Full matrix refinement using isotropic thermal para-
meters converged to R = 0.17. Attempts to use aniso-
tropic thermal parameters, both with and without an
absorption correction, yielded non-positive-definite
thermal parameters for over half of the atoms and the
residual remained at ca. 0.15.

Data was then collected on a smaller crystal. The
residuals improved, but several non-hydrogen aniso-
tropic thermal parameters converged to non-positive-
definite values. There was no evidence for
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Table I.

Crystal Data for

(CsHs ) 2ZrCHs (OCHCHs )Re (CsHs ) 2

Formula
Color
Crystal Dimensions (mm)

Space Group

Cell Dimensions

(at -173°C; 28 reflections)

a =
b
c =
B

Z (Molecules/cell)
Cell Volume
Calculated Density (gm/cm®)
Wavelength
Molecular Weight
Linear Absorption Coefficient
Min. Absorption =
Max. Absorption =
Total Number of Reflections collected
Nuinber of unique intensities
Number with F > 0.0
Number with F > ¢ (F)
Number with F > 2.33 ¢ (F)
Final Residuals
R(F)
Rw(F)
Goodness of fit for the last cycle
Maximum A/¢ for last cycle

Cz3H2 +0ZxrRe
yellow

0.032 x 0.019
x 0.064

P 21/3

20.762(13) A
7.843(5)
12.7214(8)
72.28(2)°
L

1973.74

2.009
0.71069 A
596.89

67.4

0.64

0.79

3449

2598

2302

2111

1894

.087
.068
1.33

.05
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decomposition during the data collection (four standard
reflections varied randomly within t 0.8 ¢), nor was
there evidence of disorder or solvent molecules in the
crystal lattice. Consequently, we report here the re-
sults from this second crystal but using isotropic
thermal parameters for all atoms except Zr and Re.
These data are corrected for absorption. In the final
least squares cycles, all hydrogen atoms whose posi-
tions are fixed by assumed sp® or sp® hybridizatign
were included in fixed positions with C-H = 0.95 A and
B = 3.0 A2; methyl hydrogens were not included.

The results of the X-ray study are contained in
Tables II-IV. Anisotropic B’s and a table of observed
and calculated structure factors are available (10).
The molecular structure is shown in Figures 1 and 2.

The cyclopentadienyl ring carbons deviate by less
than 0.6 ¢ from their respective least squares planes.
The average C-C distances in the four rings are iden-
tical within experimental error. Metal-to-ring mid-
goint lines intersect the ring planes at angles of

7.4° and 87.7° (Re) and 86.8° and 88.3° (Zr). The
shortest intramolecular nonbonded contacts are from
c(24) to ¢(3), 2.75 K, and to C(9), 2.8% KA. The
shortest distances to oxygen are from C(3) and C(15)
(both 2.92 ). All inter-ring carbon-carbon distances
exceed 3 K. Intermolecular C---H contacts (calculated
with all C-H distances fixed at 1.08 A)exceed 2,6
while intermolecular H**°*H contacts exceed 2.2 k.

Results and Discussion

Overall Structure. The results indicate that
structure III is correct and that the reaction is a
geminal addition of the Re-H bond to the acetyl carbon.
The cyclopentadienyl rings on the same metal center are
in the semi-staggered configuration typically found for
bent metallocene structures (11), while rings on dif-
ferent metals assume a cog-like arrangement (Figure
3a). The rings are arranged so that all four ring
centroids fall approximately in one plane; deviations
of these centroids are ¥ 0.1 k from their least squares
plane. The arrangement minimizes end-to-end inter-
actions of cyclopentadienyl rings with both methyl
groups, as can be seen in Figure 3. These space
filling models clearly show that both methyl groups
are located in cavities formed by the canted rings at
the opposite end of the molecule. This arrangement of
cyclopentadienyl rings contrasts with that observed
(12) in Cp=W=C(H)OZr(H)Cp*= (Cp* = CsMes). In this
carbene complex, both the minimal steric requirements
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Table II. Fractional Coordinatgs for
(Cp)2(Me)ZrOCHCHsRe(Cp)22>
104X 10%y 1042 10B(A2?)
8828 (0) 4288 (1) 6798 (1) 14
6469(1) 5769(3) 8129(2) 13
8125(12 2186(35 6577(21 21(5
8250(13 1904(37 7565 (23 26(6
8951 (12 1616(33 7306 (21 16(5
92h47(12 1792(33 6192(21 15(5
8740(13 2144 (34 5679(21 19(5
9338 (11 6862 (30 6347(19 g(l
88L2(12 7010(33 7476(21 16(5
9030(12 5870(37 8156 (20 22(5
9643 (12 5033 (32 7519(20 17(5
9824(12 5601 (40 6392 (21 25(5
6228 (14 8105(37 9564(23 27(6
6865 (14 8391 (39 8oLz (24 30(6
6859(14 8829(37 7892(23 29(6
6202(13 8735(35 7856(21 23(6
5790(12 8322 (34 8913 (21 19(5
5995(12 4293 (39 6759(20 21(5
5466 (12 5279(33 7hi12(21 20(5
5273(13 4626 (35 8u482(21 23(5
5655 (12 3208 (32 8530(20 15(5
6132(12 2990(33 7479(20 17(5
7363(8) 5414(23 7083(14 22(3
7989(11 5639(36 6329(19 17(4
7976(14 5304 (38 5104(24 3406
6733(12 bho1 (39 9566 (21 26(5

4The isotropic thermal parameter listed for those
atoms refined anisotropically is the isotropic
equivalent.

bNumbers in parenthesis in this and all following
tables refer to the error in the least significant

digits.
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Figure 1. ORTEP drawing of Cp,-
ReCH(Me)OZrMeCp, showing atom la-
beling scheme; unlabeled ring carbons
follow the numerical sequence deter-
mined by the atom labels given.

Figure 2. Stereo view of Cp,ReCH(Me)OZrMeCp, approximately perpendicular
to the bridging group, the Rh fragment is at the top.

43
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of the bridge linking the metal atoms and the bulkier
nature of the CsMes rings on zirconium dictate that the
four rings arrange themselves so as to minimize ring-
ring repulsions; that is, the plane containing the Cp
centroids and the tungsten atom is almost perpendicular
to the plane containing the CsMes centroids and the
zirconium atom. The same staggered arrangement is seen
in the salt [CpsW2Hs+][C10.”], due to the short W-W
gnonbonded) separation (13). The compound [Cp*2ZrNz]Nz
14) and complexes of the type [Cpz=MX]-0 (ll,l%,lé,lz,
18) also show staggering of CpoM units, but orbital
overlap requirements are a major determining factor in
these complexes (19).

Structural Features Around the Zr Atom. The
arran%ement of ligands around zirconium 1is quite typi-
cal of Cp=MXY structures. The methyl carbon and oxygen
atoms form an angle of 93.9(8)° at zirconium. The
centers of the Cp rings average 2.2% A from the zir-
conium atom and the ring midpoints subtend an angle of
130° at Zr. These values are all quite comparable to
those in Cp2ZrCl> (11). The zirconium-methyl carbon
distance is 2.32(3) A, identical within experimental
error to that in Cp2ZrCHs[C(O)CHz] (2). The interest-
ing feature at the zirconium center is the Zr-O bond.
Table V shows a comparison of some parameters of this
bond with those found in other oxygen-containing
metallocene dimers. An examination of these parameters
shows that the alkoxide-like ligand in both Cp2W=C(H)O-
ZrMeCp*z> and III are bound with multiplicities ap-
proaching those in oxo-bridged dimers. While steric
effects certainly contribute to the wide Zr-0-C angles
in the tungsten and rhenium compounds, the short Zr-0
bond distances imply multiple bonding due to pﬂ*dﬂ

donation, as postulated earlier (20). It should be
noted that zirconium-oxygen “single’ bonds average
2.198(9) in Zr(acac)s (21). Since dimer III contains
a Zr-C bond of purely o character, this bond length
provides an internal standard for comparison of bond
order, Thus, while the single bond radius of oxygen is
0.11 R shorter than that of carbon, the Zr-0 bond in
III is 0.37 K shorter than the Zr-CHs bond; a signifi-
cant m-component is present in this Zr-OR bond.

In Cp-MXY complexes (M = Ti, Zr, Hf), the ligands
X and Y together donate a total of four electrons to
the neutral fragment Cp>M. When Y is a non-m-donor, as
CHs in complex III, all 7 bonding is provided by X(OR);
this leads to maximum contraction of the Zr-O distance.
It was noted previously (3) that the Ti-Cl distance in
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Cp=TiC1[n2-C(0)Me], is 0.13 & longer than in CpoTiCl:.
Intramolecular competition for m-donation in this com-
plex is dominated by the n®-acetyl group, so that the
Ti-Cl bond has nearly pure ¢ character. On the other
hand, the Zr-alkyl bond lengths in III and in Cpz=ZrCHs-
[n®-C(0)CHs] (2) are identical, as expected. A final
example of this competition exists in Cp-Ti(p-nitro-
benzoate)> (22). Here, the two compositionally iden-
tical carboxylate ligands do not perform identical
donor functions. Instead, one functions as a m-donor
(Ti-0 = 1.9% A and / Ti-0-C = 157°) while the other
serves as a g-donor (Ti-O = 2.04 X and / Ti-0-C = 136°).

Structural Features Around the Re Atom. This
portion of the molecule consists of a carbon atom
bound symmetrically between two tilted Cp rings. None
of the poipgts Re, C(24), M(1), M(2) deviates by more
than 0.02 A from their least squares plane (M(i) is the
ring centroid). This is the structure predicted for a
d* complex of Cp=MX stoichiometry (19). The complexes
Cp2VC1(d?) ggz), Cp2Ti(2,6-ditertbutyl-4-methylphenyl)
%gﬂ), Cp2Ti(2,6-dimethylphenyl)(d!) (25), and Cpz=V-

N2(SiMes)=}(d!) (26) also have the symmetric structure
exhibited by the CpzReC fragment in III. According to
MO calculations (19), the more electron rich the metal
center in a “bent” metallocene, the greater the M(1)-
M-M(2) angle. Indeed, the M(ls-Re-M 2) angle in III
is 150°, while it is in the range 136°-141° in the
compounds cited above (12,23,2h,gi,g§). The largest
previously reported value for this parameter for metal-
substituted metallocenes is 149° for [CpoMoHLi]. (27)
(also formally d*). Large angles have also been re-
ported for CpzMoD- (148.2°) (28), Cp2W=C£H)OZr(H)Cp*2
(145.6°), [Cp=W2Hs]™ (148.2°), [CpMoHCO]™ (144.5°) (29)
and CpzMoHz-ZnBro-DMF (143.5°) (30).

When the metal-ring distance is short, it has been
postulated that large M(1)-M-M(2) angles are a steric
consequence of inter-ring repulsions (27). An exami-
nation of Table III shows that the Re-C(Cp) distances
are in fact shorter than those to zirconium; they are
also shorter than the corresponding distances in
several CpoMX complexes of titanium and vanadium. How-
ever, the Re-C(Cp) distances in [CpgReBrngF4 (11) are
comparably short (Re-C = 2.26, ReM = 1.924), but the
CpReCp angle in this salt is only 139.5°. Clearly the
increase in CpReCp angle is very strongly dependent on
electronic effects and on the number of attached
ligands, in accord with previous calgulations (19).
Note that the great disparity (0.28 A) in the distance
from ring carbons to Zr vs. Re in III is not reflected
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Figure 3. View of space filling models of Cp.ReCH(Me)OZrMeCp,: a, molecule
oriented as in Figure 2; b, rotated 90° about a vertical axis from a3 ¢, molecule
oriented as in Figure 1; H indicates the hydrogen atom on the tertiary carbon, C(24)

H(Me)

*
Cp, (%%) W(Re) 197 5 225 o 5y (Cpy)

2\°° 135, 009% 27223
@27 /CA’

H(H+Me)

Figure 4. Structure parameters for Cp;,WC(H)OZrHCps*; corresponding atoms
and parameters in compound 11l are shown in parentheses

American Chemical
Society Library
1155 16th St. N. W.
Washington, D. C. 20036
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in the metal alkyl bond lengths: Zr-CHs = 2.32(3) &
and Re-CH(Me)O = 2.27(2) i. o

The rhenium-¢ carbon bond distance of 2.27(2) A
does not differ statistjcally from those observed in
CpReMeBr(€0)> (2.32(4) A) (31) and CpRe(7N*-CsHsMe)Me
(2.23(3) A) (32). The distance is shorter (2.19(1) i)
in Li>(Rez=Mes?) (33).

Structure determinations of secondary metal alkyl
complexes are relatively rare, yet they provide an
opportunity to assess interactions of the metal with
the B-atoms of the alkyl. The angles (excluding hy-
drogen) about C(24) all exceed 109°, ranging from
111.7° to 115.1°, There is no evidence for any Re-:-0
interaction (compare V), this distance exceeding 3 A.
Both the B-Karbon, C(25), and its attached hydrogens
are over 3 A from rheniym. The hydrogen on the a-
carbon, C(2ha, is 2.76 A from rhenium.

Figure 4 shows the remarkable structural similar-
ity between the bimetallic carbene (12) and alkoxy
complexes formed from diverse paths: 1,2 addition of
Zr-H to a carbonyl bound to tungsten (eq. 1) and 1,1
addition of Re-H to a zirconium-bound acetyl (eq. 2).

H
0
S \Z\
Cp=WCO + (CsMes )oZrHs ——>Cp2w-c\ r(CsMes )2 (1)
H

CpzReH + (CsHs)2Zr[C(0)Me]Me —>

Me
|
CpzRe-CH(Me)0-Zr(CsHs )2 (2)

The major metric difference is in the WC (carbene) and
ReC (alkyl) bonds, the former being shorter due to its
multiple character. The similarity in CO distances
implies negligible 0 » C multiple bonding in the W/Zr
compound. This is a consequence of O - Zr 7 donation
in both compounds (compare the Zr-O bond lengths),
which represents the dominant utilization of the oxygen
lone pairs.

Conclusion

This structure determination affirms the spec-
troscopic indication that the product of the reaction
of Cp2Zr[C(0)Me]Me and Cp-ReH involves geminal addition
of the Re-H bond to the electrophilic acetyl carbon.
The unique Zr-0 bond in Cp2Zr[C(O)Me]Me is retained in
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this reaction, suggesting that it contributes to the
driving force for this facile reduction of carbon
monoxide. To our knowledge, this is the first defini-
tive example of an insertion of an acetyl carbon into
an M-H bond and we are continuing our investigation of
the importance of such insertions in Fischer-Tropsch
syntheses.
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Unusual Carbon Monoxide Activation, Reduction,
and Homologation Reactions of 57-Element
Organometallics

The Chemistry of Carbene-Like Dihaptoacyls

PAUL J. FAGAN, ERIC A. MAATTA, and TOBIN J. MARKS
Department of Chemistry, Northwestern University, Evanston, IL 60201

There is currently great interest in understanding chemistry
by which metallic reagents transform carbon monoxide, either
catalytically or stoichiometrically, into useful organic com-
pounds (1,2,3). In the case of Group VIII transition metal cata-
lysts, vast quantities of acetic acid, alcohols, aldehydes,
esters, etc., are currently produced from carbon monoxide, hydro-
gen, and various organic feedstocks. In regard to mechanism,
much of this chemistry is now reasonably well-understood. A key
reaction is the migratory insertion of CO (4,5) into a metal-
carbon sigma bond (eq.(1)) to produce a metal acyl, A, followed

CH3 CH3 (|:H3
M + CO —> M&eCO —>» M—C=0 (1)
A

by scission of the metal-carbon bond via a process such as hydro-
genolysis, reductive elimination, olefin insertion, etc.

Although this classic picture evolved from "soft," mononuclear
transition metal complexes suffices to explain a great deal of
carbon monoxide chemistry, it is not clear that it is complete or
accurate for understanding processes whereby CO is reduced,
deoxygenated, and/or polymerized to form methane, long-chain
hydrocarbons, alcohols, and other oxocarbons, especially in cases
where heterogeneous catalysts or "hard" metals are involved

for new modes of carbon monoxide reactivity and to attempts to
understand carbon monoxide chemistry in nontraditional environ-
ments.

In the past several years, it has become apparent that with
proper tuning of ligation, it is possible to prepare organome-
tallic compounds of actinide elements with very high coordinative
unsaturation and very high chemical reactivity (11,12,13). 1In
regard to exploring "nonclassical" modes of carbon monoxide acti-

0097-6156/81/0152-0053$06.50/0
© 1981 American Chemical Society
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vation, these features, combined with the very large affinity
which actinides exhibit for oxygen, offer the possibility of
drastically modifying the classical chemistry and of modelling in
homogeneous solution, some of the features of heterogeneous CO
reduction catalysts (especially those involving actinides)
(12,14-16). The prodigious strengths of actinide-oxygen bonds
can be appreciated by considering the formation enthalpies of
binary oxides (Table I) (17,18). It can also be seen that early

Table I. Representative Formation Enthalpies of Some Binary d-
and f-Element Oxides.?

TiO, VO, CrOjy MnO5 Fe304 CoO

-112 -93.9 -69.7 -62.0 -64.9 -56.9

Zxr0sp Nb02 MoO,y RuO, RhO

-130 -94.5 -66.5 -27.3 -19.5
WO2 0s04y IrOy
-67.3 -35.2 -18.3

ThO» U0,

-143 -125

a

In kcal/mole of O atoms. From references 17 and 18.

transition metals possess similar characteristics, and where mean
bond dissociation energy data exist for both classes of metals
(e.g., the metal tetrahalides) trends in actinide and early tran-
sition metal (e.g., Ti, 2r) parameters are largely parallel (19).
The consequences of this oxygen affinity for the making and
breaking of metal-to-ligand bonds can be readily assessed in
Table II (20,21). Extrapolating to the actinides, it can be sur-
mised that a Th-O bond is stronger than a Th-C bond by ca. 50
kcal/mole. -

The purpose of this article is to review recent results on
the carbonylation chemistry of actinide-to-carbon sigma bonds,
bearing in mind the unique properties of S5f-organometallics cited
above. We focus our attention on the properties of
bis(pentamethylcyclopentadienyl) actinide acyls. Just as tran-
sition metal acyls (A) occupy a pivotal role in classical car-
bonylation chemistry, it will be seen that many of the unusual
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Table II. Mean Bond Dissociation Energy Data for Some Early
Transition Metal Complexes? and Estimated® values
for Thorium and Uranium.

MRy Ti zr Hf Nb Ta Mo W Th u
R n=4 4 4 5 5 6 6 4 4
CH3 62 74 79 62 38 78> 73b
CHp,CMe3 45 54 54 530 s50b
CHyph 49 60
c1 103 117 119 97 103 73 83 117° 110D
NEt, 74 82 88 78 g6 87 81b
OPr-i 106 124 128 100 105 126> 118b
F 140 154 155 1532 1432
a

In kcal/mole, from references 19, 20, and 21.
b

Estimated from the proportionality Ac-R = M=-R(Ac-F/M-F), where
Ac is the actinide value.

features which actinide elements introduce to CO chemistry mani-
fest themselves in the chemical and physicochemical characteris-
tics of the acyls. It will also be seen that the coordinative
unsaturation and oxygen affinity of Th(IV) and U(IV) ions give
rise to highly reactive, oxygen-coordinated (dihapto) acyls with
marked carbene-like character, and patterns of chemical reac-
tivity never previously observed in solution. We discuss here
the synthesis and physicochemical properties of actinide

bis (pentamethylcyclopentadienyl) dihaptoacyls, carbon monoxide
coupling involving these complexes, rearrangement reactions of
the dihaptoacyls, as well as hydride-catalyzed isomerization and
hydrogenation reactions.

Synthesis of Organoactinide Acyls and Properties

As discussed elsewhere (12,16), the carbonylation of bis-
(pentamethylcyclopentadienyl)_Ehs;ium and uranium bis (hydro-
carbyls), M[(CH3)sC5]3Ry, leads to rapid, irreversible formation
of enediolate (B) complexes. Although there is circumstantial
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evidence (lﬁ) that such species could arise from intra- or inter-
molecular coupling of dihaptoacyl functionalities, the very high
reactivity of the organoactinides has so far precluded the obser-
vation or isolation of intermediates on the reaction coordinate
leading to the enediolate. On the other hand, solutions of
actinide bis(pentamethylcyclopentadienyl) chlorohydrocarbyls
(11,22,23) and dialkylamidehydrocarbyls (14) absorb an equivalent
of carbon monoxide in the course of 0.2-1.5 h at low temperatures
to yield actinide acyls. Representative examples are illustrated
in eq.(2). Unlike analogous early transition metal systems

M[(CH3)5C5]2(X)R + *CO — M[(CH3)5C5] 2(X) (*COR) (2)

1a M=Th, X=Cl, R=CHC(CH3)3, "c=12c

~e~

1b M=Th, X=Cl, R=CH,C(CH3)3, *c=13c

~e

2a M=Th, X=Cl, R=CHyCgHs, *c=12c
3a M=Th, X=N(CH3)y, R=CH3, "c=12c

4a M=y, x=Cl, R=CgHs, "C=12c

~~

4b M=U, X=Cl, R=CgHs, "c=13c

(24,25,26,27), the insertion in these organoactinides is irre-
versible. The new compounds were characterized by elemental
analysis, infrared and nmr spectroscopy. The C-O stretching
frequencies, verified in several cases by 13¢ substitution,
provide important information on the metal-acyl bonding. In
particular, the energies (Table III) are considerably lower
than in classical transition metal acyls (Voo = ca. 1630-1680
em~1) and suggest dihaptoacyl ligation (C, D).

A A\
M—C—R <«—> M &:C—R

< b

Dihaptoacyl coordination has been previously observed in
several transiton metal systems. For later transition metals
such as Ru (28) and Mo (29), the metal-oxygen interaction, as
judged by metrical parameters and the relatively high vggo fre-
quencies, is relatively weak. For early transition metal
complexes such as Ti(CsgHg)(Nn2-COCH3)Cl (25) and Zr(CsHs)p -
(nz—COCH3)CH3 (26) , the metal-oxygen interaction is significantly
stronger, but still does not equal that in the organoactinides.
These differences can be demonstrated by several lines of evi-
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Table III. Infrared Vibrational Spectroscopic Data for
Organoactinide Dihaptoacyls.?®

Compound Voo vl3co
Th[ (CH3) 5Cs5] 2 [N2-COCH,C (CH3) 3]1C1  (1a) 1469
Th[(CH3)5Cs5] 2 [n2-13COCH,C (CH3)31C1  (1b) 1434
Th[ (CH3) 5C5] 5 [N2-COCH,CgH51CL (2a) 1439
Th[ (CH3)5C5] 2 (n2-COCH3)N(CH3) 5 (3a) 1483
U[ (CH3)5C5] 5(n2-COCgHg)C1 (4a) 1429
UL (CH3)5C5] 2 (n2-13cocgHs)Cl (4b) 1404

4Recorded as Nujol mulls; data expressed in wavenumbers.

dence. First, as already noted, carbonylation is irreversible
for the organoactinides studied to date, while it is reversible.
for analogous transition metal bis(cyclopentadienyl) and bis-
(pentamethylcyclopentadienyl) systems. Second, the C-0
stretching frequencies of the f-element nz-acyls (Table III) are
substantially lower than for comparable d-element n2-acyls.
Examples of the latter are Zr(c5H5)2[n2-COCH2C(CH3)3]Cl where
Voo = 1550 cm™1 (26), 2r(CsHs)2(n2-COCH3)CH3 where Veg = 1545
em~1 (25), Hf(C§H5)2(n2-COCH3)CH3 where Vg = 1550 cm™! (25), and
zr [ (CH3)5C5]) 5 (N2-COCH3)CH3 where Voy = 1550 cm™! (27). The
reduced C-0 force constant can be taken as evidence for a major
contribution from the carbene-like resonance hybrid D. Further
support for the greater importance of this electronic structure
in the case of the f-element ions comes from 13C nmr spectro-
scopy. For diamagnetic Th[(CH3)5C5]2[“2-13C0CH2C(CH3)3]C1r

the acyl carbon chemical shift occurs at a remarkably low value
of § 360.2 (CgDg), reminiscent of carbene complexes (30,31),
while for Zr(C5H5)2[n2-COCH2C(CH3)3]CI, the resonance frequency
is at § 318.7 (CgDg) (24).

The molecular structure of 1 has been determined by single
crystal X-ray diffraction techniques (15) and the result is
illustrated in Figure 1. The actinide coordination geometry
features the familiar, "bent sandwich" M[ns-(CH3)5C5]2X2
structure where X = Cl and nz-COCHzc(CH3)3. Two features of the
dihaptoacyl ligation are particularly important. First, the
Th-O distance (2.37(2) A)is 0.07 A shorter than the Th-C
distance (2.44 (2) A). This ordering is in contrast to the
corresponding M-O vs. M-C parameters in Ti(05H5)2(n2—COCH3)C1
(2.19(1) vs 2.07(2) A) and Zr(CsHg)5(n2-COCH3)CH3 (2.290(4) vs.
2.197(6) R), where the metal-oxygen distance is clearly longer
than the metal-carbon distance. Furthermore, the Th-O distance
in 1 is only ca. 0.17 A longer than Th-O bond distances in
other bis (pentamethylcyclopentadienyl) thorium organometallics
containing metal-oxygen bonds, i.e., 2.150(4) A in the enediolate
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{Th[(CH3)5C5] 2 [M-05C3(CH3) 5] } (16) and 2.27(1) A in
{Th[(CH3)5C5] 2 [u-CO(CH2C(CH3)3)COIC1}2 (15) (vide infra).

The second important structural feature in 1 concerns the
orientation of the nz-acyl ligand. The C-O vector in the present
case points in the direction away from the Cl ligand, while in
the aforementioned titanium and zirconium compounds, the C-O vec-
tor is oriented toward the non-acyl monohapto ligand (E vs F).
The reasons for these differences are not entirely clear.

N _R
J ¢ o
M7 " \
\\\R \tg\:o
R
E E

Molecular orbital considerations suggest that for a transition
metal M(CgHg) 3Ry complex, initial CO activation will involve
electron flow from the carbon-centered CO ¢ donor orbital into
the M(CgHg)aRp LUMO (32,33). That is, attack will be in the
direction perpendicular to the (ring centroid)-M-(ring centroid)
plane yielding, after R migration, structure E. Although isomer
E has been previously proposed (34) as a fleeting intermediate
in 2r(CgHg) o (p-CgHyCH3) 5 carbonylation, the present results are
the first case where such a structure has been unambiguously
identified. 1In all probability, the two configurations (E and
F) differ little in energy content and can rapidly interconvert.
Indeed, for U[(CH3)5C5]2(n ~-CONR3)C1 compounds, both isomers are
in equilibrium, with AH = 1.2 * 0.1 (R=CH3), 0.8 * 0.3 (R=CyHg)
kcal/mol; AS = 8 + 1 (R=CH3), 9 * 3 (R=CyHg) e.u. Inter-
conversion of the two structures is rapid on the nmr timescale
with AG = 8.9 t 0.5 (R=CH3, -80°C), 8.9 t 0.5 (R=CyHg,

-70°C) kcal/mole (14). In regard to whether the unique spectral
characteristics of 1 and the other actinide dihaptoacyls might
arise 31mp1y from having structure E, the information on

2r (CgHg) 5 [n? —CO(E-C6H4CH3)](27C6H4CH3) (34) indicates that
structures E and F exhibit similar v g values (1480 and 1505
em~1) and s C(acyl) shifts (300 and 301 ppm). To summarize,
these results indicate that the coordinative unsaturation and
oxygen affinity of the actinide environment have perturbed the
ligation of inserted carbon monoxide further toward the
nonclassical, carbene-like hybrid (D) than has heretofore been
achieved. Such a situation provides a unique opportunity to
explore new patterns of metal acyl reactivity in solution.

Carbon Monoxide Oligomerization by Organoactinide Acyls

In the presence of excess CO at room temperature,
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Th[(CH3)505]2[n2—COCH20(CH3)3]C1 reacts with an additional
equivalent of carbon monoxide according to eq.(3).

t
2 Th[(CH3)5Cs5] 5 [*COCH, (CH3) 3]1C1 =
1 * 12 25°, 12 h
fﬁ *g ; 13g ca. 50% isolated yield
- [ThI (Cli3) 5Cs] 5 [*CO(CH,C (CH3) 3) C0lCL (3)
sa "c = o212

~

5 *c = 13¢; :‘E-: = 12¢
%

13¢

sc *c = 12
A

The compound 5 can be obtained from toluene as dark-violet
crystals (starting material }, is pale-yellow). The empirical
formula and molecularity of S could be readily established from
elemental analysis and cryoscopic molecular weight data, but
little other unambiguous structural information was evident in
the infrared and nmr data. The crystal structure of 5 was deter-
mined by single crystal X-ray diffraction methods (15) and the
result is shown in Figure 2. 1In effect, oligomerizszion of four
carbon monoxide molecules has occurred to produce a dimeric
thorium complex of an enedionediolate ligand (G). The

. \C*,
[(CH3)505]2Th\\ +l
_C + .0 cl
A 07 NX¢”\
| Th[(CH3)5C5]2
Zeg A
R N o'.

G

metrical parameters are in accord with the resonance structure as
drawn. Thus, C4-0, (Figure 2) (1.26(2) A) is shorter than Cp-Op
(1.34(2) A) while Th-0, (2.53(1) A) is considerably longer than
Th-0p (2.27(1) A). The Cp-Cp' distance of 1.35(4) A suggests
appreciable double bond character.

At the present, the most straightforward mechanism for the
formation of 5 from L is via insertion of CO into the Th-C(acyl)
bond to form a ketene (H, I) (eq.(4)) which subsequently
dimerizes. Presumably, initial CO interaction could involve
coordination either to the metal ion as shown or to the
electrophilic vacant "carbene" p atomic orbital. Considering
the affinity of the Th(IV) ion for oxygenated ligands, interac-
tion of the ketene oxygen atom with the metal ion seems reason-
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Figure 1. ORTEP drawing of the non-
hydrogen atoms of Th[(CHs)sCs]o[7*-
COCH ;C(CH,)s]Cl molecule, 1; all atoms
are represented by thermal-vibration el-

lipsoids drawn to encompass 50% of the
electron density (15) Journal of the American Chemical Society

Journal of the American Chemical Society

Figure 2. ORTEP drawing of the nonhydrogen atoms of one of the two crystal-

{ographthlly independent {Th[(CH;);Cs]s[u-CO(CH,C(CH;)s)CO]CIl} molecules

in the unit cell of 5. The stereochemistry of the second molecule differs from this

one primarily in the orientation of the t-butyl groups. All atoms are represented

by thermal-vibration ellipsoids drawn to encompass 50% of the electron density
(15).
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S\ /N AV A

M&:C-R —> Me:CR—>»M C > M C 4)
) r ||
C =C 10 —C,
W -
0
H 1

able. There is ample precedent for the reaction of carbenes

with CO to form ketenes (35,36), the transfer of coordinated car-
benes to carbon monoxide (37,38), and the formation of stable
complexes between transition metal ions and ketenes (37-43). The
precise manner in which the ketene units formally couple in the
present case to form a dimer has not been observed for free kete-
nes (44). Important information on the mechanism of CO tetra-
merization is provided by 13¢ nmr experiments. Thus 1a reacts
with 13co to yield 5¢ with > 95% of the label incorporated at ¥C
(8= 158.6 ppm in CGDG)' while 1b reacts with 12c0 to yield 5b
with > 95% of the label retalned at *c (6=216.8 ppm in C6D6))o
It is evident that the thorium ion has activated the inserted
carbon monoxide, and that the resulting chemistry has a
distinctly carbenoid character. Further studies of the mechanism
of this unique carbon monoxide homologation process are under
way .

Rearrangement Reactions of Organoactinide Acyls

As already noted, the carbonylation of bis(pentamethyl-
cyclopentadienyl) actinide hydrocarbyls is irreversible in the
cases studied thus far. Thus, thermolysis does not result in CO
loss, but rather in interesting chemical reactions. Thermolysis
of 1 (15) in toluene solution results in hydrogen atom migration
to yield an enolate (eq.(5)). NMR studies establish that eq.(5)
is essentially quantitative, and that the stereochemical course

‘¢
1 100 1\; oL, _Ctouy;
LT . / Th c=cC (5)
80% isolated \Cl / \
yield Ha Hp
6a c* =12

’6}2' c*- l3c
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of the rearrangement is greater than 95% cis. The proton nmr
spectrum exhibits singlets at 6§ 2.03 (30H) and at 1.34 (9H), and
doublets at § 6.30 (Hp, Jy -Hg = 7.2 Hz) and 4.14 (Hg,
JHp-Hp =7.2 Hz). NMR stud%es on 6b demonstrate that the C-0
bond of 1b remains intact during the rearrangement process.
Thus, the H nmr spectrum of 6b in the olefinic region exhibits a
doublet of doublets at § 6.30 (Hp, J13o_g = 175 Hz, Jyp-pp = 7.2
Hz) and a pseudotriplet at § 4.14 (Hg» J13c_ ~ Jy,-H =7.§ Hz).

The hydrogen atom migration observed on ermo?ysgs of 1 is
reminiscent of 1,2-hydrogen atom migrations in carbene chemistry
(45,46,47). The stereochemistry of such processes is now xela-
tively well-understood and involves initial hyperconjugative
interaction between a gauche C-H bond and the carbene unoccupied
p atomic orbital, followed by a low activation energy 1,2 shift
(eq. (6)) (ﬂl4_814_glﬂ)o

S5, H
—> ¥ —» Ye=c? (6

Application of this picture to the present thorium acyl system
(l) suggests that a hydrogen atom migration to the electron defi-
cient carbenoid p orbital must occur from a conformation (J)
other than that found in the crystal structure (H) (Figure 1) to
yield the cis product. These relationships are illustrated in
egs. (7) and (8).

040" R o R
Th¥<¥C—C ——— > ThZYvCo=C" (7)
S~ Th?  ¥C=Cqy
g
O‘“H
Th'g‘g—ézg EE— Th'OH"C=C:g (8)

K

Additional evidence for the oxycarbene character of the
inserted carbon monoxide is derived from studies of the
chlorotrimethylsilylmethyl compounds Z and 8 (eq.(9)).
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ZS, /cuzsi(ca3)3 .p'-\
N *co NS\ ;
% CHySi(CH3)
5 / \ Tso—) P /M\—-C 251 373
cl 20 min cl

s

7a M=Th,*c=l2¢

* o0~
B N oL bo-ensicom
: :C"=CHpSi
§3 Mey, *oml2¢ /H\ C 2Si(CH3)3
93. M=U, *0-130 a l

P (9)

o

\H/ S et=c{

/ \ Si(cu3)s
cl

9a M=Th,*c=12¢
9b M=Th,*c=13c
2
10a M=u, *c=12¢
pA]

10b M=y, *c=l3¢
22

Carbonylation at low temperatures yields unstable intermediates
which, on the basis of nmr spectra, are ascribed to dihaptoacyl
complexes. On warming to room temperature, these intermediates
rearrange, and compounds 9 and 10 are formed in essentially quan-
titative yield. The structures of these rearrangement products
as well as the integrity of the *c-0 bond during the trimethylsi-
lyl migration were established by the usual analytical techniques
as well as 'H and 13C nmr spectroscopy. In particular, 9a exhi-
bits proton nmr signals (CgDg) at § 2.01 (30H, s), 0.24 (9H, s),
4.54 (1H, s), and 4.88 (1H, s). In 9b, the latter three resonan-
ces are doublets with J43._., = 2.0, 9.6, and 6.6 Hz, respec-
tively. The migration of (CH3)3Si in preference to H is not
unexpected in carbene chemistry. Third-row elements are known to
exhibit substantially greater migratory aptitudes than hydrogen
atoms (47,51,52,53).
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Reaction of Organocactinide Acyls with Hydrides. Catalytic
Isomerization and Hydrogenation

Metal hydrides and acyl-like CO insertion products are two
types of species likely to be present in any homogeneous or
heterogeneous process for the catalytic reduction of carbon
monoxide. The discovery and understanding of new types of reac-
tivity patterns between such species are of fundamental interest.
As discussed elsewhere (11,22,54-57), bis(pentamethylcyclo-
pentadienyl) actinide hydrides (58) are highly active catalysts
for olefin hydrogenation as well as H~-H and C-H activation.

Thus, the reaction of {Th[(CH3)5C5]2H2 }2 (11) with the organo-
actinide dihaptoacyls was investigated to learn whether the
inserted carbon monoxide was susceptible to any unusual modes

of hydride reduction. 1In particular, analogues to the well-known
insertion of carbenes into metal and metalloid hydride bonds
(59,60) would offer a means to functionalize the acyl carbon
atom.

The reaction of 1 with 1 in benzene solution at room tem-
perature is complete within several hours. Compound 11 is
unchanged while ], is transformed quantitatively into an enolate
12 (eq. (10)). This rearrangement product was characterized by

0 Hp

\ /o\. ~CH,C(CH3) {Th[(CHy)5Cslatat2 > —-(']é—m/ \F=°/

e ; Th&:C-CH2 3/3 . /\ iy \C(CH3)3
\cl cl

(10)

R
o

standard techniques, with the trans stereochemistry (> 95%
isomeric purity) being established by nmr (JHA'HB = 12.0 Hz in
12 versus 7.2 Hz in the cis isomer 6) as illustrated in

Figure 3. The reaction is catalytic in thorium hydride and, at
35°C in CgDg with [1] = 6.3 x 1073 M and [11] = 3.8 x 1074 ¥,
occurs with a turnover frequency per ThHy moiety of ca. 8 h-1.
The mechanism of this catalytic dihaptoacyl isomerization is pro-
posed to involve initial insertion of the acyl carbon atom into
the Th-H bond, followed hy B -hydride elimination. This process
is illustrated in eq. (11). There is precedent in recent
transition metal chemistry for the formation of stable MOC(R)HM'
species analogous to 13 from MH and M'(r?-COR) precursors (61).
In the present case, the trans stereochemistry of the enolate
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H

0 0
s Th-H s
TH¢~7C-CHyC(CH)3 —— TH ﬁ-c(
A "ceny)s
Th H

13

~ | 4wy

O

AN 7
Th C=C
Hy  “c(CH3)3 an

Hp

product can be readily understood in terms of the sterically
most favorable conformation from which Th-H elimination in 1} can
occur. Thus, conformation L maintains the greatest distance

Th— Th—
}'L ﬁR\
ThH \->\RH Th \->\.|H
L M

between the bulky Th[(CH3)5Cg5]5(C1)0O- and -C(CH3)3 groups.
Extrusion of the favorably eclipsed (62,63) Th-H moiety from the
preferred conformation then yields the observed trans product.
Further support for the proposed mechanism of hydride-
catalyzed dihaptoacyl isomerization is derived from deuterium
labelling studies. When the reaction is conducted with an excess
of {Th[(CH3)5C5]2D2}2, the enolate product is selectively
deuterated at the Hp position (Figure 3b) as expected from
eq.(12). Furthermore, nmr studies confirm the production of
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0 H

0 Th-D /
Th/(—}C-CHZC(CH3)3 Th >c._-c—c(cn3)3
D
Th

£ a2

0 H
' e=c{
D c(CH3)3

{[(CH3)5C5] 2Th(H)D}, as required by eq.(12).

If hydrogen gas is added to the reaction mixture of ] and ll
the hydrogenolysis reaction of thorium-to-carbon sigma bonds
(11,22) allows interception of species 13 and thus, catalytic
hydrogenation of the inserted carbon monoxide functionality. At
35°C under 0.75 atm initial Hy pressure with [1] = 9.0 x 10-3 M
and [1]] = 6.5 x 10~4 M, hydrogenation and isomerization are com-
petitive and both the enolate and the alkoxide reduction product
13 are produced (eq.(13)). Under these conditions, turnover fre-

0 AN A
TH4m}C-CHy C(CH3)3 ——> TH <
H i b “c(cH3)3
™ H

MH &h-ﬂ (13)
i

0.
/0N N\
T CHy-CH,C(CH3)3 m” Jc=c
27 B clcis)s
14 1z

quencies per ThH; moiety for isomerization and hydrogenation
(initial) are ca. 8 h~1 and 4 h‘1, respectively. A typical nmr
spectrum of such a reaction mixture is illustrated in Figure 4.
Reduction product 14 was independently synthesized via the reac-
tion shown in eq.(14). If the reaction in eq.(13) is conducted
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Figure 3. A. 'H NMR spectrum (90 MHz, FT, CsDs) of a mixture of {Th-

[(CH;);Cs]:H,}; and Th[(CH;);C;]s[trans-OC(H)=C(H)C(CH,);]Cl, (12); the

latter was produced by catalytic isomerization of Th[(CH,);Cs],[n*-COCHC-

(CH;)s]Cl, 1a. The peak at § 19.3 is the hydride resonance; the inset shows the

olefinic AB pattern of 12. B. 'H NMR spectrum of the olefinic region of 12 pre-

pared with an excess of {Th[(CH;);C;];D,}, i.e., Th[(CH,);C;]s[trans-OC(D)—=C-
(H)C(CH,),]Cl: S = C:D;H.

/°'\\ l/ )

Figure 4. 'H NMR spectrum (90 MHz, FT, C;D;) of a mixture of Th[(CH,);C;]s-

[trans-OC(H)=C(H)C(CH,);]Cl, 12(a), and Th[(CH3)5C5],(OCH,CH,C(CH;;'),-

Cl, 14(b) prepared by the {Th[(CH,);C;],H,}s-catalyzed competitive isomerization
and hydrogenation of Th[(CH;);C;]s[s*-COCH,C(CH);]Cl.
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/7//jj- cl ’,OCHzcﬂzc(CH3)3
.f-—.(\/'n(cl + NaOCHyCHpC(CH3)3 —> ‘L/SV\/rh ~a (14)
\% % + NaCl

14

=

with excess [Th[(CH3)5Cs5] D3] under Dy, the alkoxide product 1§'
is > 85% deuterated (by nmr) in the a position (eq.(15)). The

s Th-D 0 _c(cH3)s3
The\c-cuzc(cu3)3 — ™ ;ﬁ\

p2 / 4n- (15)

T~ NCDyCHyC(CH3) 3

15

~

activity of {Th[(CH3)s5Cg]lH3}> as a hydrogenation catalyst
is also illustrated by the interesting observation that the
hydrogenation of enolate 12 to produce 11 occurs as a secondary
reaction in eq.( 13). Under the conditions cited above, an
approximate turn-over frequency of 0.01 h™ -1 is calculated.

The catalytic hydrogenation of inserted carbon monoxide is by
no nmeans limited to nonconjugated thorium alkyl precursors.
Thus, the uranium benzoyl compound 4 is readily hydrogenated
(eq.(16)); in this case, the intermediate cannot undergo B~

0,
&/\ {Th[(CH3)5C5]2H2}2‘ &/o\
> u<—:c-© > vl N 16)

a Hy N\ Na
4 16

hydride elimination, and only benzyloxy product 16 is formed in
the reaction. An authentic sample of 16 could be synthesized by
the reaction of U[(CH3)5Cg5]oCly with one equivalent of CgHgCH,ONa
in diethyl ether. Under conditions comparable to those in

eq. (12), the turnover frequency per ThHj unit for hydrogenation
of 16 is ca. 1 h™ -1, 1f Th[(CH3)5C5]1 3Dy /Dy is used in eq.(16),
the product is > 90% deuterated in the o=-position (eq.(17)).



Publication Date: May 5, 1981 | doi: 10.1021/bk-1981-0152.ch004

4. FAGAN ET AL. Chemistry of Carbene-Like Dihaptoacyls 69

o {m(cu 2(4 17
.\/Lf\:-}c-cws [CH3)5C512D0} 5 ) \u\’o

AN
—> / CD2CgHs
c1 D2 c

Although not the central subject of this review, several thorium
dihaptocarbamoyl complexes (14) Th(nz-CONRz), were also examined
with respect to thorium hydride-catalyzed reduction. Under 0.75
atm Hy and over the course of several days at temperatures as
high as 100°C, no hydrogenation was observed. These results are
in accord with other spectral, structural, and chemical data (14)
indicating the importance of carbamoyl resonance hybrids O and P,
and that the carbene~like reactivity is significantly reduced in
comparison to the acyls (14).

_0

o) 0"
-
Thé-}C-NRz <«—> The

+ &N\ +
}?NRZ <«—> Th——-C=NR2

X o P

In related transition metal chemistry, it has been noted that
Zr(05H5)2(n2-COCH3)CH3 can be stoichiometrically reduced to
Zr (CgHs) 2 (OCHaCH3)CH3 by Mo(CgHg)oHp (61). The source of hydro-
gen atoms is largely but not exclusively the hydride ligands. It
is also known that carbene complexes of the type M&—=:C(R)OM' can
be hydrogenated to Hy(R)COM' alkoxides (65). All attempts to
bring about the uncatalyzed hydrogenation of the organoactinide
dihaptoacyls have so far been unsuccessful.

Discussion

It is intriquing to speculate upon the degree to which the
organoactinide carbonylation results may constitute homogeneous
representations of key transformations in heterogeneous catalytic
CO reduction. Both systems exhibit high unsaturation and oxygen
affinity. In the heterogeneous systems, high oxygen affinity is
demonstrated by evidence for dissociative CO adsorption
(8-10,66-72), labelled alcohol and ketone deoxygenation
(8,9,10,73), labelled ketene deoxygenation (74,75), as well as
surface alkoxide, carboxylate, and possibly dihaptoacyl formation
(76,77). Further connection between the two areas may exist in
the role which actinide elements play in heterogeneous CO reduc-
tion catalysis. The "isosynthesis" reaction is a catalytic pro-
cess for converting synthesis gas into branched paraffins,
olefins, alcohols, and aromatics over thoria (ThO;) alone or pro-
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monly used as a support in transition metal-catalyzed CO
reduction (8,9,10). Actinides are components in a number of
other heterogeneous CO reduction catalysts (83,84,85).

To the extent that mechanistic similarities exist, it is of
interest to examine several crucial transformations in catalytic
CO reduction and to see whether the organoactinide carbonylation
results contribute to a better understanding of what may be
occurring. The insertion of CO into a surface metal-hydrogen
bond to produce a formyl (eq.(18)) has been discussed at length

(0]

|
M-H + CO — M—!:—H (18)

as an initial step in heterogeneous CO reduction (86). A concep-
tual problem in invoking this process has centered around the
apparent endothermic character of the reaction for many tran-
sition metals (the metal-hydrogen bond strength is probably
substantially greater than analogous M~-C bond strengths). One
means by which such a barrier may be surmounted is by involving a
dihapto bonding mode for the inserted CO (eq.(19)). Such ther-
modynamic leverage was already discussed for thorium in this

0]

/\

M~-H + CO === M&:C-H (19)

review and is a possible reason why CO insertion into actinide-
hydrogen (87) and early transition metal-hydrogen (65) bonds is
facile. This type of bonding also appears to drive the insertion
of CO into actinide-dialkylamide bonds (14). Of course, a
cluster of later transition metal atoms, each with a weaker
metal-oxygen interaction, might serve the same function (6).

The present results indicate that catalytic hydrogenation of
a dihaptoformyl subsequent to CO insertion should be facile
(eq. (20)). Furthermore, the organoactinide studies demonstrate

o 0
/ Hp
M<—§C-H [T M/ \cu3 (20)

that such processes can be homometallic and do not require the
agency of both a "hard" and "soft" metal ion. Although the
sequence of egs.(19) and (20) provides a plausible route to
methoxy functionalities, it is still necessary to inquire as to
how chain growth occurs in processes yielding higher molecular
weight organics. Coupling of dihaptoformyl species (e.g.,

eq. (21)) is one possible vehicle for C~C bond formation.
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H H H H
[ \ 7/
cC ¢ Cc=C
/) \ /0 (or trans isomer)
HH 0 l l 0 (o]
i1 900 N\ 7/ ? ! (21)
MM——> M M —> M M

Enediolates are now known for organoactinides (14,16,87) and
early transition metal organometallics (65). The results pre-
sented here and elsewhere (54,55) suggest that actinide hydrides
should catalytically hydrogenate enediolates to glycolates

(eq. (22)). Liberation of ethylene (vide infra) would then pro-
duce

H H
v / Hy
Fa Sl
0 0 0
\ | | i
M M M M

an attractive building block for chain growth. As shown
elsewhere, supported organoactinide hydrides are active catalysts
for ethylene polymerization (54,55). Ethylene has been impli-
cated as a basic building unit of long-chain hydrocarbons in cer-
tain Fischer-Tropsch reactions (70). It is also conceivable that
ketene-forming reactions as in e&?(4) could play a role in chain
growth. Combined with the observation that organoactinide hydri-
des readily add to organic carbonyl groups (88), plausible sche-
mes for saturated oxocarbon complexes can be generated (egs.(23)
and (24)). Another possible process for chain growth

M
|
.0 0
M/ \\C/R M-H 4 \\ /R
—_— M c\ (23)
0-¢C, 0-~C—H
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M
|
R .0
NN &
¥ el R
M l _ M\ /C\ (24)
C 0 Hy H
\o/ N\ o—ten
i M 0
/C:()'"' n—c” \
R | M
n-c¢ A
O‘.

R |
M
involves chemistry for transforming C-O into M-O bonds (egs.(25)
and (26)) and thus creating M-C bonds for further func-
tionalization.

0-CHj 0
/\ /N
M—M —> M M (25)

CH3

o cH v
M/ \M/ o 7\ /‘,:C

——> M M —> etc. (26)

Equation (25) introduces another conceptual question in cata-
lytic CO reduction--how C-O bond scission occurs. One possible
process is, as shown, driving an M-0-C - M-0-M-C transposition
with the high oxygen affinity of the metal involved. If such a
process occurred prior to hydrogenation, carbide formation would
result (6-10,68,69). It is thought that such species may play
a major role in some CO reduction catalyses as methane, methyli-
dene, methylene, and methyl precursors. The process shown in
eqg. (25) can also be viewed as an oxidative addition of a C-O bond
to the metal (89,90,91). A relevant observation in organoura-
nium chemistry is a ring-opening reaction of tetrahydrofuran (92)
(eq.(27)). The source of the § hydrogen atom has not yet been
elucidated. An instructive analogy to the M-0-C > M-0-M-C

UCl3 + 3 NaCgHg —2i—> U(CgHsg)30CH,CHCHCH3 (27)

transformation also exists in borane-carbonyl chemistry (93) (eq.
(28)) and in borane, alane reductions of metal carbonyls (86). The
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CR3
0 B
R3B + CO — RyC BR —> 0 c|> (28)
| . \
RB CRy B B
N
o R3c/ \O/ cr3

high oxygen affinities of boron and aluminum are doubtless a
major driving force for this reaction. Once formed, the M-C
bond could readily undergo hydrogenolysis or further car-
bonylation. Redox processes, as demonstrated for low-valent,
early transition metal complexes (94,95) offer yet another means
to form C-C bonds and to simultaneously break C-O bonds (egs.(29)
and (30)). There also appears to be precedent for eq.(30) in
low-valent uranium chemistry (96).

[
o) o
| )
~
Mn rlm —> Mn+l >Mn+1 + R-R (29)
~
0
Ry Rp
d o 0
-~
g M‘i1 Nyn+1 RpC=CRy (30)
Mn Mn o}

Two additional problems in understanding heterogeneous cata-
lytic CO reduction concern the means by which M-O bonds are
cleaved to produce alcohols and the fate of the metal oxides once
formed. 1In regard to the former issue, most metal alkoxides
(including those of actinides) readily undergo protolysis to form
alcohols (97) (eq.(31)). The source of the protons could be

+
M-OR -1 M* + HOR (31)

competing methanation and/or alcohol dehydration chemistry. In
catalytic systems which only produce alcohols, "heterolytic"
Hy activation (98,99) (eq.(32)) may provide both metal hydride

Hy l
-M-0- ————>» -M O~ (32)
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and protonic functionalities. This process currently has very
little precedent in conventional homogeneous chemistry (1QQ—EQZ)-
For organoactinides, and for most early transition metal hydrides
in solution, the equilibrium doubtless lies far to the left.
Clearly this is an important reaction pattern to better under-
stand through future "modelling" experiments. Likewise, the
mechanism by which metal oxide functionalities produced in the
various deoxygenation processes are returned, via hydrogenation,
to the reduced state bears little analogy to existing solution
organometallic chemistry. Again more information is needed.

The present results provide an informative picture of how
carbon monoxide interacts with relatively weak two-center, two-
electron metal-ligand sigma bonds in a coordinatively unsaturated
metallic environment having high oxygen affinity and high kinetic
lability. Migratory insertion leads to dihaptoacyl species in
which coordination of the carbon monoxide oxygen atom is a major
component of the metal-ligand bond. Subsequent reaction patterns
of the dihaptoacyls evidence a pronounced carbene-like reac-
tivity. Processes in which a bonding or nonbonding electron .pair
attacks the acyl carbon atom to break the metal-carbon bond (with
retention of the metal-oxygen bond) appear to be facile and
widespread. Thus, it has been demonstrated for the first time
that such activated acyl carbon atoms can be involved in CO oli-
gomerization as well as catalytic isomerization and/or reduction.
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Abstract

This article reviews recent results on the chemical, spectral
and structural properties of bis(pentamethylcyclopentadienyl)
thorium and uranium dihaptoacyl complexes produced by migratory
insertion of carbon monoxide into actinide-carbon sigma bonds.
The high coordinative unsaturation and oxygen affinity of the
ligation environment produces a marked perturbation of the
bonding and reactivity toward that of a coordinated oxycarbene:
M(nz-ogn). Reactivity patterns observed include hydrogén atom
and trimethylsilyl migration to the acyl carbon, as well as
coupling with additional carbon monoxide to produce a dimeric
complex of the enedionediolate ligand, 0C(R) (0)C=C(0) (R)CO.

The dihaptoacyls insert into the Th-H bond of {Th[(CH3)5Cg5]H2}2.
For Th[(CH3)5C5]z[nz-COCHzc(CH3)3]cl, this results, via B-hydride
elimination, in catalytic isomerization to Th[(CH3)s5Csl 2~
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[trans-OC(H)=C(H)C(CH3)3]. In the presence of hydrogen gas, the
hydride catalytically hydrogenates the dihaptoacyls to alkoxides
(M(nz-COR)-+ M-OCH3R). Mechanistic studies include kinetic
measurements as well as isotopic labelling and stereochemical
analysis.
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Transition metal compounds in various form such as metal
carbonyls (1), carbonyl clusters (2), Pt(II) chloride/tin chloride
(3), PtL (L=PR3) (4), etc. have been proposed as homogeneous
catalysts for the water gas shift (wgs) reaction (eq. 1). Some of
them are reportedly active at relatively low temperature (<150°)

Hy0 + CO === H, + C0, (M

where the thermodynamic equilibrium is favored (e.g., K=1.45x103
at 127° vs. 26.9 at 327°C) (5). Their catalytic activities, how-
ever, appear not to be as high as practical catalysts would have
to be. Their mechanistic details also still remain to be eluci-
dated. Even with the apparently simple catalyst, Pt(PR3)3, we
recognized a number of component reaction steps (4).

The logical basis for employing metal carbonyls as catalysts
would be the CO activation through coordination which facilitates
nucleophilic attack by water or OH™ (6). The key step then may be
the formation of a hydroxy-carbonyl species followed by B-hydrogen
elimination reaction (eq. 2,3). Another important elemental re-

Mo + Hy0 === MCOOH + H* (2)
MCOOH === M + (0, (3)

action associated with H2 generation would be reduction of protons

0097-6156/81/0152-0079$05.00/0
© 1981 American Chemical Society
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represented by eq. 4.
M+ H === M+ H, (4)

We proposed a new approach based on a different strategy to
induce two electron transfer from a lTow valent metal compound to a
water molecule leading to a hydrido-hydroxo-metal species (eq. 5).
The nucleophilic attack of OH™ on a coordinated CO is expected to

M+ H,0 === MH(OH) (5)

be more facile compared to the neutral water molecule.

In this paper, first we will briefly describe the Pt[P(i-
Pr)3]3-cata1yzed wgs reaction (4). Recently we have studied RhHL3
(L=PR3)-cata1yzed wgs reaction in much more details. In compari-
son with the PtL3 reaction, a perspective view of RhHL3 (here we
confine L=P(i-Pr)3)-cata1yzed wgs reaction will be given below.

Pt[P(i-Pr)3]3-Cata1yzed WGS Reaction

We have shown that the reaction of Ptl, (L=P(i-Pr)3) with
water in acetone or pyridine produces a strong hydroxy base (7).
The reaction is described in terms of equilibria (eq. 6-9). By
adding NaBF4to the solution of PtL, in aqueous pyridine, trans-

3
Ptl, === PtL, + L (6)
Ko

PtL, + H,0 === PtH(OH)L, (7)
K

PLH(OH)L, + S == [PtH(S)L,I0H (8)
Kd + -

[PtH(S)L,J0H === [PtH(S)L,]* + OH (9)

[PtH(py)Lz]BF4 (v(Pt-H) 2230 cm'1) could be isolated as crystals.
After quenching the PtL3-cata1yzed wgs reaction in pyridine fol-
Towed by addition of NaBF4 » the same ionic compound was isolated
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in good yield (70 %). From the wgs reaction in acetone was iso-
Tated trans-[PtH(CO)L,8Ph, (v(Pt-H) 2178, v(C0) 2058 cm’').
These results imply that substitution of the coordinated pyridine
with CO (eq. 10) requires a considerable activation energy, a fea-

[PtH(S)LZ]OH + 0 == [PtH(CO)LZ]OH (10)

ture consistent with the observed solvent effect, a faster rate in
acetone than in pyridine (Table I).

Table I. PtL3- and RhHL3-Cata1yzed WGS Reaction at 100°2

Turnoverb
c in in
Catalyst pyridine acetone

PtL3 0.6 5.2
RhHL3 33 28
Rh(OH)(CO)L2 24
ha(C0)3L3 15
ha(C0)3L3-3L 30

3 Catalyst, 0.1 mol; H,0, 2 ml; CO, 20 Kg/en®. © Moles/
g atom of catalyst/h. The molar ratio of H2 and 002 is
unity within experimental errors (+5 %). ¢ L=P(i-Pr)3.

The key process following reaction (eq. 10) would be the nu-
cleophilic attack of OH™ on the coordinated CO (eq. 11). Analo-
gous reactions have been observed (eq. 12,13). The fact that

[PtH(CO)L,JOH === PtH(COOH)L, (11)
[PtH(CO)L,]" + KOH == [PtH(COOK)L, 1" (12)
[PtH(CO)L,]" + NaOMe — [PtH(co0Me)L,]" (13)
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PtMe(COOH) (diphos) (diphos=Ph2PCH2CH2PPh2) (8) and trans-PtC1-
(COZH)(PEt3)2 (9) are thermally quite stable whereas trans-[PtH-
(COOH)LZ] in solution is unstable manifests a dramatic trans-ef-
fect for the thermal stability of PtII-COOH moiety.

The thermal decomposition of PtH(COOH)L2 should produce trans-
PtHzL2 (eq. 14). Reductive elimination of H2 from PtH2L2 leads to
PtLZ. The H2 evolution should be accelerated by the CO attack on

PtH(COOH)L, === PtH,L, + C0, (14)

PtHsz as was observed for the reaction with PtHz(diphos) (diphos=
(t-Bu)ZPCHZCHZCHZP(t-Bu)Z) (10). The role of CO for the Hy evolu-
tion from metal dihydride species will be discussed for the RhHL3-
catalyzed reaction (see the next section).

Involvement of trans-PtHzL2 in the catalytic cycle was con-
firmed by the wgs reaction, employing trans-PtH2L2 as the catalyst
precursor, from which was also isolated trans-[PtH(CO)L]OH as its
BPh4 salt. The following two processes (eq. 15,16) would complete
the catalytic cycle. The formation of Pt3(CO)3L4 (v(co) 1840,1770
cm'1) in the reaction of PtH2L2 with CO is considered indirect ev-
idence for the intermediacy of the coordinatively unsaturated Pt-
(CO)LZ. A simplified scheme of the cycle may then be depicted

PtHyL, + CO === Pt(CO)L, + H, (15)

Pt(CO)L2 + “20 ‘i1n acetone

> [PHH(CO)L,I0H  (16)

(Scheme I). In the catalysis in acetone, the addition of H20 to
Pt(CO)L2 would give [PtH(CO)Lz]OH (eq. 6) rather than the solvated
species [PtH(S)LZ]OH which is the case in pyridine.

RhH[P(i-Pr)3J3-Cata1yzed WGS Reaction
RhHL3 is more efficient as the catalyst than the correspond-
ing PtL, (L=P(i-Pr)3). In contrast to PtlL,, the wgs reaction ef-
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Scheme I
co [PtH(S)Lz]OH co
H,0,5 S
N
Pt(CO)Lz == = [PtH(CO)LZ]OH
Hy
co
PtH,L, \f_’/PtH(cozH)Lz
co,
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fected with RhHL3 shows a faster rate in pyridine than in acetone
(Table I). Under the same condition (100°), RhC](PPh3)3 and RhC1-
(CO)(PPh3)2 were practically inactive. This is likely due to
their inability of producing the hydroxo species, an oxidative ad-
duct of water.

RhHL, (L=P(i-Pr)3) is capable of forming the water adduct
(11). The water addition to RhHL3 takes place in pyridine readily
at room temperature to give an ionic product [RhHZ(py)ZLZ]OH (eq.
17), which can be isolated as its BPh, salt (v(Rh-H) 2076, 2112

4
L
RMHL, + H0 == H*‘Rh"'py OH (17)
——————
32 H | Spy
L

cm']). The adduct can be well characterized by elemental analysis,
IR and ]H nmr spectroscopy. The basic solvent, pyridine, appar-
ently assists the addition by stabilizing the product, as the oxi-
dative adduct was not isolated from the mixture of RhHL3/H20 in
acetone or THF. The water addition was also examined with three
coordinate compounds RhHL, (L=P(t-Bu)3, P(i-Pr)3) in acetone or
THF, no indication for the adduct formation being observed. The
addition equilibrium (eq. 18) appears to be unfavorable in such a

RhHL, + H,0 === RhH,(OH)L, (18)

solvent, a result in parallel with the observed solvent effect for
the wgs reaction rate (Table I).

From the wgs reaction in pyridine was isolated trans-[Rh(CO)-
(py)L2]+ (v(co) 1985 cm']), while a neutral compound trans-[Rh(OH)-
(CO)LZ] (v(co) 1925; v(OH) 3644 cm']) was detected by IR in the
wgs reaction carried out in acetone. trans-[RhH(CO)LZ] (v(Rh-H)
1980; v(C€0) (in benzene-de) 1944 cm']) was isolated for L=P(c-
C6H11)3 from the wgs reaction in acetone but not for L=P(i-Pr)3.
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Hence, the hydrido-carbonyl compound is apparently stabilized with
bulky phosphines. trans [RhH(CO)LZ] (L=P(i- Pr) ) (v(Rh-H) 1980;
v(C0) 1920, 1942 cm” ), which can be prepared separate]y by treat-
ing RhHL3 with methanol, was found to be very reactive toward CO.
We confirmed that the reaction of trans- [RhH(CO)Lz] produces a
Rh(0) carbonyl (v(CO) 1732, 1769, 1957 cm ) (eq. 19). An analo-
gous compound Rh,(C0),L, (L=P(t-Bu),) (v(C0) 1785,1940,1985 an )

0
-H,  0OC C L
2 Npn N o
RhH(CO)L, + CO ——*—> L/Rh\C/Rh\L (19)
0

was actually isolated from the wgs reaction effected by RhHLz.
Rh2(00)3L3 appears to participate in the catalytic cyclesince

we observed that it can react with H20 resulting in trans-[RhH-

(CO)Lz] and trans-Rh(OH)(CO)L2 (eq. 20). As the former with CO

L
0 —> trans- [RhH(CO)L ]+

ha(C0)3L + H
-CO
trans- [Rh(OH)(CO)LZ] (20)

2

readily transforms into ha(C0)3L3 (eq. 19), the isolation of
trans- [Rh(OH)(CO)Lz] from the wgs reaction is reasonable. In ad-
dition, the turnover rate with a mixture of Rh (C0)3L and 3 moles
of free L(P(i- Pr) ) was comparable with that obtained with RhHL,
(Table I).

We have confirmed the transformation of trans-[Rh(OH)(CO)Lz]
into trans-[RhH(CO)Lz] which occurs upon treatment with CO. Thus,
treating trans-[Rh(OH)(CO)LZ] (L=P(c-06H1])3) with CO, we observed
€0, and ha(C0)4L2, the latter being presumably derived from RhH-
(CO)LZ. The following steps (eq. 21,22,23) are most likely to be
involved. Note that the nucleophilic attack of OH™ on the CO

Rh(OH) (CO)L, + CO ——> Rh(COOH)(CO)L, (21)
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Rh(COOH)(CO)L2 —> RhH(CO)L2 + €0, (22)
2RhH(C0)L2 + 200 —> ha(C0)4L2 +Hy + 2L (23)

ligand is facilitated by an extra CO molecule, a result contranst-
ing with the PtL, catalyst system (cf. eq. 11).

For the P(i-Pr)3 complex, trans-[Rh(OH)(CO)LZ],simi1ar pro-
cesses could be involved. The product from the last step, however,
is RhZ(CO)3L3 but not ha(C0)4L2. In fact, the formation of Rh,-
(C0)3L3 (L=P(i-Pr)3) was confirmed in the reaction of trans-[Rh-
(OH)(CO)LZ] with CO in THF. Further, the assumption of reaction
(eq. 21) received support from the following experiment. trans-
[Rh(OMe)(CO)L ] was treated W1th CO to give trans- [Rh(COOMe)(CO)Lz]
(v(co) 1949; v(c 0) 1613 cm ) as yellow crystals (75 %).

Based on the component reactions described above, a catalytic
cycle responsible primarily for the 002 production may be depicted
(Scheme II).

Elemental Reactions Associated with H2 Production

In addition to the component reaction (eq. 23), there are
several reactions responsible for H2 generation. The hexa-coordi-
nate water adduct [Rth(py)sz]OH (L=P(i- Pr) ) and its bipyridyl
analog [Rth(b1py)L2] (v(Rh-H) 2080, 2135 cm~ ) are thermally
stable. Upon contact with CO, the dihydride [RhH (py)sz]OH im-
mediately releases H2 which probably occurs through a transient
species (eq. 24) in which the CO ligand is coplanar with the hy-
dride 11gands (12). By contrast, a reaction of CO with [RhH -
(PEt )3] , a water adduct of RhH(PEt3)3, gave [RhH (CO)(PEt3)3]
(v(Rh H) 2005, 2030, v(CO) 1960 cm ) where the CO ligand is cis
to the two hydrides (eq. 25). This dihydrido carbonyl compound is
stable toward reductive elimination of the dihydrido ligands at
room temperature. The dramatic effect of electron-withdrawing CO
ligand reducing the M-H bond strength, therefore, can best be ac-
counted for with this coplanar geometry of the CO and two hydrido
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L + L +
He | _py He, | _CO
R w0 o R
H | oy H” | ey
L L
trans-[Rh(CO)(py)L2]+ (24)
PEt, + co +
H. He_| PEt3 (25)
“Rh—PEt + 0 —> “Rh< 5
H | 3 He” I pe
PEt, t3

ligands. This effect was studied by ab initio MO-SCF-CI calcula-
tion on NiR2 species (13). Similar conclusion has been drawngby
EHMO studies on the reductive elimination of 02 from planar d
complexes, cis-MDZA2 (D=0-donor, A=acceptor) (14).

When RhH(CO)L2 is dissolved in aqueous pyridine, Hy evolved
immediately, which occurs probably through the same intermediate
(eq. 26).

A number of other elemental reactions for H2 generation are
conceivable, if 002 is accumulated in the reaction system. For
example, the viable intermediate, RhH(CO)L should reactw1thH2C03
to give Rh(CO)(OCOzH)L2 (v(co) 19525 v(c= 0) 1615 cm ) via postu-
lated species RhHZ(CO)(OCOZH)L2 (eq. 27).

L
He. | ..CO
RhH(CO)L, + H.0 ——> ' OH
(O * ¥ =5 W Ny
L

[Rh(CO) (py )L, 10 (26)
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RhH(CO)L2 + H2003 — Rth(CO)(OCOZH)L2

_H2

Rh(CO)(OCOzH)L2 (27)

The reaction of H2C03 with the other viable intermediate Rh-
(OH)(CO)L2 is expected to give the same product releasing merely
H20. The product actually isolated was a p-carbonato compound
(v(co) 1934; v(C=0) 1533 cm'1) which is presumably derived from
Rh(CO)(OCOzH)L2 (eq. 28) (15). Remarkably the p-carbonato com-
pound can be hydrolyzed readily in pyridine affording [Rh(CO)-

(py)Lz]OH (eq. 29) which was isolated as its BPh4 salt. Since we

-H,C04
2Rh(C0) (0CO,H)L, ———=—=—=[Rh(CO)L,],(u-CO5)  (28)

[Rh(COIL,1,(n-CO5) + H,0 —BY 5
Rh(C0) (0CO,H)L, + [Rh(CO)(py)L,]OH (29)

isolate solely [Rh(CO)(py)L2]+ but not the bicarbonato compound
Rh(CO)(OCOzH)L2 from the hydrolysis, the equilibrium (eq. 30) ap-

Y

Rh(C0) (0CO,H)L, ———f1—=;7§fé==e= [Rh(CO) (py)L,JOH  (30)
2

pears tobe favored toward the formation of [Rh(CO)(py)LZ]OH. With
this information we summarize steps associated with H2 generation
(Scheme III).

The Catalytic Cycle

With the information on the component reactions described
above the construction of the whole catalytic cycle is in order.
It is highly unlikely that the catalyst precursor RhHL3 carries the
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Scheme III
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catalytic cycle, as it readily reacts with CO or H20,both processes
being found Tow-energy processes. Therefore, RhHL3 is not in-
cluded in the cycle shown in Scheme IV. A1l the isolated species
Rh(OH)(CO)Lz, ha(C0)3L3 and ha(u-CO3)(CO)2L4 were tested for the
catalysis to confirm their participation in the catalysis (TableI).
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The Water Gas Shift Reaction as Catalyzed by
Ruthenium Carbonyl in Acidic Solutions

PETER C. FORD, PAUL YARROW, and HAIM COHEN
Department of Chemistry, University of California, Santa Barbara, CA 93106

The past several years have seen renewed interest in the
catalyst chemistry of the water gas shift reaction (WGSR, Eq. 1).

CO + H0 == CO + H; (1)

This has been largely stimulated by the recognition that the shift
reaction is a key step in the production of the copious hydrogen
and/or synthesis gas (H2/CO) required for the gasification or
liquifaction of coal. 1In 1977, we reported that ruthenium
carbonyl in alkaline aqueous ethoxyethanol solution formed a
homogeneous WGSR catalyst (1,2). Subsequently, a number of other
reports of homogeneous shift reaction catalysts have appeared
(3-12). Our rationale for choosing an alkaline solution reaction
medium for our initial studies derived from the historical
precedent by Heiber (14) that metal carbonyls undergo reactions
with aqueous bases to give metal carbonyl hydride anions

(e.g., Eq. 2). Acidification of these solutions released both

Fe(CO)s + 30H ———— HFe(CO)y + CO3 + H20 (2)

CO2 and H2, presumably from the respective neutralizations of
carbonate and of the metal carbonyl anions to give metal
hydrides (e.g., HyFe(CO)y) which undergo reductive elimination
of H,.

In this context we postulated that the shift reaction might
proceed catalytically according to a hypothetical cycle such as
Scheme I. There are four key steps in Scheme I: a) nucleo-
philic attack of hydroxide or water on coordinated CO to give a
hydroxycarbonyl complex, b) decarboxylation to give the metal
hydride, c) reductive elimination of H, from the hydride and
d) coordination of new CO. In addition, there are several poten-
tially crucial protonation/deprotonation equilibria involving
metal hydrides or the hydroxycarbonyl. The mechanistic details
have been worked out (but only incompletely) for a couple of the
alkaline solution WGSR homogeneous catalysts. In these cases,

0097-6156/81,/0152-0095$05.00/0
© 1981 American Chemical Society
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OH (or H,0)
~0 +
M-CO M -c\ (+H7)
OH
I .-
OH
H
/
M
N\
co CO,H
l co,
anl - M}l
H,
Scheme I

the general features of this cycle are apparently followed,
although there is some question as to whether steps (c) and (d)
occur sequentially as proposed for the catalyst based on Fe(CO)s
(12) or in a concerted fashion as suggested for the alkaline
ruthenium carbonyl catalyst (2). Regardless, it is notable that
in basic solutions WGSR catalysts are formed from a number of
the simple transition metal carbonyls Mx(CO)y including those

of ruthenium, iridium, iron, osmium, rhodium, rhenium, platinum,
from mixed metal carbonyls and more Ebﬁblizgfed systems with
additional ligands such as pyridines, cyclopentadienyls and
phosphines (7,15,16). Thus, one can conclude that the ability
to form such shift reaction catalysts is a quite general
reactivity property of metal carbonyls in basic solutions
containing water.

A report in 1977 (3) of an active system prepared from
[Rh(CO)2Cl]l2, CH3CO2H, conc. HCl and Nal in water demonstrated
that a basic medium is not a necessary condition for WGSR
catalysis. This result stimulated us to examine the potential
activity of several simple metal carbonyls in acidic solution
as well. Attempts with Fe(CO)s and Ir,(CO);, (17), both active
in alkaline and amine solutions, proved unfruitful. However
Ru3(CO),, in acidic (0.5 N H,S0,) aqueous ethoxyethanol gave
WGSR activity substantilly larger than found in basic solutions
under otherwise analogous conditions (P.,=0.9 atm, T=100°C,
[RulTota1=0.036 mol/L) (15). This solution proved unstable and
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an insoluble red solid (a ruthenium carbonyl polymer) formed

over a period of several days at the cooler neck of the glass
batch reactor. Solutions prepared using diglyme as the principal
solvent proved both more stable and more active. Summarized
here are experimental studies aimed at characterizing this
catalytic system.

Activities and Kinetics:

The catalytic activity of the ruthenium carbonyl system in
acidic aqueous diglyme has been examined by batch reactor
methods in our laboratory and is the subject of flow reactor
studies now in progress in collaboration with colleagues in
the UCSB Chemical Engineering Department. A key feature of
these studies is the observation that Ru3(CO);, itself is not
an effective catalyst. The typical run at 100°C under CO
(Pco=0.9 atm) has an induction period of several hours during
which some CO2 production is seen but little H, formation
occurs. A period of about 6 hours is required before full
activitiy of H production (~50 turnovers/day) and good stoichio-
metry (according to Eq. 1) is attained. Over the same time frame,
the Ru3(CO);, initially added undergoes complete conversion to
other species as reflected by the decrease in the characteristic
electronic absorption band of this cluster at Apax=394 nm (Fig. 1).
Although these spectral changes are also accompanied by
absorbance increases at wavelengths below 300 nm, band maxima
were not discerned. Heating the Ru3(C0);, in acidic aqueous
diglyme for several hours under either an argon or a hydrogen
atmosphere leads to similar spectral changes. Furthermore, the
resulting solutions showed no induction period in forming
effective WGSR catalysts when the solutions were then charged
with an atmosphere of CO. Similar spectral changes to those
described above are seen when Ru3(CO)12 in octane under CO is
irradiated with visible light giving Ru(CO)s as the photochemical
product (18,19). Given that the assignment of the 394 nm band
of Ru3(C0);2 as a o0 - o* transition of the cluster metal-metal
bond framework (20) and that other ruthenium clusters show
similar near UV or visible absorption bands, it seems likely
that the ruthenium carbonyl species in the acidic diglyme
catalyst are mononuclear or dinuclear.

The kinetics results of the batch reactor runs lead to the
following qualitative observations: At low CO pressures (less
than about 1 atm) the catalysis appears to be first order in
ruthenium over the range 0.018 M to 0.072 M and also in P.o as
illustrated by the log P., Vs time plots of Fig. 2 and also shown
by the method of initial rates. Changes in the sulfuric acid
and water concentrations over the respective ranges 0.25 M to
2.0 M and 4 M to 12 M have relatively small effects on the
catalysis rates, although the functionalities are complicated and
show concave rate vs concentration curves with maximum rates
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Abs

Figure 1. UV-visible spectrum (0.10-
cm cell) of a catalyst solution prepared
from Ruy(CO),, (3 X 10°M), H,SO, F
(0.5M), H,O (8.0M) under a CO atmos-
phere (Pco = 1 atm) in diglyme at
100°C. The upper curve represents the
spectrum 5 min after the solution was

prepared at this temperature, the lower 360 500
curve is the spectrum after 6 h. nm

[Ru4(CO),,]

| .006 M
" 012 M
.024 M

0.5

1g [CO]

(o] 10 20
Time (hours)

Figure 2. First-order rate plots for the consumption of CO in a 100-mL batch

reactor (catalyst solution is 5 mL of aqueous diglyme with 8.5M H,O, 1.0M H,SO,,

T — 100°C and Py (initial) = 0.9 atm). Slopes of the three linear plots are 2 X

1072, 4.4 X 10, and 9.3 X 102 k! for the respective Rus(CO),, initial concentra-
tions of (1) 0.006M, (11) 0.012M, and (III) 0.024M.
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found at ~4 M H20 and at ~0.5 M H2SOy4 with P.y=1 atm. However,
using H3PO,, CH3CO2H or CF3CO,H instead as the added acid
decreased the activity markedly. The system is temperature
sensitive with an activation energy of about 14 kcal/mole derived
from a linear Arrhenius plot for the catalysis rates over the
temperature range 90-140°C in the low P., region. A dramatic
turnaround in activity occurs at CO pressures much larger

than 1 atm with the production of H, and CO, being inhibited by
increasing P., under the conditions. Notably, a batch reactor
run initiated at low pressures and demonstrated to be active
displays a much lower rate when the bulb is charged with a high
Pco- The initial catalytic activity is regenerated when the
system is recharged at the lower P.,, thus showing the inhibition
at higher P., to be reversible.

Another characteristic of the batch reactor runs is that
after a number of flushing/recharging cycles (see Experimental)
over a period of days there is a marked degradation of the
system's catalytic activity. Whether this is the result of
irreversible transformations of the catalyst to inactive species
(for example introduction of air to a hot catalyst solution
causes irreversible destruction of the activity) or of the loss
of volatile ruthenium species during the freeze/thaw, degassing/
recharging cycles is not clear. The latter is certainly a major
contributor to the slow degradation of the activity in the flow
reactor runs where, despite the presence of a condensor designed
to return solvent and catalyst to the reaction vessel, volatile
ruthenium carbonyl species are trapped downstream from the
reactor (see below). If a fresh, active catalyst in acidic
diglyme is cooled to room temperature after operating under a
low P.,, the solution is light yellow and undergoes a slow
transformation to give Ru3(CO);, which precipitates from solution
over a period of several days. As much as 95% of the original
Ru3(C0)12 can be recovered under these conditions. In contrast
a solution operating under a higher P,y (2.7 atm) precipitates
Ru3(CO)12 quickly upon cooling indicating that the principal
ruthenium species present under such conditions is Ru3(CO),, or
one easily converted to this cluster.

In Situ Spectroscopic Studies:

Besides the electronic spectral studies noted above, we have
also carried out in situ studies of the acidic ruthenium
catalyst using nmr and infrared spectral techniques. A key set
of observations derive from the 'H and '3C nmr spectra of an
operating catalyst at 90° and P., 1 atm which indicate ‘the
presence of only one major ruthenium species. The proton spectrum
shows a sharp singlet at 24.0 T which remains such when the
solution is cooled to room temperature, although the slow
formation of other species was observed over a period of hours
at the latter conditions. The lH-decoupled 13¢ spectrum of the
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operating catalyst also shows a singlet at 198.2 ppm downfield
from TMS) which becomes a doublet (Jc-g=10 Hz) when proton
coupled. The same spectrum is seen when the solution is cooled
to room temperature.
Notably these nmr spectra are inconsistent with those of
H2Ru(CO) 4 or HRu(CO)+ (Table I) which should be key species in
a catalysis cycle based solely on mononuclear complexes. For
example, the proton resonance at 24.0 T is considerably higher
field than those seen for the mononuclear species with terminal
hydrides (17.6 and 17.2 T, respectively) and falls in the
region where bridging hydrides are normally seen. Further
comparlson of the spectra in Table I shows that the catalyst
solution '3C resonance occurs at a position downfield from those
found for catlonlc ruthenium carbonyl hydrides such as HRu(CO)
and HRUS(CO)]Z and in a region more consistent with a neutral or
anionic complex. Thus we conclude that the principal species
present in the acidic catalyst solution has a single hydride, is
neutral or anionic and is fluxional at room temperature and above.
Given the conclusion from the UV-visible spectra that the nuclear-
ity of the complex is less than three (see above) and the con-
clusion from the nmr data that the hydride is bridging, the
circumstantial evidence is that the principal ruthenium species
under the catalysis conditions is a dinuclear complex. A
logical proposition is that this is the dinuclear anion HRu,(CO)j
which is unknown for ruthenium, although the iron analog is known
and has been shown to be fluxional even to low temperatures (21).
Attempts to obtain in situ infrared spectra of this catalyst
system utilizing a high temperature infrared cell similar to
that described by King (25) have met with mixed success owing
to the strong absorption of the solvent medium in the carbonyl
region. Broad peaks at 2084, 2040, 2013 and 1960(br) cm~! all
of medium to strong intensity were observed for the reaction
solution at 100°C under an atmosphere of CO. A survey of
ruthenium carbonyl infrared spectra indicate that these bands are
not consistent with those expected for Ru(CO)s, Ru3(CO);:,
H2Ru(CO)y or Ruy(CO)g among the simpler known species of this
type. Lowering the temperature of the reaction solution to
25°C does not lead to major differences in the spectrum although
there are some changes in the relative peak heights. Whether
this is the result of shifts in the concentrations of several
species present in solution or of medium effects on the band
shapes is not clear; however, the former is an unlikely
prospect given the nmr results noted above that the proton and
carbon-13 spectra do not undergo immediate changes upon lowering
the catalyst solution temperature from 90° to 25°.

A Proposed Mechanism for Catalysis:

The information currently available for the acidic ruthenium
catalyst system, is consistent with a cyclic mechanism such as
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Table I: 'H and !®C N.M.R. Data for Ruthenium Carbonyl

Complexes.

Complex 13¢co(ppm) 4(T) Jl3c-1H(Hz) References
Ru, (CO), 32 223.7 - - 22
H,Ru, (C0),,2%~ 220.0 29.3 10.3 (trans) 22

5.9 (cis)
HRu, (CO), 4~ 203.7 25.8 - 22
HRua(CO)ll' 202.2 22.6 6 (average) 2
H,Ru, (CO),,” 198.2 27.0 7.3 2,22
€0, 0 200,152 1 "
Ru, (CO),, 198.0 - - This work
H,Ru(CO), 192.5 17.6 7 (cis) 24
190.1 (trans)
HRu(CO) ¥ 180.4 ., 4 (cis) This work
178.4 . 24 (trans)
HRu, (cO)T, 191.0,188.0 ,4 ¢ _ This work

184.5,178.9
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illustrated by Scheme II. The key features of this scheme are
that at low P., the ruthenium is present largely as the HRu,(CO)}y

Cco Ru(CO) 5 _
HRu,(CO); ——==—"" % HRu(CO)j
o, + H “~ ﬂ || -
HRUz(CO) e(COzH) HzRU(CO) y
///‘1 ~» H,
H20
z co
Ruz(CO) g  &— Ru(CO) y+——= Ru(CO) g
\ -C0
Ru(CO) s
Scheme II

anion and the rate limiting step is the reaction of this ion with
CO to cleave the metal-metal linkage giving Ru(CO)s plus HRu(CO)jy.
Under such conditions the rate should be first order in both [Rul
and P., since the concentration of HRuz(CO)s would be proportional
to the total concentration of ruthenium present. The next step
would be protonation of HRu(CO)3 to give the dihydride which under-
goes reductive elimination of dihydrogen. Although the first
pKa of H,Ru(CO), is as yet unknown, values for the iron and osmium
analogs (26) clearly indicate that HRu(CO)y should be sufficiently
strong a base to be fully protonated under the solution conditions.
The dihydride is reported to be unstable in toluene solution
above -20°C; however in that case excess CO was not present and the
products presumably were ruthenium clusters (24) (see below).
Inhibition of catalysis at high P., may be explained as
reflecting conditions where the equilibrium

CO + Ru,(CO)g == 2 Ru(CO)s 3)

becomes a dominant factor in the catalysis. Support for this
proposition comes from the flow reactor kinetics currently in
progress. At very low ruthenium concentrations, first order
behavior in [Rul] apparently no longer holds and the reaction
kinetics indicate orders closer to two than one, thus supporting
the possible importance of Eq. (3) to the overall catalysis rate
under these conditions. Further supporting evidence comes from
a complication in the flow reactor kinetics. These systems show
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slow decreases in activity over a period of time owing to the loss
of ruthenium from the solution, a problem especially apparent at
high P.,. Examination of a low temperature trap downstream from
the catalysis vessel showed the presence of a clear solution,
mostly aqueous diglyme, which when warmed to room temperature
turned yellow and slowly precipitated Ru3(CO);2. Thus the gas
stream of the flow system served to sweep a volatile ruthenium
species out of the reaction solution, probably Ru(CO)s but possibly
HyoRu(CO),. There is another potential source of the CO inhibition
in Scheme II. Studies in progress in this laboratory (27) have
shown that the initial step in the decomposition and clusterifi-
cation of HyRu(CO)y in solution is not H, elimination but is CO
dissociation. Thus it is possible that the elimination of H, from
H2Ru(CO)y requires prior CO dissociation via a mechanism similar
to that proposed for H, elimination from H,0s(CO), (28) and thus
would be inhibited at the higher P This question is currently
being investigated.

co-*

Experimental Procedures

Infrared spectra were recorded on a Perkin-Elmer model 283
spectrophotometer. Proton and carbon-13 nuclear magnetic reson-
ance spectra were recorded on Varian XL-100 and CFT-20 spectro-
meters, respectively, operating in the pulsed mode. UV-visible
spectra were recorded on a Cary 118C recording spectrometer equip-
ped with a thermostated cell compartment. Gas sample analyses
were performed on a Hewlett-Packard 5830A programmable gas
chromatograph, calibrated for the appropriate substrates. The
columns used were Carbosieve B (Mesh 80-100) columns obtained
from Hewlett Packard and the carrier gas used was a Linde prepared
8.5% H2/91.5% He mixture. Gas samples were taken with Analytical
Pressure Lok gas syringes obtained from Precision Sampling
Corporation. Calibration curves for the chromatographs and sampl-
ing procedures were prepared periodically for CO, CH,, CO,, and
H, for gas sample sizes ranging from 0.05 to 1.5 mL STP of the gas.
These calibration curves were linear for CO, CH,, and CO, but not
for H2. Catalytic activity and kinetics runs were largely done
in all-glass batch reactors (100 mL) consisting of round bottom
flasks with sidearm stopcocks designed for attachment to a vacuum
line and for periodic gas phase sampling. Typically, the Ru3(C0),,
and solvent medium were added to the reactor vessel (at room
temperature) which was then attached to the vacuum line, and the
solution was degassed by freeze-pump—thaw cycles then charged with
a CO/CH, (94/6) gas mixture (Linde) at the desired pressure. The
reactors were suspended in thermostated oil baths and the solutions
stirred magnetically. The systems were periodically flushed and
recharged with the CO/CH, mixture in a manner similar to that
described above. Gas samples were removed by gas syringe and the
compositions were analyzed with methane serving as an internal
calibrant, thus allowing for the calculation of the absolute
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quantities of H, and CO, produced and CO consumed. These values
were corrected for the small background signals noted when gas
samples from control reactions in the absence of added catalyst
were analyzed.
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Abstract:

Solutions prepared from Ruj3(CO);, in acidic aqueous diglyme
solutions are shown to be catalysts for the water gas shift
reaction under reasonably mild conditions (100°C, P.o=1 atm).

This system shows an induction period of about six hours before
constant activity is attained during which the Ruj3(C0),, undergoes
complete conversion to another ruthenium carbonyl complex. In
situ nmr studies suggest this species to be the HRuz(CO)s ion.
Kinetic studies show complex rate profiles; however, a key
observation is that the catalysis rate is first order in P, at
low pressures (P, <l atm) but is sharply inhibited by increasing
P., at higher pressures. A catalysis scheme consistent with these
observations is proposed.
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The Importance of Reactions of Oxygen Bases with
Metal Carbonyl Derivatives in Catalysis
Homogeneous Catalysis of the Water Gas Shift Reaction

DONALD J. DARENSBOURG and ANDRZEJ ROKICKI!
Department of Chemistry, Tulane University, New Orleans, LA 70118

Base catalysis of ligand substitutional processes
of metal carbonyl complexes in the presence of oxygen
donor bases may be apportioned into two distinct clas-
sifications. The first category of reactions involves
nucleophilic addition of oxygen bases at the carbon
center in metal carbonyls with subsequent oxidation of
CO to CO>, egns. 1 and 2 (1, 2). Secondly, there are

‘NMe,
IO, + MegNO =[Ir-C:0) —=1(COINMeg + CO, (D)

M
CrCO) + OH == lCPg’OI-—’CI‘(CO)sH- + CO, @

reactions involving coordination of the oxygen base,
with the thus formed metal-oxygen bond greatly lower-
ing the energetics for dissociative carbon monoxide
displacement (eq. 3) (3, 4).

A, o

t -L § -co $"’ -A,P.O "?
[M)co oy [n}co‘%— [mto ;T,‘-:;.-[n}lbo 3)

An essential step in processes utilizing soluble
transition metal catalysts is the coordination of the
substrate to the transition metal (5). A corequisite
is the availability of a vacant site in the coordina-
tion sphere of the metal for substrate binding, a
provision often met by dissociation of a bonded
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ligand. Hence, processes such as those described in
eqns. 1 and 3 are not only useful from a synthetic
viewpoint but also can serve to activate the metal
carbonyl in catalytic reactions.

More pertinent to the tenor of this Symposium,
the carbon monoxide oxidation reaction depicted in
eq. 2 has received renewed attention largely because
of its pivotal role during the homogeneous catalysis
of the water gas shift reaction (WGSR) by a variety of
metal carbonyls (2,6). In this correspondence we wish
to discuss reaction processes of importance to the
homogeneous catalysis of the WGSR utilizing metal car-
bonyls. Particular emphasis will be placed on the
relative rates of oxygen-exchange vs. metal-hydride
bond formation for several metal carbonyls; including
group 6b metal carbonyls and derivatives thereof,
Fe(CO)s, and Rug(CO);». Summarized are our recent
investigations on the species present in solution and
their reactivity patterns during the homogeneous
catalysis of the WGSR by group 6b metal carbonyls
under mild reaction conditions (1 atmosphere CO pres-
sure and temperature < 100°C).

Results and Discussion

The lability of oxygen atoms in the activated
carbon monoxide ligands of Re(CO)et was demonstrated
by Muetterties in 1965 (7). Rhenium hexacarbonyl
cation underwent a facile exchange process with the
oxygen atoms in oxygen-18 enriched water, and the
intermediacy of a metallocarboxylic acid was proposed
(eq. 4). Deeming and Shaw isolated a metallocar-
boxylic acid a few years later from the reaction of a

Re (CO)et + Ho0 == {Re(co)sooon} (%)

cationic iridium carbonyl derivative and water, and
showed that upon pyrolysis of this species the corre-
sponding metal hydride and CO, were produced (§). In
addition, it has long been known that some metal car-
bonyls readily react with hydroxide ions to yield
metal carbonyl hydride anions and CO», e.g.,

Fe(CO)s + OH™ = HFe (CO),~ + CO> (9).

These observations illustrate that there are two
transformations open to metallocarboxylic acid inter-
mediates; reversible loss of OH~ accompanied by oxygen
exchange, and metal-hydride formation with expulsion
of COz. Our entry into this area of chemistry was in
1975 when extensive studies of oxygen lability in
metal carbonyl cations were initiated (10). These
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investigations were centered around defining the
factors that determined whether the oxygen exchange
process predominated over the production of metal
drides and carbon dioxide or vice versa (11, 12, 13,
14). For example, the reaction of Mn(Co)e¥ with water
Ted to metal hydride formation concomitantly with oxy-
gen exchange, with metal hydride production being much
slower (eq. 5). Some of the other germane observa-
tions noted during these studies were the following:

Mn (C0)e* + Hz0 ::{Mn(co)scoon} - Mn(CO)sH + CO2  (5)

(1) The rate of nucleophilic addition of “OH to the
metal bound carbon monoxide ligand, as viewed by oxy-
gen exchange, decreased with increasing substitution
at the metal center with electron donating ligands,
1.e., M(cO)e* > M(CO)sL* >> M(CO),Lot. (2) The more
electron-rich In(CO)s.,M(COOH) intermediates were less
disposed to CO, elimination with M-H bond formation.
(3) Metal-hydride formation was enhanced over oxygen
exchange as the basicity of the solution increased.

In the case of the bis phosphine derivatives of
the group 7b metals, the lability of the oxygen atoms
was so markedly retarded by substitution that it was
necessary to enhance their reactivity by means of base
catalysis (lz, 14), a process having mechanistic fea-
tures common with general base catalysis of the hydra-
tion of ketones (eq. 6) (15).

[m—c:o]* —_— [M-gso] + BH (6)

H ‘HfB H

We have exploited this base catalysis of the oxy-
gen exchange process to effect oxygen lability in the
less electrophilic carbonyl sites of neutral metal
carbonyl species. Because [MCOOH] intermediates are
readily decarboxylated in the presence of excess hy-
droxide ion, in order to observe oxygen exchange proc-
esses in neutral metal carbonyl complexes it was con-
venient to carry out these reactions in a biphasic
system employing phase transfer catalysis (<PTC>) (18,
17, 18). Under <PTC> conditions (eq. 7), the

- i - +
(organic phase) [MCO] + n-BuN'OE™ == [M-C-OE] n-BusN

(7)

#
+ - - + - + -
(aqueous phase) Na I + n-BuJ,NOH == Na'OH + n-BuJN'L
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hydroxide ion concentration is small in the organic
phase which contains the metal carbonyl, since ~OH is
more highly hydrated than the halide ion. In general,
the <PTC> oxygen exchange reactions of neutral mono-
nuclear metal carbonyl species with hydroxide ions
paralleled the observations summarized for the cati-
onic species (vide supra) with, however, the signifi-
cant additional developments discussed hereafter.

When the <PTC> reactions of M(CO)e (M = Cr, Mo,
W) with hydroxide ions were carried out under an atmo-
sphere of CO, these systems were observed to generate
hydrogen catalytically with a low turnover rate (mol.
Ho/mol. catalyst per day), on the order of a week at
75° (18). However, in more strongly alkaline solu-
tions (e.g., aqueous KOH in 2-ethoxyethanol) at 100°C
the M(Co)e species were observed to be quite active
catalysts for the WGSR with a turnover rate of ~ 30
for Cr(CO)e. The principal metal carbonyl components
in an alkaline 2-ethoxyethanol solution of a catalyst
prepared from Cr(CO)e were determined to be Cr(cCO)
and Cr(CO)sH- by infrared spectroscopy in the v(CO?
region (see Figure 1). Identification of the chromium
pentacarbonyl monohydride species was based on spec-
tral comparisons with an authentic sample prepared by
protonation of Cr(C0)s= (19). The reaction of hydrox-
ide ions with Cr(CO0)e in aqueous 2-ethoxyethanol to
afford Cr(CO)sH™ occurs over several hours at 4#0-50°,
even in the presence of a large excess of hydroxide.
However, under conditions where the “OH is not hy-
drated, KOH in THF with Crypt 222, the production of
Cr(co)sH™ occurs quantitatively over a period of a few
minutes at ambient temperature employing stoichio-
metric quantities of reagents (Figure 2?.

When the catalyst solution described above (Fig-
ure 1A) was prepared using Hp.1e0, Cr(CO)e was shown to
undergo the oxygen exchange process at a much faster
rate than formation of metal hydride, an observation
consistent with the <PTC> results. See Figure 1B
where the various Cr(CO)e.n(C1®0), species are seen in
advance of the highly oxygen-18 enriched cr(co)sH"™
species. Hence even in the highly alkaline catalyst
solution the metallocarboxylic acid derivative has a
long enough lifetime to effect oxygen exchange prior
to anionic metal hydride production. Indeed in the
reaction of W(CO)s with KOH/Crypt 222 in THF we have
preliminary spectral evidence for the existence of
W(CO)sCOOH™ in solution at room temperature. The fact
that the W(CO)sCOOH' species is less prone to proceed-
ing to metal-hydride and CO» than Cr(CO)sCOOH- is
anticipated based on the earlier results obtained on

the isoelectronic Mn(CO)e* and Re(CO)et species.
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2000 1900 1800cm!

%T

Figure 1. IR spectra in v(CO) region of catalyst components; Cr(CO); (0.40

mmol), KOH (5.0 mmol), H,O (11.1 mmol), and 2-ethoxyethanol (15 ml solution).

Peaks with asterisks are those assigned to Cr(CO);H", others are for Cr(CO);: A,
H,1%0, heated at 45°C for 300 min; B, H,'®0, heated at 45°C for ~ 200 min.
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2000 1900 1800 cm’

®T

Figure 2. IR spectrum in y(CO) region of Cr(CO), plus two equivalents of [K-
Crypt-222 JOH in THF after 5 min at ambient temperature

1

T

2100 2000 1900 cm
T

e

Figure 3. IR spectra in (CO) region

of [Et,N]J[HRus(CO),,] in CH.Cly: A,

sample prepared using H,'°O; B, sample
prepared using H;'%0.
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In contrast to the group 6b metal carbonyls the
group 8 metal carbonyls which have been successfully
employed as catalysts for the WGSR, Fe(CO)s and
Rus (CO),», exhibited little tendency to undergo oxy-
gen exchange prior to affording metal hydrides upon
reaction with hydroxide ion (17, 20). This is illus-
trated by the synthesis of [ET,N]THRus(CO),1] from
Rua (CO)1» and aqueous KOH in 2-ethoxyethanol under a
CO atmosphere in both H»1€0 and H>'20 where no signif-
icant difference in oxygen isotope composition of the
purified products was observed (see Figure 33.

The Scheme depicts our most comprehensive under-
standing of the processes operative during the WGSR
catalgzed by group 6b metal carbonyls at temperature
< 100°C. As noted in the Scheme when the reaction is
carried out in the presence of 13CO both Cr(CO)e and
Ccr(CO)sH™ are enriched in 3C-carbon monoxide, the
latter species to a greater extent (see Figure 4).
This is a useful occurrence for it commodiously allows

SCHEME

crcoy_,("coy, crcoy,_ (°’cor i
1 :!co‘ l |3c 01 l

Cr(CO), + OH == [Cr(CO)ICOOHI — CrCOH + CO,

H,%nco;\(‘: rCO),
Cr(CO,H,+ OH  +HICHCO),
-H,

+CO

for the examination of the catalytic solution by *3C
NMR.

The catalyst system is not poisoned by thiophene,
for Cr(CO)sSR» species readily revert to Cr(CO)e in
the presence of CO. Similarly, the group 6b metal
hexacarbonyls have also been shown to be active in the
presence of NaSH (21). However, this catalyst system
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Figure 4. IR spectra in w(CO) region of catalyst components as in Figure 14: A4,
under 2CO atmosphere; B, under *CO (93% ) atmosphere. Peaks above 1900 cm™
are attributable to Cr(CO); and those below 1900 cm™! are assigned to Cr(CO);H".
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requires completely anaerobic conditions or the cata-
lyst is irreversibly converted to Cry0s. Hence the
CO gas stream is scrubbed for removal of trace oxygen
by passing it through a column containing MnO sup-
ported on silica gel. This is of particular impor-
tance in our system which employs a continuous, con-
stant carbon monoxide gas flow coupled to an online
gas sampling valve for efficient chromatographic
monitoring of H, and CO.

Figure 5 displays a typical time dependent trace
of the hydrogen production during catalysis of the
WGSR by Cr(CO)e. The decrease in activity of mature
catalyst solutions is due to the consumption of KOH by
CO2, 1.e., the formation of bicarbonate
(CO> + OH™ ::HCO:,'). Reaction solutions prepared from
Cr(CO)e with KHCOs as the added alkaline were much
less active than their KOH counterparts. Experiments
are planned at higher reaction temperatures in an
effort to minimize this behavior. However, at 100°
the Cr(CO)e catalyst is quite active for the decompo-
sition of formate ion to H» plus CO» (vide infra).

As seen in Figure 5 addition of excess triphenyl-
phosphine to an active catalyst solution results in a
rapid quenching of H, production. The chromium carbo-
nyl components in solution were rapidly converted to
Cr(co)sPPhs and trans-Cr(CO),.[PPhs). (22). Consistent
with these observatiIons aqueous alkaline solutions of
cr (Co)sPPhs or trans-Cr(CO).[PPhs]> in ethoxyethanol
exhibited no activity for WGSR catalysis. There is a
trace of Hp produced due to the production of cr(co)e
from loss of PPhs in Cr(CO)sPPhs (23). Nevertheless,
phase transfer catalyzed reactions of oxygen-18
labelled “OH with a large variety of group 6b metal
carbonyl phosphine and phosphite complexes have demon-
strated that nucleophilic addition of base to the car-
bonyl centers in these derivatives does indeed occur,
albeit slower than in the parent hexacarbonyls (16,18).
For example, Figures 6 and 7 illustrate v(CO) and 13C
NMR spectra for a representative derivative,

Mo (co sP(OMe)s, which has undergone extensive oxygen
exchange with hydroxide ions for a reaction carried
out under <PTC> conditions as defined in eq. 7. Hence,
the failure of these phosphine substituted metal car-
bonyls to function as catalysts for the WGSR is due to
their reluctance to afford metal-hydrides from reac-
;ign;_with alkali, i.e., P-M-CO + OH™ <= [P-M-COOH] -~

Figures 6 and 7 also point out the two principal
techniques we have employed in monitoring these oxygen
exchange reactions, namely, frequency shifts in the
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Figure 5. Time-dependence of hydrogen in CO gas stream for a catalyst solution

prepared from Cr(CO); (7 mmol), KOH (87.5 mmol), H,O (195 mmol), and

2-ethoxyethanol (87.5 mL of solution) operated at 100°C. The units for the quan-

tity of H, are arbitrary, representing the relative areas of the hydrogen peak in the
chromatograms as a function of time.
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Figure 6. IR spectral traces in the v(CO)
region during the monitoring of oxygen-18
incorporation into Mo(CO);P(OMe)s un-
der <PTC> conditions (spectra observed
in hexane solution): A, initial spectrum;
B, after extensive oxygen exchange
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Figure 7.

204.8 ppm

13C NMR spectrum of Mo(CO);P(OMe), in CDCl, after extensive oxy-

gen exchange (sample in Figure 6B) illustrating the shift upfield of 0.040 ppm of the

carbon resonances because of oxygen-18 (8(Cirans) 208.4, Jp.c = 40.0 Hz; §(Ceis)

204.8, Jp.c — 13.7 Hz). The small amount of *0 in the axial CO group is the

result of ligand rearrangement by a CO dissociative process in an initially com-
pletely stereoselectively 180-enriched sample.
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v(CO) infrared spectra and the small upfield shifts in
the natural abundance 13C NMR resonances caused by
oxygen-18. It is worthwhile reiterating here that in
substituted metal-carbonyl derivatives, where elec-
tronically different carbonyl ligands are present, the
oxygen-exchange reaction has been shown to occur pref-
erentially at the more electrophilic carbon site

e.g., at the cis carbon monoxide ligands in M(CO)SL
derivatives (l§). Several of these thus formed ster-
eoselectively oxygen-18 labelled species have been
found to subsequently undergo ligand rearrangements by
e%gher non-dissociative or dissociative processes (18,
24 ).

T We would like at this time to amplify the earlier
brief comments on the catalytic decomposition of for-
mate ion to Hp and COz by the group 6b metal carbonyls.
This process requires the presence of a vacant coordi-
nation site on the metal for formate binding, i.e.,
formation of M(CO)sOoCH~ species. Consequently, the
reaction of Cr(CO0)g¢ with formate ion in 2-ethoxyetha-
nol was found to take place under more rigorous condi-
tions than those needed for the production of Hp in
the Cr(CO)e/KOH system. That is, whereas Cr(CO)e in
aqueous KOH/2-ethoxyethanol commences to produce Hp at
~ 50°C (where the rds appears to succeed the formation
of Cr(CO)sH™), the analogous Cr(CO)e/formate ion reac-
tion necessitates temperatures approaching 100°C.

This difference in behavior is felt to be due to the
fact that Cr(Co)e must first dissociatively lose a CO
ligand, a fairly energetic process with an activation
enthalpy of ~ 40 kcal. (25), prior to binding the for-
mate ion. The once formed Cr(CO)sO-CH™ proceeds to
Cr(cO)sH™ with subsequent production of H, and CO» as
described in the Scheme. Support for this interpreta-
tion was obtained by replacing Cr(CO)e with a chromium
carbonyl species containing a labile ligand,
Cr(CO)sNHCsH10, Where the decomposition occurred under
much milder conditions. Nonetheless, we feel that
under more rigorous reaction conditions (i.e., temp-
eratures > 100°) decomposition of formate (produced
from CO + OH™ == HCO»~) may be a prominent if not pre-
dominant pathway in the catalytic production of hydro-
gen during the WGSR by group 6b metal carbonyls. In
order to obtain experimental evidence for this pro-
posal, activation energy studies for the production of
Hz in the Cr(CO)s/kOH system are currently being con-
ducted at both low (50-100°) and high (150-200°) temp-
erature ranges in an effort to observe a discontinuity
in the Arrhenius plot indicative of a change in mecha-
nism.
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It is likely that during the decomposition of
M(CO)s0-CH™ ias indeed may also be the case for
M(CO)sCOOH™ (26)) loss of a CO ligand is requisite
prior to hydrIde transfer to the metal with concomi-
tant expulsion of carbon dioxide. Pertinent to this
question we have obtained some initial results on the
decomposition of 15-CsHsFe (C0)202CH to
[n®-csHsFe (CO)» Io plus Ho and COp, & process presum-
ably proceeding via the unstable ns-CsnsFe(CO 2H
intermediate. The nS-CsHsFe (C0)20-CH derivative was
observed to exchange CO ligands with free 1300 in
hydrocarbon solution at 50° at a rate faster than the
formation of [n5-CsHsFe(CQ)2]>. On the other hand,
Pettit and co-workers (27) have reported that the
metallocarboxylic acid analog, m>-CsHsFe (CO)2COOH,
spontaneously decomposes to %ns-csHsFe(Co)zlz plus H»
and COp at ambient temperature. Hence the pattern
that is beginning to emerge is that of the two inter-
mediates capable of affording Ho and COp described in
eq. 8, the metallocarboxylic acid pathway is energet-
ically more favorable.

0
Vi
m—c”
N\

wp

M-H + CO, (8)
o}

M~ ¢
i
0

//H

The observation of CO lability in the
NS -CsHsFe (CO)202CH derivative is an instance of the
role of oxygen bases in catalysis as described in eq.
3. Other examples of metal-oxygen base bond formation
resulting in labilizing CO dissociation are seen in our
tri-n-butylphosphine oxide work (3, 28) and, in com-
plexes quite similar to the M(CO)s0-CH species dis-
cussed above, M(CO)s0>CR~ (M = Cr, Mo, W; R = CHa,
CFa). The latter derivatives have been shown to
undergo rapid preferential exchange of equatorial CO
ligands with free 13CO0 in solution at ambient temper-
ature (4, 29). These anionic metal carbonyl acetate
derivatIves may prove to be very active catalysts for
a variety of processes, including disproportionation
of olefins; i.e., providing a homogeneous analog to
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catalysis of olefin disproportionation by Ww(co)e on
alumina.
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Homogeneous Catalysis of the Water Gas Shift
Reaction Using Simple Mononuclear Carbonyls

R. B. KING, A. D. KING, JR,, and D. B. YANG
Department of Chemistry, University of Georgia, Athens, GA 30602

The water gas shift reaction is used extensively in industry
to increase the hydrogen content of water gas (synthesis gas)
through the reaction of carbon monoxide (CO) with water according
to the following equation:

CO + H.O=—= H, + CO (1)

2 2 2

Current industrial practice for carrying out this reaction in-
volves heterogeneous catalysts at relatively high temperatures,
e.g. Fe 0 /Cr 0., above 300°C (1). However, relatively recent
work has shown ghat the water gas shift reaction can also be
carried out at considerably lower temperatures (below 200°C)
using various metal carbonyl complexes as homogeneous catalysts.
Thus a variety of platinum metal derivatives are active water
gas shift reaction catalysts including ruthenium carbonyls (2, 3,
4), rhodium carbonyls (3,5,6,7), platinum-tin complexes (8), “and
phosphine-platinum(0) complexes (9). 1In 1978 we reported (10)
that several carbonyl derivatives of more abundant metals (iron,
chromium, molybdenum, and tungsten) reacted with base to give
active water gas shift reaction catalysts. Subsequent work led
to a detailed study on the kinetics of the water gas shift reac-
tion catalyzed by Fe(CO). in the presence of base (1ll). More
recently we have extendea such detailed kinetic studies to
similar catalysts derived from the Group VI metal carbonyls
M(CO) = Cr, Mo, and W) (12). This paper summarizes the
resulgs obtalned with the mononuclear carbonyls of iron and the
Group VI transition metals and compares the kinetics of these
two water gas shift catalyst systems.

Experimental Techniques

The water gas shift reactions were carried out in vertically
mounted type 304 stainless steel autoclaves having an internal
volume of 700 ml. The autoclaves were heated electrically and

0097-6156/81/0152-0123$05.00/0
© 1981 American Chemical Society
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stirred magnetically using a Teflon-coated magnetic stirring bar.
The temperature was controlled to within ti1°c by a proportional
controller with a thermocouple sensor mounted in a thermocouple
well extending into the interior of the autoclave. A digital
thermocouple read-out meter provided a continuous temperature
reading. The pressure was monitored using a 0-3000 psig test
gauge accurate to 0.25% of full scale which was attached to each
autoclave through the closure at the top.

Analyses of the gases in the bomb (CO, C02, Ar, H,)) were
performed using a Fisher Model 1200 gas partitloner with a 6.5
ft. 80-100 mesh Columnpak PQ column and an 11 ft 13 X molecular
sieve column in series. Helium was used as a carrier gas in all
determinations. Care was taken to insure that all hydrogen
analyses were performed at concentrations within the linear
response region of the sensitivity curve for this gas. Argon was
used as an internal standard. A Varian CDS-III digital integra-
tor was used to integrate the output from the gas partitioner.
Gas samples were taken by releasing a portion of the interior gas
mixture into a sample chamber which uses a small balloon to main-
tain a low positive pressure against a septum. This chamber was
purged three times with the gas mixture before removing a sample
for injection into the gas partitioner by means of a Pressure-
Lok syringe.

The following two methods were used to compute gas composi-
tions expressed as partial pressures after determining the exter-
nal sensitivity factors for each gas:

(a) The pressure in the autoclave was recorded at the time the
gas sample was taken. Subtraction of the previously determined
solvent vapor pressure gave the total pressure of non-condensible
gases. Dalton's law was then used to determine the individual
partial pressures of the three gases of interest (CO, C02, H2)
using the gas mole fractions obtained in the gas analysis.

(b) The CO initially loaded in the autoclave was mixed with
argon for use as an internal standard. The composition of this
gas mixture was then checked by a gas analysis. The resulting
computed partial pressure of argon was corrected to the elevated
temperatures at which the kinetic data were obtained, thereby
allowing partial pressures of the gases of interest to be com—
puted directly using argon as an internal standard.

The gas phase compositions obtained using methods (a) and
(b) agreed with each other in every instance. Further details
on the experimental techniques used in this work are given else-
where (11,12).

Results

In a typical experiment the autoclave was loaded with a
methanol-water solution containing dissolved base (potassium
hydroxide or sodium formate) and metal carbonyl (Fe(CO). or
M(CO)6 where M = Cr, Mo, or W) and charged with a CO/argon gas
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mixture. The autoclave was then heated rapidly with stirring to
the desired temperature where periodic pressure readings and gas
analyses were made. Since one mole of H, was produced for each
mole of CO consumed in equation 1, the partial pressure of

CO + H_, remained essentially constant throughout the reaction ex-
cept for minor sampling losses. This indicates the absence of
significant side reactions consuming CO without producing H,.
However, in the experiments using KOH as the base the initial
pressure of CO or CO + H., at the reaction temperature was less
than the loading pressure of CO by an amount corresponding to
the quantitative formation of formate according to the following
equation:

Co + oOH —> HCOZ_ (2)

This explanation for this pressure discrepancy was verified by
experiments using different amounts of KOH and by the lack of
such pressure discrepancies in experiments using formate as a
base. These observations clearly indicate that when a base
stronger than formate is used in the water gas shift reaction,
the actual base present in the reaction is formate produced
according to equation 2. During the course of a typical water
gas shift reaction catalyzed by Fe(CO)_. in the presence of base
the pH starts at 8.6 and falls gradualiy to 7.4 as determined
from fresh liquid samples withdrawn periodically from the bomb.
Thus the formate acts as a buffer to keep the pH of the water
gas shift reaction system in a relatively narrow range almost
independent of the amount of base (e.g. KOH) originally loaded
into the autoclave.

The water gas shift reactions were also run in methanol-
water mixtures of varying compositions using KOH as the base.

In the case of the system derived from Fe(CO)., a 25% water-

75% methanol mixture gave the fastest rate (}i) whereas in the
cases of the systems derived from M(CO), (M = Cr, Mo, and W), a
10% water-90% methanol mixture gave the fastest rates (12).
These optimum methanol-water mixtures as solvents for the water
gas shift reactions represent compromises between a high concen-
tration of the reactant water and a high concentration of metha-
nol to solubilize the CO and metal carbonyls. Furthermore, all
of the solvent mixtures used in this work contain amounts of
water which are large relative to that consumed in the water gas
shift reaction. Therefore, the concentration of water may be
regarded as a constant during the water gas shift reactions con-
ducted in this research project.

The rates of the water gas shift reactions were compared
using different amounts of the mononuclear metal carbonyl pre-
cursor for all four cases (Fe(CO). and M(CO),. where M = Cr, Mo,
and W). In all cases the rates oé hydrogen production were
found to double as the concentration of the metal carbonyl was
doubled. Thus all of the water gas shift reactions investigated
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in this work are first order with respect to the mononuclear
metal carbonyl precursor.

Major differences were noted between the systems derived
from Fe(CO),. and M(CO),. (M = Cr, Mo, and W) with respect to the
effect of the base conCentration on the reaction rate. Thus in
the case of the catalyst system derived from Fe(CO). tripling
the amount of KOH while keeping constant the amounts of the
other reactants had no significant effect on the rate of H, pro-
duction (ll). However, in the case of the catalyst system de-
rived from W(CO), the rate of H, production increased as the
amount of base was increased regardless of whether the base was
KOH, sodium formate, or triethylamine (12). This increase may
be interpreted as a first order dependence on base concentration
provided some solution non-ideality is assumed at high base
concentrations. Similar observations were made for the base
dependence of H_, production in catalyst systems derived from the
other metal hexacarbonyls Cr(CO), and Mo(CO)_. (12). Thus the
water gas shift catalyst system gerived from Fe(CO) . has an ap-
parent zero order base dependence whereas the water gas shift
catalyst systems derived from M(CO),. (M = Cr, Mo, and W) have an
approximate first order base dependence. Any serious mechanistic
proposals must accommodate these observations.

Major differences were also noted between the catalyst
systems derived from Fe(CO). and those derived from M(CO)_. (M =
Cr, Mo, and W) with respect to the effect of CO pressure on the
reaction rate. 1In the system derived from Fe(CO) . the rate of
H, production in the early stages of the reaction was independent
of the CO loading pressure in the range 10 to 40 atmospheres
(11) . However, H, production using this catalyst system was
found to cease abruptly when enough CO was consumed so that the
CO partial pressure fell to a threshold value between 3 and 7
atmospheres. Two independent experiments conducted with CO
loading pressures around 1 atmosphere indicated excess H2 pro-
ductions relative to the CO consumed of 5.7%0.1 mole H_/mole
Fe(CO).. These observations indicate that a minimum threshold
pressure of CO is needed in order to prevent the iron carbonyl
catalyst system from decomposing to carbonyl-free catalytically
inactive iron(II) derivatives (11). The observation that 5.7
moles of excess H., are produced for each mole of Fe(CO). may be
interpreted on the basis of Fe(CO). acting as an average 11.4
electron reducing agent for water under the reaction conditions
in accord with reported (13) observations that Fe(CO). in alka-
line solution is an averaag 10.8 electron reducing agent for the
reduction of nitrobenzene to aniline.

The rates of the water gas shift reactions catalyzed by the
systems derived from M(CO)_ (M = Cr, Mo, and W) were found to be
inversely proportional to ghe CO pressure as indicated by
straight line plots of rates of H, production versus (l/Pco)init
(12) . Furthermore, the catalysts derived from M(CO)6 (M = Cr,
Mo, and W) retain their catalytic activities at lower CO
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pressures than the catalyst derived from Fe(CO).. Thus, the
water gas shift catalysts derived from M(CO),. (M = Cr, Mo, and
W) appear to be more robust than those derived from Fe(CO) ..

The increased chemical stability of the catalyst systems
derived from M(CO)_ relative to those derived from Fe(CO)_ also
result in an increased tolerance for sulfur, an important™ charac-
teristic for a practical water gas shift catalyst system be-
cause of the possibility of using synthesis gas feedstocks de-
rived from high sulfur coals. In order to evaluate the sulfur
tolerance of water gas shift catalyst systems, the catalytic
reactions were carried out as above but using sodium sulfide
rather than potassium hydroxide or sodium formate as the base
to generate the catalytically active species (14). Aqueous
sodium sulfide is a strong enough base to generate formate
through the following reactions:

s%” 4+ H,0 + CO T HS + HCOz_ (3a)
HS + H,0 + CO T=—= H,S + HCO, (3b)

The H,S by-product, representing a relatively reduced form of
sulfu¥, is a reasonable model for the sulfur impurities in the
synthesis gas obtained from sulfur-rich coal. This sodium sul-
fide test of sulfur resistance of water gas shift catalyst sys-
tems generated in basic solutions is a very severe test since
the quantities of sulfur involved are much larger than those
likely to be found in synthesis gas made from any sulfur-rich
coals.

The water gas shift catalyst system derived from Fe(CO)5 was
found to be relatively sensitive towards sulfur poisoning since
an aqueous methanol solution generated from sodium sulfide and
Fe(CO) _ using an S/Fe ratio of 26 was completely inactive as a
catalyst for the water gas shift reaction. This sulfur poison-
ing of the Fe(CO)_ catalyst system may arise from the formation
of the iron carbonyl sulfide Fe,(CO) 52 which was detected in
these reaction mixtures (14). owevér, aqueous methanol solu-
tions generated from sodium sulfide and the metal hexacarbonyls
M(CO), (M = Cr, Mo, and W) retained 21% (M = Cr) to 67% (M = W)
of the catalytic activity of the corresponding catalyst systems
generated from KOH and the same metal hexacarbonyls even when
S/M ratios as high as 400 were used. Thus the water gas shift
catalyst systems derived from M(C0)6, particularly M = W, have
a high sulfur tolerance. Therefore they are potentially very
useful for processing synthesis gas derived from high sulfur
coals.

The activation energies of these water gas shift catalyst
systems were determined by rate measurements as a function of
temperature. Thus on the basis of rate measurements at the five
temperatures 180, 160, 150, 140, and 130°C the activation energy
of the catalyst system derived from Fe(CO)g was estimated at
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22 kcal/mole. Similar measurements for the catalyst systems de-
rived from M(CO) _ gave estimated activation energies of 35, 35,
and 32 kcal/mole for M = Cr, Mo, and W, respectively. These
latter numbers are roughly similar to the activation energies
of 39, 31, and 40 kcal/mole reported (15) for the replacement of
CO by triphenylphosphine for Cr(CO)6, Mo(CO)G, and W(CO)G,
respectively.

The combined results of these studies are summarized in
Table I.

Discussion
The following catalytic cycle (3,13) is capable of ex-

plaining our experimental observations (11) on the water gas
shift reaction catalyzed by Fe(CO)5 in the presence of a base:

k
Fe(CO)_ + OH > Fe(CO) ,COH (4a)
5 K 4772
Fe (CO) 40021{" —2 5 HFe(cO) 4" + Co, (4b)
k
- 3 -
HFe(co)4 + H,0 > HzFe(CO)4 + OH (4c)
kq

HzFe(CO)4 ]>{ Fe(co)4 + H, (44d)
Fe(co)4 + CO 5 Fe(CO)5 (4e)

The nucleophilic attack of a metal-bonded carbonyl group with
hydroxide to give a metal-bonded carboxyl group (equation 4a)

is well established in metal carbonyl cation chemistry (16,17,18)
and has reasonable experimental support from studies on the
rhodium carbonyl iodide catalyzed water gas shift reaction (3).
Furthermore, carboxyl groups directly bonded to transition metals
similar to that in the proposed intermediate Fe(CO) ,CO H are
well known (17,18,19,20) to undergo facile decarboxyla ion to
give the corresponding metal hydride exactly as in equation 4b.
The H_Fe(CO) , intermediate formed by protonation of HFe(CO) ,”
(equa%ion 4cf is necessary to account for the observation made
by Pettit and coworkers (3) that both Reppe hydroformylations
and water gas shift reactions catalyzed by iron carbonyls do

not proceed to any measurable extent at a pH greater than 10.7.
The remaining steps of the catalytic cycle involve reductive
elimination of H., (equation 4d) and coordinative saturation
(equation 4e) completely analogous to steps found in many types
of catalytic cycles (21).

A standard kinetic analysis of the mechanism 4a-4e using
the steady state approximation yields a rate equation consistent
with the experimental observations. Thus since equations 4a to
4e form a catalytic cycle their reaction rates must be equal for
the catalytic system to be balanced. The rate of Hy production
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by equation 4d (namely k,[H_Fe(CO) ,]) must be equal to the rate
of CO, production by equation 4b (namely k [Fe (CO) Co H™])which
after“applying the steady state approximation to Fe(Cg) C02H
d[Fe(CO) C02H ]
dt

for H2 production:

(namely = 0) leads to the following expression

afH,] _
s = kl [Fe(CO)S] [OH ] (5)

The rate of H, production using the catalyst system derived
from Fe(CO)_ is thus seen to have a first order dependence on
Fe(CO) . conCentration and to be independent of CO pressure in
accord with the experimental observations outlined above. Fur-
thermore, the formate buffer system generated by reaction of CO
with the base by equation 2 keeps the OH™ concentration essen-
tially independent of the amount of base introduced into the
system. Therefore the rate of H, production using the catalyst
system derived_from Fe(CO) ., altﬁough having a first order de-
pendence on OH~ concentration, is essentially independent of
the base concentration.

The following rather different type of catalytic cycle
involving formate decomposition explains our observations on the
water gas shift reactions catalyzed by M(CO) (M = Cr, Mo, and W)
in the presence of a base:

k
M(co)  + HCOz_ 1 - M(co) 5ocoxi' (6a)
k
M(CO) (OCOH 2 5 EM(CO) 5' + Co, (6b)
k
- 3 -
HM(CO)5 + izo > H,_,M(co)5 + OH (6¢)
4
>
HZM(CO)S H2 + M(CO)5 (64d)

In addition the following two external steps to this catalytic
cycle are needed:
(a) Dissociation of the metal hexacarbonyl:

kg
M(cO) = M(CO) ¢ + CO (6e)

k
a

(b) Generation of formate from CO and hydroxide
-k -
CO + OH —2— HCO, (2)

Equation 6e followed by equation 6a is analogous to a reported
(22) preparation of the trifluoroacetate W(CO).OCOCF,” by
treatment of W(CO)6 with tetraethylammonium trifluoroacetate at
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elevated temperatures. Equation 6b represents an unknown reac-—
tion but was shown to be reasonable by observing CO, as a pro-
duct from the pyrolysis at 110°C of [(C H5)3PNP(C H5)3]-

[w(CO) _.OCOH], which was grepared by a sgandard meghod (22) using
the reaction of W_(CO) ~ with silver formate. Equations 6c
and 64 for the catalyst systems derived from M(CO) . are com-
pletely analogous to equations 4c and 4d for the catalyst system
derived from Fe(CO) ..

The kinetic analysis of the mechanism 6a-6e,2 is more
complicated than that of the mechanism 4a-4e because of the
external reaction 6e but nevertheless is feasible using the
steady state approximation. By a procedure similar to the deri-
vation of equation 5 the following equation can be derived:

afH,) -
- " k4[H2M(CO)5] = kl[M(CO)sl (Hco,, 1 (7)
However, the steady state concentration of M(CO)5 depends upon
the concentrations of the stable species M(CO)_, HCO,~, and CO

as well as HZM(CO) in the cycle. Thus applying the steady state
approximation to [3(CO)5] one obtains the following equation
where keq = kd/ka:

afu,) [M(CO)6] [uco, ] [M(co) ] [HCO, ]

ac - (kgrk)ky [col = Keg®1 fcol (8)

This mechanistic scheme agrees with the experimental observations
of the first order dependences on M(CO)_, and formate concentra-
tions and the inverse first order depengence on CO pressure for
the rate of H_ production in the water gas shift reaction cata-
lyzed by M(CO? (M = Cr, Mo and W) in the presence of a base
sufficiently sgrong to generate formate from CO by equation 2.
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Homogeneous Catalytic Reduction of
Benzaldehyde with Carbon Monoxide and Water

Applications of the Water Gas Shift Reaction

WILLIAM J. THOMSON'! and RICHARD M. LAINE
Physical Organic Chemistry Department, SRI International, Menlo Park, CA 94025

With the advent of the energy crisis, the study of homogeneous
catalytic CO hydrogenation has become very popular because CO re-
presents one of the cheapest, readily available C, building blocks
for production of synfuels and because homogeneous catalysts can
be very efficient hydrogenation catalysts. To date, the majority
of the research has been devoted to catalytically hydrogenating CO
directly to hydrocarbons (Fischer-Tropsch synthesis) with little
attention paid to other CO reduction reactions that could also be
useful for synfuel production (1,2,3,4). For example, two areas
that could be more thoroughly explored are CO homologation [re-
action (1)] and methanol synthesis [reaction (2)], which can be
catalyzed homogeneously (5,6,7,8).

(o]

"Ry" \
CHs'O'CHs + 2C0 + 2H2 —— CH3Q‘0§H3CH3 + H20 (1)
co + 2, —<2taL¥St . oy oy (2)

Catalyst = Ru(CO)s, HCo(CO), or Rhs(CO),s

With the recent development of zeolite catalysts that can effi-
ciently transform methanol into synfuels, homogeneous catalysis of
reaction (2) has suddenly grown in importance. Unfortunately,
aside from the reports of Bradley (6), Bathke and Feder (7), and
the work of Pruett (8) at Union Carbide (largely unpublished),
very little is known about the homogeneous catalytic hydrogenation
of CO to methanol. Two possible mechanisms for methanol formation
are suggested by literature discussions of Fischer-Tropsch cata-
lysis (9-10). These are shown in Schemes 1 and 2.

'On sabbatical leave from the University of Idaho.

0097-6156/81/0152-0133$05.00/0
© 1981 American Chemical Society
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A° H,
MH + CO —=M-C =~ —2— MH + CH,0
\_ !
MH + CH5OH 2 M-CH,0H

MH = homogeneous metal hydride complex.

Scheme 1
0 OH
y/ /
MH + CO —= M-CL —Ha . HM=C_
H H

MH + CH5OH <—22—  M-CH,OH

Scheme 2
We are interested in homogeneous catalytic methanol synthesis
because of our previous work on the Reppe reactions (11,12,13):

K
Rhsrg(;gzlls/ OH RCHgCHzCHon + ZCOz (3)

Rus(CO),2/KOH
MeOH

R-CH=CH, + 3CO + 2H.0

R-CH=CH, + 3CO + H,0 + R7NH R(CH,) s-NR; + 2C0; (4)
A common theme in reactions (1)-(4) and Schemes 1 and 2 is the
hydrogenation of carbon-oxygen multiple bonds to species with
carbon-oxygen or carbon-nitrogen single bonds. In undertaking
the work presented here it was our intention to determine whether
or not information obtained in the study of the hydrogenation of
aldehydic carbon-oxygen double bonds is applicable to understand-
ing (a) reduction of carbon monoxide to methanol, (b) CO reduction
to Fischer-Tropsch products, (c) homologation as in reaction (1),
and (d) the validity of either Scheme 1 or 2.

We chose to investigate the CO/H,0/KOH and Rhe(CO),s catalyzed
reduction of benzaldehyde and substituted benzaldehydes because:

e Benzaldehydes are not subject to base catalyzed aldol
condensations, and under the reaction conditions
Cannizarro reactions are not important.

e From thermodynamic considerations CO/H.0 must be a
better reductant than H,, thus milder reaction con-
ditions might be possible.

* The catalyst derived from Rhe(CO),6 is the most active
catalyst for aldehyde reduction of all the group 8 metals
we have studied (12,13).

e p-Substitution of the benzaldehydes should provide
information about the electron density at the carbonyl
carbon during the addition of metal hydride to the
carbon-oxygen double bond.
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Experimental Procedures

General Methods. Methanol used in kinetic runs was distilled
from sodium methoxide or calcium hydride in a nitrogen atmosphere
before use. Freshly distilled cyclohexanol was added to the
methanol in the ratio 6.0 ml cyclohexanol/200 ml MeOH and was used
as an internal standard for gas chromatographic (GC) analysis.
Benzaldehyde was distilled under vacuum and stored under nitrogen
at 5°. Other aldehydes (purchased from Aldrich) were also dis-
tilled before use. The corresponding alcohols (purchased from
Aldrich) were distilled and used to prepare GC standards. All
metal carbonyl cluster complexes were purchased from Strem Chem-
ical Company and used as received. Tetrahydrofuran (THF) was dis-—
tilled from sodium benzophenone under nitrogen before use.

Analytical Methods. All the analyses were done by gas chroma-
tography. Liquid products were analyzed on a Hewlett-Packard
Model 5711 gas chromatograph equipped with FID using a 4.0 m by
0.318 cm column packed with 5% Carbowax acid-washed Chromosorb G.
Gas products were analyzed with a Hewlett-Packard Model 5750 gas
chromatograph equipped with a 3 m by 0.318 cm, 150/200 Poropak Q
column and a 1.8 m by 0.318 cm type 13A molecular sieve column.
Hydrogen analysis was achieved by injecting into the molecular
sieve column operated with a 8.5% hydrogen—-in-helium carrier gas.
Other gaseous components were analyzed in the Poropak column using
a helium carrier gas.

In the procedure used for studying benzaldehyde reduction, 6.0
ml of the MeOH/cyclohexanol solution described above were used as
solvent. Aldehyde was added to the reactor via a 5-ml glass
syringe, and 1.0 ml of 3 N KOH solution was added by means of a
pipette. We were careful to add either the KOH or the aldehyde
just before pressurizing with CO to minimize the aldehyde reduc-
tion resulting from the noncatalytic Cannizarro reaction. The re-
actor was then sealed and flushed twice with 600-psi CO before
bringing the reactor up to the desired CO pressure. The run was
initiated at the time the reactor was immersed in the temperature
bath. On completion of the run, the reactor was quenched in cold
water and the pressure at 24°C was recorded. The primary analysis
was conducted on the liquid solution; however, some runs were also
subjected to gas phase analysis. In every experiment, liquid
samples were collected in 10-cc sample vials and stored in a re-
frigerator. In most cases chromatographic analyses were conducted
within 6 hours of the termination of the run. The maximum time
that any sample was stored before analysis was 72 hours.

To have a basis for comparison, we established a standard run
for aldehyde reduction consisting of

0.1 mmole Rh5 (Co)15

30 mmole Ce¢HsCHO

1 ml 3 N KOH

6 ml (MeOH + cyclohexanol)
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P 800 psi

70 = 125°¢

Reaction time = 1 hour
Catalytic activity was measured as a function of turnover fre-
quency [moles product/(mole catalyst) (hour)]. The standard run
has a turnover frequency of 105+10. All the parameters investi-
gated were perturbed about this standard and included the effects
of catalyst, aldehyde, KOH and water concentration, initial CO
pressure, and reaction time. In addition, a few selected runs
were also conducted to examine the effects of hydrogen in the gas
phase as well as the relative ease with which other aldehydes
could be reduced.

Results

Catalysts and Catalyst Concentration. The most active cata-
lyst for benzaldehyde reduction appears to be rhodium [Rhe(CO)16
precursor], but iron [as Fes(C0),.] and ruthenium [as Rus(CO),:]
were also examined. The results of these experiments are shown in
Table 1. Consistent with earlier results (12), the rhodium cata-
lyst is by far the most active of the metals investigated and the
ruthenium catalyst has almost zero activity. The latter is con-
sistent with the fact that ruthenium produces only aldehydes
during hydroformylation. Note that a synergistic effect of mixed
metals does not appear to be present in aldehyde reduction as con-
trasted with the noticeable effects observed for the water-gas
shift reaction (WGSR) and related reactions (13).

The effect of the concentration of Rhg(CO);:¢ on the number of
turnovers was evaluated by using 0.01 mmole to 0.10 mmole of cata-
lyst, and these results are shown in Figure 1. The turnovers in-
crease with decreasing catalyst precursor. This is indicative of
catalysis by cluster fragmentation. The results of our earlier
work (12) are also shown in Figure 1. Although the turnovers are
higher than those observed here, it should be noted that a higher
temperature and a shorter reaction time were used previously.
Higher temperature should produce more turnovers, but shorter re-
action times would be expected to produce less, depending on the
existent reaction orders. This is complicated further by the
effect of CO, production, which tends to consume OH , and also by
the nonisothermal heat-up period (5 min), which is a significant
fraction of the 0.5-hr reaction time used previously.

KOH Concentration Studies. The effect of KOH concentration on
benzaldehyde reduction was examined, and the results are shown in
Figure 2 along with our previous results for ruthenium catalyzed
hydroformylation (12).

The Effect of Reactant Concentration. Several experiments
were conducted to quantify the effect of reactant concentration on
the aldehyde reduction rate. The initial CO pressure was varied
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Table 1. Benzaldehyde Reduction with Various Catalysts

CATALYST PRECURSOR NO. OF TURNOVERS®
Rg (C0)1q 105
Fe3(C0)p, 30
Ruz(C0)q, 9
Rig (C0)1/Fe3(C0) 1P 93
Ruz(0)1p/Fe3(CO) 1o® 2

AMOLES ALCOHOL FORMED PER MOLE OF TOTAL CATALYST.
B0, 05 MMOLES OF EACH.
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Figure 1. The effect of catalyst concentration on benzaldehyde reduction: (O)
125°C, 1 h; (- - =) 150°C, 0.5 h (12)
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between 100 and 1200 psi, the H,0 concentration between 55 and 167
mmole, and the Ce¢HsCHO concentration between 10 and 40 mmole.
Because of solubility problems, the experiments at the highest H.0
and highest C¢HsCHO concentrations were analyzed after adding 3 ml
THF to the mixture recovered at the end of the run.

Figure 3 shows the results of varying the CO pressure. The
maximum activity appears to lie near 600 psi for benzaldehyde re-
duction. Figure 3 is an attempt to elucidate an apparent reaction
order with respect to the arithmetically averaged CO pressure. At
pressures less than 400 psi, the order is nearly first order. The
situation at higher pressures is not clear; however, it is reason-
able to speculate that the dominant aspects of the kinetics shift
at these pressures. The data suggest the shift is to zero-order
dependance.

Studies analyzing the effects of the remaining reactants, H.0
and C¢HsCHO indicate that the reaction appears to be zero order
with respect to both reactants. It is interesting that in previous
work we also found similar behavior for H,0 in ruthenium catalyzed
hydroformylation (12), as did Ungermann et al. with the WGSR (14).

The Effect of Reaction Time. The problem associated with time-
varying OH~ concentrations has already been mentioned. The diffi-
culty associated with the influence of dissolved CO. can be appre-
ciated by referring to Figure 4, which shows the results of two
experiments. In one, samples were taken every hour and in the
other sampling occurred every two hours. However, the important
factor is that the reactor was recharged with CO after each sample.
Note that the effective reaction rate is lower when two hours
elapse between samples, presumably due to the buildup of CO2,
which consumes OH™. In fact, one experiment was conducted at 94°C
for 17 hours and only 27% conversion to alcohol occurred, the same
conversion experienced after 3 hours when fresh CO was added hour-
ly.

Reduction of Other Aldehydes. We examined the reduction of
anisaldehyde, p-CH3;0C¢H,CHO and tolualdehyde, p-CH3(Ce¢H,)CHO to
examine the effect of electron density on aldehyde reduction. In
addition, we also investigated one ketone, acetophenone, C¢HsCOCHj.
The results of these experiments are given in Table 2.

Discussion

Because of the complexity of the rhodium-catalyzed reduction
of benzaldehyde to benzyl alcohol with CO and H,0, it is not
possible to fully elucidate the mechanism of catalytic reduction
given the extent of the kinetic studies performed to date. How-
ever, the results do allow us to draw several important conclu-
sions about the reaction mechanism for benzaldehyde hydrogenation
and several related reactions.

We recently described (12,15) the use of catalyst concentra-
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ACTIVITY RELATIVE TO 3 mmole KOH

Figure 2.
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Table II. Reduction of Other Reactants

REACTANTS | TURNOVER FREQUENCY

CgHsCHO 105
PCH3CGHyCHO 78
PCH30CH,CHO ‘ 63
CgHsCOCHs ! 2

(STANDARD CONDITIONS, 30 MMOLES
OF REACTANTS)

0.5 —

FRACTION $CHO REMAINING

0 0.1 0.2 3.0 4.0 5.0 6.0 7.0
TIME ~ hours

Figure 4. Time varying benzaldehyde reduction T = 94°C: (O) purge every 1 h,
() purge every 2 h
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tion studies to help identify active catalyst species, especially
where cluster catalyzed reactions are suspected. In the present
work, changes in the amount of rhodium added to the reaction solu-
tion have dramatic effects on the turnover frequency. As shown in
Figure 1, decreasing the rhodium concentration results in consider-
able increases in turnover frequencies. These changes are indi-
cative of equilibria involving rhodium cluster complexes that
fragment reversibly to smaller cluster complexes or mononuclear
complexes wherein the active species are the fragments. In the
reaction solutions where benzaldehyde reduction occurs we have
observed (12), by IR, both the Rh;,(C0)so>” and Rhs(CO),s” com-
plexes. Recent work by Chini and coworkers (16) suggests at least
one plausible equilibrium:

Rhg(CO) 16 + OH ——= Rhe(CO),sH + CO, (5)

Rhe (CO) ;sH + OH — Rhg(CO) 152~ + H,0 (6)
2Rhs(CO) ;sH = Rh;2(C0) 30>~ + Ha (7

Rhe (CO) 157 + 2Rh;2(C0) 30> + 15C0 == 6Rhs(CO).s (8)

Vidal and Walker (17) have observed that Rh(CO), dis in equilibria
with Rhs(CO),;s~. It is likely that Rh(CO),” is also in equilibria
with the cluster species in equations (5)-(8); thus, it must also
be a part of the benzaldehyde hydrogenation catalyst solution.

The effects of changes in KOH concentration on catalyst activ-
ity for benzaldehyde reduction are complex. Figure 2 compares the
present work with KOH concentration studies for ruthenium cata-
lyzed hydroformylation:

RU3 (CO) 12/KOH

CH5sCH,CH,CH=CH, + H,0 + 2CO MeOH/150° (9

CH,CH,CH,CH,CH,CHO + CO:

Although the data for C¢HsCHO reduction lie below the hydroform-
ylation results, it is apparent that the effect of KOH concentra-
tion is similar in the two cases.

The initial steep rise can be attributed simply to activation
of the catalyst precursor. The amount of base corresponds approxi-
mately to one equivalent of KOH for the ruthenium catalyst
and two equivalents for the rhodium catalyst. Activation could
result from hydroxide attack as in (5) and (6) for rhodium and
(10) for ruthenium:

RU3(CO)13 + OH™ ——e HRlla(Co)],;- + Coz (10)

Concentrations of hydroxide beyond those needed for catalyst
activation display approximately 0.5 order dependence with regard
to turnover frequency. Since these results are for two catalysts
performing different functions, it would appear that they corre-
spond to a separate, noncatalytic step in the reaction sequence.
The most likely explanation is that the effects are due to CO.-
base interactions. This is partially substantiated by the fact



Publication Date: May 5, 1981 | doi: 10.1021/bk-1981-0152.ch009

142 CATALYTIC ACTIVATION OF CARBON MONOXIDE

that when K,CO; was used in place of KOH (filled data point,
Figure 2), significant reduction also took place although the
activity was lower than that observed with KOH (the same number of
K equivalents were used). This drop in activity is due to the
difference in initial pH of the carbonate solution (as compared
with the KOH solution) which would be governed by dissolved CO.,

a variable that changes as the reaction proceeds.

Another noncatalytic step proposed by King et al. (18) in iron
carbonyl/base catalysis of the WGSR involves the formation of
formate ion; however, we recently observed that formate formation
appears to have little importance in the related rhodium catalysis
of hydrohydroxymethylation. We plan to perform studies of the
CO + KOH and CO, + KOH reactions independent of catalysis to more
fully appreciate the relationship of these reactions to solution
pH and thus the catalytic activity.

The effects of benzaldehyde concentrations on turnover fre-
quency are anomalous. Our results indicate that benzaldehyde
hydrogenation turnover frequency is independent of benzaldehyde
concentration (an apparent zero-order dependence). However, the
data in Table 2 indicate otherwise. If the reaction were inde-
pendent of aldehyde concentration, the rate data should be inde-
pendent of the type of aldehyde used. This is especially true
with p-tolualdehyde and p-anisaldehyde where the structural
changes to the aldehyde (addition of p-methyl or p-methoxy) should
influence the reactivity of the aldehyde functionality only
through electronic effects. Thus, we are forced to conclude that
the aldehyde is involved in the rate determining step even though
the concentration study does not support its presence.

Furthermore, the data from Table 2 allow us to draw several
valuable conclusions regarding the mechanism of hydride addition
to carbon-oxygen double bonds.

There are two possible modes of metal hydride addition to

carbon-oxygen double bonds: 8 ?H
MH + CeHs-C, —= csu,-(I:—M (11)
0 H H
MH + csn,—g —— CsHs—CH,-OM (12)
H

In reaction (11) the metal-hydride addition suggests a protonation
reaction; whereas, in reaction (12) the addition appears to be a
hydride transfer reaction. If the reaction is indeed a hydride
transfer reaction then the introduction of p-electron donating
substituents, which place more electron density at the carbonyl
carbon, (the site of hydride attack) will inhibit hydride addition.
The data in Table 2 show that the introduction of p-electron donat-
ing substituents reduces the turnover frequency. This is consis—
tent with hydride attack at the benzaldehyde carbonyl carbon, (12).
Further support for addition of the type found in reaction
(12) comes from an unusual reaction we observed while investigat-
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ing hydrogenation of benzaldehyde with H. using Rhe(CO).6 as cata-
lyst precursor in methanol solution:

ﬁ C 5H5_CH2—OCH3 80%

_ Rhs(CO)ls/SOO ESi Hi
CeHs C\H + Hp MeOH/125°/1h + (13
CeHsCH-OCH;  20%
CHs

The mechanism for ether formation is quite simple given the
recent work of Chini (19) that shows that rhodium clusters can re-
act to give strong acids:

Rhs(CO),,s + (traces) ZHQO_. Rh;z(co)soz— + 2H+ + 2C02 + H, (14)

If some metal hydride species catalyzes the hydrogenation of
benzaldehyde:

th(CO)yu{ + C¢HsCHO —» th(CO)y— + C¢HsCH.0H (15)

then acid catalyzed etherification will follow:
+
CsHsCH,0H + MeOH - E CeHsCH,OMe + H,0 (16)

The formation of the a-methyl derivative is extremely sur-
prising. We can propose a reasonable mechanism based on Wender's
proposed mechanism for cobalt catalyzed CO homologation of
methanol (5).

CHsOH + HY === [CHsOH.]" an
Gt - _
[CH3OH,] + th(co)y —— CH,3 th(CO)y + H.0 (18)
_ - —CH- - 1
CsHsCHO + CHs th(co)y — C¢Hs ?H Oth(CO)y (19)
CHs

Formation of the methyl-rhodium complex is analogous to the
formation of CH3-C(CO), from CH30H; and Co(CO),~ as proposed by
Wender. The difference here is that the nature of the active
rhodium species is not known. Under the present conditions, homo—-
logation does not occur because CO is not present; however, addi-
tion of the methyl-rhodium species to benzaldehyde must occur as
shown in (19), metal adds to the oxygen. The product in (19) is
then subject to acid catalyzed etherification to obtain the methyl
ether.

The formation of metal-oxygen bonds has previously been found
to occur for the stoichiometric hydrogenation of CO to methanol
with metal hydrides of the early transition metals (20). More-
over, in ruthenium-phosphine catalyzed hydrogenation (with H,) of
aldehydes and ketones, metal-oxygen bonded catalytic intermediates
have been proposed for the catalytic cycle and in one case iso-
lated (21,22).

It seems extremely likely that similar metal-oxygen bonded
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intermediates form in the rhodium-catalyzed reduction of carbon-
oxygen double bonds. Thus, it appears that catalytic inter-
mediates such as M—CHR-OH (11) are not viable for carbon-oxygen

double bond hydrogenation or methanol synthesis (R=H).

Alternative mechanisms for carbon-oxygen double bond hydro-
genation and methanol synthesis are shown in Schemes 4 and 5.

R—C -R’ + RH (CO) Hz —_— [RR CHO—Rh (CO) H ]

R,R’ =aryl,alkyl or H [+ CO(/:Hzo Rh (CO) L RR’ CH,0H
2

Scheme 4

RhX(CO)y + Hy — th(CO)yl-lz + CO
-CH30H Jr

[ Rh (co) H]

O.‘:O

- H, - _
[CH30th(C0)yH] e RhX(CO)y + H,C=0

Scheme 5

Unfortunately, because of the exceptional number of interrelated
equilibria between various rhodium clusters and Rh(CO),” it seems
unlikely that it will be possible to identify which rhodium
species is responsible for the hydrogenation reactionms.
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Electrophile-Induced Disproportionation of the
Neutral Formyl (»-C;H;)Re(NO)(PPh,)(CHO)

Isolation and Properties of the Rhenium Methylidene
[ (n-C:H;)Re(NO)(PPh:)(CH:)] PFs

J. A. GLADYSZ, WILLIAM A. KIEL, GONG-YU LIN,
WAI-KKWOK WONG, and WILSON TAM

Department of Chemistry, University of California, Los Angeles, CA 90024

A variety of organic molecules (methane, methanol, higher al-
kanes and alcohols, glycols, gasoline hydrocarbons) can be ob-
tained from CO/H. cas mixtures (synthesis gas) in the_presence of
metallic heterogeneous and homogeneous catalysts [1,2]. Since
synthesis gas can be readily produced from coal, and domestic
crude oil and natural gas reserves (conventional sources of the
aforementioned organic chemicals) are declining, there is intense
current interest in CO/H, chemistry. Research in numerous labora-
tories is being directed toward the development of milder and/or
more selective CO reduction catalysts, and the delineation of CO
reduction mechanisms (see other papers contributed to this symposi-
um, and leading references [§72J§.

In considering the formative stages of CO reduction, one is
struck by the fact that only a finite number of single carbon cata-
lyst—bound intermediates is possible. Candidate intermediates for
which some type of experimental support exists are given in Figure
1 [1,2]. On the basis of available data, it is most probable that
more than one distinct mode of CO reduction (and homologation to
C> and higher intermediates) can occur.

It is not at this time practical to probe the finer details
of CO reduction using the actual catalysts employed to effect
CO/H, reactions. Reaction conditions are severe and many inter-
mediates are expected to lie in relatively shallow potential energy
wells. We therefore initiated a program aimed at synthesizing
stable homogeneous transition metal complexes containing 1igands
corresponding to the catalyst-bound intermediates in Figure 1 [10-
18]. Through investigation of their basic chemistry, we have
sought to gain insight into possible catalyst reaction pathways.

Considerable challenge is associated with synthesizing stable
complexes containing certain of the ligands shown in Figure 1.
Although transition metal-CO and transition metal-CHs; complexes
have long been known, transition metal complexes containing the
other six ligand types in Figure 1 were unknown prior to the early

0097-¢ Asnarigans£hemiealoo,o
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1970's [1,2]. In all cases, rationalizations can be advanced as
to why kinetic instability is anticipated.

Other research groups have actively pursued similar lines of
research, and their important contributions (studies by Casey and
Graham are particularly relevant: [19, 20, 21]) will be reviewed
more thoroughly in our full papers. In this Symposium account, we
shall describe the use of cations [(n-CsHs)Re(NO)(CO).]* BFy~ (1)
[22] and [(n-CsHs)Re(NO)(PPh,)(CO)]* BF,~ (2a) as precursors to a
number of complexes containing ligands of the types in Figure 1.
We chanced upon these systems in the course of prospecting for
stable neutral formyl complexes [15]. Earlier, we had found that
[(n-CsHs)Mn(NO) (C0),]* PFs~ reacted with Li(C2Hs)3BH to afford the
manganese formyl (n-CsHs)Mn(NO)(CO)(CHO),which rapidly decomposed
at 10 °C [15]. Based upon abundant precedent [12], it seemed
probable that rhenium homologs would have greater kinetic stabili-
ty. We were also influenced by Graham's intriguing 1972 report
that NaBH, reduced 1 to the methyl complex (n-CsHs)Re(NO)(CO)(CHs)
(3) [20]. As will be related, the same metal/ligand arrangements
which™afford kinetically stable neutral formyls have been found to
stabilize other reactive ligand types as well.

Results and Discussion

Rhenium cations 1 and 2a are synthesized by the convenient
procedures shown in Figure 2. The use of iodosobenzene (C¢HsI*-07)
in the conversion of ] to 2a merits note. Substitution of PhsP
for a CO in 1 could not be effected by standard thermal or photo-
chemical metfiods, Furthermore, reaction of 1 with (CHs;)sN*-0-
(which is commonly used for the oxidative removal of metal-bound
C0) [12] in the presence of PhsP did not yield any CO-containing
products. Consequently a more selective reagent for the oxidation
of ligating CO to CO, was sought. After surveying several possibi-
lities, it was found that the reaction of 1 in CH3CN with commer-
cially available iodosobenzene resulted in the smooth formation of
[(n-CsHs)Re(NO)(CO) (NCCH;)I* BF,~. As would be expected from a
reaction involving attack of iodosobenzene oxygen upon CO, iodo-
benzene (CeHsI) was formed in 77% GLC yield. The [(n-CsHs)Re(NO)-

CH3)]* BF,~ could be purified or simply refluxed in crude
form with PhsP in 2-butanone (substitution was slow in refluxing
acetone) to afford 2a in 50-65% overall yield.

The reaction of 1 with Li(C2Hs)sBH was investigated first
E]S]. As shown in FiQure 3, téezrg}gtively stable geutra] formy1

n-CsHs)Re(NO) (CO) (CHO) (4) formed in quantitative spectroscopic
yield. 4 decomposed over several hours at room temperature, and
we were unable to isolate 4 in analytically pure form. Similar
syntheses and observations were also reported by Casey [19] and
Graham [21].

Despite its instability, reactions of 4 with reducing agents
were investigated (Figure 4{[15]. Importantly, BH3<THF smoothly
reduced formyl 4 to methyl 3.” This suggests that 4 (or a BHs

.
~
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Figure 1. Possible one-carbon intermediates in CO reduction
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Figure 2. Synthesis of starting metal carbonyl cations
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@ Li(C2H5)3BH @
+ .

Re ° R
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O | co 100% o co
co spectroscopic I
yield " §0
1 4

TH NMR: § 15.77

3¢ NR: 265.9, 200.1, 96.8
(-60 °C, THF-dg)

IR: 1985 s, 1709 s, 1614 s

(THF, em 1)
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Figure 3. A relatively stable neutral formyl complex
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Figure 4. Reductions of “‘semi-stable” formyl 4
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adduct) is an intermediate in Graham's NaBH, reduction of ] to 3,
Interestingly, reaction of 4 with Li(C.Hs)3sBH afforded the anionic
bis-formy1Li*[ (n-CsHs)Re(NO)(CHO).1™ (5), derived from attack at
the remaining CO of 4. This species had a half life of ca. 2 hr

at room temperature. It is significant that the electrophilic re-
ductant BH; attacks the formyl ligand of 4, whereas the nucleophil-
ic reductant Li(C2Hs)3BH attacks the carbonyl ligand of 4. Previ-
ously it has been noted that electrophiles such as Li* bind much
more effectively to acyl ligands than carbonyl ligands [13], where-
as nucleophiles preferentially attack the carbonyl ligands in metal
[25] carbonyl acyls [11,26].

Formyl 4 did not react with 150 psi of H. at a rate detectably
faster than its decomposition, and we considered it unlikely that
the other reductions in Figure 4 had an important bearing on the
fate of catalyst-bound formyls. Moreover, we sought a crystalline,
analytically pure neutral formyl complex whose physical and chemi-
cal properties could be subjected to unambiguous definition. To-
ward this end, the Ph;P-substituted cation 2a would provide a more
electron rich rhenium system whose additional phenyl rings might
impart greater crystallinity.

Gratifyingly, reaction of 2a with Li(C.Hs)3sBH afforded the
stable (dec pt. ca. 91 °C) formyl (n-CsHs)Re(NO)(PPhs)(CHO) (6),
which could be isolated in crystalline analytically pure form (60%
yield) after colum chromatography (Figure 5)[15]. Later, we found
that the reaction of NaBH, with 2a in THF/H.0 afforded 55-75%
yields of 6. This formyl was subjected to an X-ray crystal struc-
ture determination [16], a stereoscopic view of which is given in
Figure 6. While the characteristic spectroscopic features of for-
myl complexes have been previously noted [10,11,12,13,19,21], it
should be emphasized that the Tow frequency formyT IR stretch of 6
(1566 cm=!in THF) indicates a substantial resonance contribution
from the dipolar carbenoid form 6b. Interestingly, the plane of
the formyl ligand virtually eclipses the Re-N-O plane; an identical
geometric relationship is observed in the X-ray crystal structures
of homologous cationic rhenium alkylidene complexes [27].

Enhanced stability is often detrimental to reactivity, and it
came as no surprise that 6 did not react with 150 psi of H, at 25
°C. When reacted with BH3-THF, 6 was reduced to (n-CsHs)Re(NO)-
(PPh3)(CH3) (7) (eq i). Methyl complex 7 could also be obtained
by reduction of 2 with NaBH,. However, since the prospects for re-
duction chemistry relevant to the fate of catalyst-bound formyls
seemed bleak, we began to investigate other facets of the chemistry
of 6.

Our initial experiment along these lines was a well-precedent-
ed attempt to O-methylate the formyl ligand in 6. Considering the
seemingly unexciting products shown in Figure 7, I was very grate-
ful that my co-workers were sufficiently curious not to relegate
this reaction to the rhenium waste jar. Upon further thought, we
speculated that the products 7 and 2b (Figure 7) might constitute
formyl reduction and oxidation products, respectively. Therefore
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@ L1(C,Hg) 4BH @
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7 ~ N .
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Found: C, 50.14; H, 3.82; N, 2.39; P, 5.34.
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Figure 5. An isolable, crystalline neutral formyl complex

Figure 6. Stereoscopic view of the x-ray crystal structure of 6
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the origin of the methyl 1igand was probed by conducting the same
reaction with CD3SOsF (Figure 8). As shown, the 7 produced was
virtually entirely 7-d,. Thus the methyl Tigand did not arise
from the methylating agent, which strongly suggested that some
type of disproportionation was occurring. Remarkably, the formyl
ligand was being reduced well below room temperature, and without
the addition of an exogenous reducing agent.

FormyT 6 was similarly reacted with electrophiles (CH3)sSiCl
(Figure 9) and CF3CO.H (Figure 10). In both cases, methyl com-
plex 7 and [(n-CsHs)Re(NO)(PPh3)(C0)]* salts formed in ratios
reasonably close to 1:2. The reaction of § with (CHs)3sSiCl also
yielded [(CH3)3Si].0 (approximately equimolar with 7), which we
Eostu]ated to contain oxygen originally from the formyl ligand.

H NMR monitored reactions of 6 with CH3SOsF in CD»Cl. showed the
presence of similar quantities of dimethyl ether.

In formulating means of unraveling the mechanisms of the re-
actions in Figures 8-11, we decided to concentrate on the CH3SOsF
induced disproportionation, since exploratory NMR experiments had
shown it to be somewhat slower than the others. We considered the
ligand types shown in eq ii (formyl , methoxymethylidene, methoxy-
methyl, methylidene, methyl) to represent a likely reaction se-
quence. These have close relationships with several of the poten-
tial catalyst-bound intermediates in Figure 1. The (CH;)sSiCl and
CF3C0.H induced disproportionations of 6 might involve -0Si(CHs)s
and -OH homologs of the -OCH; containing ligands in eq ii.

A three-stage approach was taken to establish mechanism.
First, efforts were directed at the synthesis and isolation of all
potential intermediates in the CH3;SO3F reaction. Secondly, expe-
riments were conducted to test the chemical viability of these
intermediates. For instance, since no external reducing agents
are added, some of the species in eq ii must be hydride donors,
whereas others must be hydride acceptors. Thirdly, after isolating
authentic samples of all likely intermediates, it would be possi-
ble to convincingly interpret the H NMR monitored reaction of 6
with CH3S03F, in which numerous transient resonances were observed.
In synthesizing the potential intermediates, we worked from right
to left through the ligand types shown in eq ii, as detailed in
the remainder of this account [17].

Reaction of 3 with PhsC*PFg- resulted in the formation of
methylidene complex [(n-CsHs)Re(NO)(PPhs)(CH2)]* PFs= (8) in 88-
100% spectroscopic yields, as shown in Figure 11. Although 8 de-
composes in solution slowly at -10 °C and rapidly at 25 °C (the
decomposition is second order in 8), it can be isolated as an off-
white powder (pure by 'H NMR) when the reaction is worked up at
-23 °C. The methylidene 'H and 3C NMR chemical shifts are simi-
lar to those observed previously for carbene complexes [28]. How-
ever, the multiplicity of the 'H NMR spectrum indicates the two
methylidene protons to be non-equivalent (Figure 11). Since no
coalescence is,observed below the decomposition point of 8, a Tow-
er limit of AGY >15 kcal/mol can be set for the rotational barrier

about the rhenium-methylidene bond.
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Figure 9. (CHj;),SiCl induced formyl disproportionation
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The methylidene complex 8 forms crystalline, analytically
pure adducts with pyridine and phosphines, as shown in Figure 12.
These reactions establish the methylidene carbon as electrophilic.
Relevant to a future mechanistic point, no reaction was observed
between 8 and dimethyl ether.

At the time this work was reported, only one other well-char-
acterized non-bridging methylidene complex, Schrock's (n-CsHs):Ta-
(CH3)(CH2)[29], had been described in the literature. However,
the methylidene carbon in this complex is nucleophilic, and under-

oes ready reaction with (CH3)3SiBr and CDsI. Like (n-CsHs).Ta-

CHa)(CHZ{, 8 thermally decomposes (in up to 50% yield) to an ole-
fin complex, [(n-CsHs)Re(NO)(PPhj;)(H,C=CH,)]* PFs-. Since cata-
lyst-bound methylidenes (or higher alkylidene homologs) have been
suggested to play important roles in olefin metathesis, olefin
cyclopropanation, and Ziegler-Natta polymerization, our studies of
8 are continuing. More recently, additional examples of methyli-
dene complexes have been reported by Brookhart and Flood [30] and
Schwartz [31].

At this stage, it must be asked whether or not 8 is a chemi-
cally viable intermediate in the formyl disproportions. To be so,
it must be able to abstract hydride from other organorhenium spe-
cies known to be present. Accordingly, when 6 and 8 were mixed in
CD.Cl.at -70 °C in a 'H NMR monitored reaction, the clean hydride
transfer depicted in eq iii occurred immediately (i.e., within the
ca. 2-3 minute lag time needed to resume sample spinning and ac-
quire the FT NMR data).

Attention was next directed at preparing the methoxymethyl
complex (n-CsHs)Re(NO)(PPhs)(CH,0CHs) (9). Two high-yield routes
were developed, as shown in Figure 13; the synthesis from § is
slightly more demanding experimentally, since 8 and 3 react rapid-
1y with each other at -70 °C (vide infra).

If 9 is to be an intermediate in the CH3SOsF induced formyl
disproportionation of 6, it should react with CH3SOsF under the
conditions of the disproportionation. This would logically lead
to dimethyl ether, an observed product, and methylidene 8 (SO;F-
salt). However, under a variety of conditions, the reaction of 9
with CH3SO3F did not yield any detectable 8 (SO03F~ salt), although
the formation of dimethyl ether was always observed. An easier to
interpret, "half-methylation" experiment, which resulted in the
formation of ca. 1:1:1 ratio of 10a, 7, and dimethyl ether, is
shown in Figure 14,

The reaction in Figure 14 is more readily understood when it
is noted that 10a is an oxidation product (H- loss from 9), where-
as 7 is a reduction product (formal H- attack upon 9). This sug-
gests that CH3SOsF initially converts 9 to 8 (SO;F~ salt), which
then rapidly back reacts with 9 to form the observed products.
This can be easily tested by simply reacting 8 and 9 in the 'H NMR
monitored reaction shown in Figure 15. Indeed, hydride transfer
between 8 and 9 takes place immediately, strongly suggesting that

a methylidene intermediate is formed in Figure 14.
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Importantly, the final species under consideration as an in-
termediate in the CH3SO3F induced disprogortionation, methoxyme-
thylidene [(n-CsHs)Re(NO)(PPhs)(CHOCH;)]* SOsF~ (10a), is an isol-
able product of the reactions in Figures 14 and 15. It is most
easily obtained when the reaction in Figure 14 is conducted in
toluene, under which conditions 10a precipitates as a toluene sol-
vate. As will be rationalized later, 10a is the "third organomet-
allic product" referred to in Figure 7.

We again attempted to see if 10a could be formed by the me-
thylation of formyl £. We were unsuccessful, and the most easily
interpreted product distributions were obtained when 6 was reacted
with 0.5 equiv of CH3SO3F (Figure 16). Again, a ca. T:1 mixture
of oxidation (2b) and reduction (9, accompanied by a small amount
of "over-reduced" 1) products were obtained. Methoxymethylidene
10a would represent a plausible initial product which might rapid-
Ty abstract hydride from starting formyl 6. This hypothesis was
tested as shown in Figure 17. Indeed, when isolated 10a and 6
were independently reacted in a 'H NMR monitored reaction at -70
°C, 2b and 9 formed cleanly and immediately.

Since having authentic samples of 8, 9, and 10a enabled us to
rigorously interpret 'H NMR monitored reactions, we returned to
the reaction of formyl 6 with CH:S0sF under conditions similar to
those in Figure 7. Accordingly, the addition of 1 equiv of CHs-
SOsF to 6 (0.15 M in CD»C1,) at -70 °C resulted in a slow reaction.
After warming to -40 °C, formyl 6, 2b, 7, 9, and CH3SO3F were pres-
ent in a 0.5:1.4:0.3:1.0:1.0 ratio; remaining 6 disappeared within
15 minutes. We conclude that at this stage, the disproportiona-
tion has passed essentially through the first two steps of the
mechanism shown in Figure 18.

With further warming, the reaction mixture became heterogen-
eous. However, commencing at -10 °C and proceeding more rapidly
upon additional warming, 9 disproportionated to 10a and 7, and
(CH;),0 formed. This transformation corresponds to steps c-e in
Figure 19. Since 8 did not react with dimethyl ether (Figure 13),
the dissociation step (d) (Figure 18) is likely rapid; however, ox-
onium salt 11 could conceivably be the species which is reduced by
9 (or 6) to 7.

The mixing of 6 and CH3SOsF therefore initiates a complex
multistep process involving numerous bimolecular reactions between
species of varying concentrations. The precise distribution of
products obtained should reasonably be a sensitive function of re-
actant ratios and concentrations, order of reactant addition, and
reaction temperature and time. Several limiting stoichiometries
are possible. Also, the sporadic appearance of 10a as a final
product results from the potential availability of two hydride
donors (6 or 9) for the final step (e). A slowly warmed reaction
should favor higher yields of 10a. The non-observability of 10a
and 8 (SO3F~ salt) during steps a and d of the disproportionation
is easily understood in terms of the reactions in Figures 14-17.
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Available data indicate that CF3CO.H and (CHs)3SiCl react
with 6 by pathways qualitatively similar to the one in Figure 18.
Protonation reactions are generally much faster than alkylation
reactions. Thus when 6 and CF3CO.H are reacted in CD:Cl.at -70 °C,
a species whose 'H NMR™properties indicate it to be [(n-CsHs)Re-
(NO) (PPh3) (CHOH) J* CF3C0.~ (12, Figure 19) is generated cleanly
and quantitatively. Deprotonation to 6 occurs instantly when 12
is reacted with Li(C,Hs)3BH. The =CHOH 1igand (of which 12 is the
first detectable complex thereof) is of some historical interest,
since it was initially postulated as an intermediate in the Fischer-
Tropsch process in 1951 [32]. Upon warming, 12 disproportionates
to the product mixture shown in Figure 10 without any detectable
intermediates. Referring to a mechanistic scheme for the reaction
of 6 and CF;CO.H analogous to the one in Figure 18, it can be con-
cluded that step a is rapid relative to step b at -70 °C. However,
step a must be reversible, and subsequent disproportionation oc-
curs rapidly upon warming. The hydroxyalkyl (n-CsHs)Re(NO)(PPhs)-
(CH20H) s a likely intermediate in this transformation; Casey and
Graham have isolated the carbonyl substituted homolog (n-CsHs)Re-
(N0) (C0) (CHOH) [19, 211.

Querview

The preceding reactions have convincingly demonstrated that
the formyl 1ligand in (n-CsHs)Re(NO)(PPh3)(CHO) can be easily con-
verted to a methyl ligand without the addition of an external re-
ducing agent. This reduction, which is accompanied by a stoichio-
metric amount of formyl oxidation, occurs well below room tempera-
ture. With regard to the relationship of these reactions to cata-
lytic CO reduction, three points should be raised:

(1) Both heterogeneous and homogeneous CO reduction catalyst
recipes often contain electrophilic components such as silica sup-
ports, metal oxides, and A1C1; [1,5,33,34,35,36].

(2) There is substantial hydride mobility associated with
homogeneous formyl complexes (particularly those which are anionic)
[10,11,12,13]. Therefore, the generation of small quantities of
catalyst-bound formyls (a step which based upon homogeneous
precedent is likely uphill thermodynamically) might be accompanied
by a similar electrophile-induced disproportionation.

(3) The reactions of (n-CsHs)Re(NO)(PPhs)(CHO) described
were stoichiometric in electrophile "E*X~." In each case, an "E-
0-E" and two (metal)*X~ species were formed. If an analogous
mechanism is to operate on a bona-fide CO reduction catalyst, H:
must be able to convert these end products back to "E*X~" and
(metal)®, concurrently forming H,0. Water is of course a Fischer-
Tropsch reaction product [1,32]. While the reduction of oxidized
metal species by H, is commonplace, the suggestion that H> may
regenerate E*X- species is more conjectural. Also, as alluded to
earlier, there is good evidence that several CO methanation cata-
lysts effect initial CO dissociation to carbide [1,2]; hence we by
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no means wish to suggest that electrophilic species may play a
role in all CO reduction catalysts.

In important recent work, Shriver has demonstrated that elec-
trophiles can promote the migration of alkyl groups to coordinated
CO0. Lewis acid adducts of metal acyl complexes are isolated [37].
Thus it is possible that electrophilic species might also facili-
tate the generation of catalyst-bound formyls.

In conclusion, the use of homogeneous model compounds has en-
abled the discovery and elucidation of a new formyl reduction
mechanism which merits serious consideration as a reaction pathway
on certain CO reduction catalysts. Additional studies of the com-
pounds described in this account are actively being pursued.
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Hydrocarbon Formation on Polymer-Supported
7°-Cyclopentadienyl Cobalt

LINDA S. BENNER, PATRICK PERKINS, and K. PETER C. VOLLHARDT

Department of Chemistry, University of California, and the Materials and Molecular
Research Division, Lawrence Berkeley Laboratory, Berkeley, CA 94720

There has been considerable recent research interest in the
activation of carbon monoxide en route to more camplex organic
molecules. Among the various reactions that have been investi-
gated and/or newly discovered, the transition metal catalyzed re-
duction of CO to hydrocarbons (Fischer-Tropsch synthesis) has en-
joyed particular attention (1-9). Whereas most of the successful
efforts in this area have been directed toward the development of
heterogenecus catalysts, there are relatively few homogeneous sys-
tems. Among these, two are based on clusters (10,11) and others
are stoichiometric in metal (12-17). In this repor‘t we detail the
s thesis and catalytic chemistry of polystyrene ((® ) supported

n°—cyclopentadienyldicarbonyl cobalt, CpCo(C0),. This material is
active in the hydrogenatlon of CO to saturated linear hydrocarbons
and appears to retain its "homogeneous", mononuclear character
during the course of its catalysis.

Since cobalt on kleselguhr' in one of the original Fischer-
Tropsch catalysts (1-9), it appeared attractive to investigate
the catalytic activity of cobalt complexes immobilized on poly-
styrene. Although there are many supported cobalt-based Fischer-
Tropsch catalysts known (see, for example, references 18-21), no
polystyrene-bound systems had been reported. During the course
of our work 18% (22,60,61) and 20% (23) crosslinked analogs of
® CpCo(C0), were shown to exhibit Timited catalytic activity
but no CO reduction. A preliminary disclosure of our work has
appeared (24).

Synthesis of Polystyrene Supported Catalysts

® CH,CpCo(CO), 3 and (® CpCo(CO)2 5 were prepared utiliz-
ing the procedures of Grubbs et al. for the syntheses of poly-
styrene-bound cyclopentadiene (25) and Rausch and Genetti for the
thesis of CpCo(CO)2 (26). Thus, for 3, commercially available
CH2C1 (1% DVB, microporous, 1.48 mmol Cl/g resin) was treated
with excess NaCp to form (® CH.CpH 2. This was then exposed to
Co2(CO)s to form desired compound 3 (0.3-0.5 mmol Co/g. resin,

0097-6156/81/0152-0165$05.25/0
© 1981 American Chemical Society
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ca. 6% of phenyl rings substituted); Soxhlet extraction (benzene
or CH,Clz) was used in an attempt to remove non-attached species.
Resin 3 showed the characteristic IR absorptions of an M(CO). com-
Plex: 2012 and 1954 am~l (KBr); compare with CpCo(CO),: 2033
and 1972 cm~! (cyclohexane); 2017 and 1954 cm-1 (acetone) (27).

A problem associated with this procedure is the difficulty
in removing excess reagents fram the microporous resin. The
chloride content was fairly high (0.25 mmol/g., ca 15% of origi-
nal) in (® CH:CpH 2; as no chloromethyl absorbance was seen in
the IR, this implied that NaCl was trapped in the resin. Elemen-
tal analysis (C, 88.90%; H, 7.47%; Cl, 0.90%; total, 97.27%) sug-
gested the presence of other impurities, which appeared to per-
sist even after extensive extraction with solvent (THF-ethanol).

Assuming that the hydrophobic and nonionic nature of the
polystyrene matrix prevented infiltration by solvent, an alterna-
tive synthesis was devised starting with macroporous 3% cross-
linked polystyrene. This resin was first washed (28) with:
CH,Cl,, THF, THF saturated with lithium aluminum hydride, THF,
twice with 1M HC1 (97°C), 1M KOH (75°C), IM HCl (75°C), three
times with H,0 (75°C), IMF (40°C), twice with H,0, 1M HC1l (80°C),
H,0 (80°C), methanol, methanol/CH,Cl, (1/1), methanol/CH,Cl,
(1/3), and CH,Cl,. After drying in vacuo (70°C, 24 hr.), the
resin was braninated using 1.05 equivalents bromine with T1(QAc)s
as a catalyst (29). Cream-white (@) Br showed 99% substitution
(43.44% Br, 5.4% mmol/g.) at the para ring position (IR). If an-
hydrous conditions were not used in the bromination, a hetero-
geneous mixture of beads ranging from red-brown to white in color
Was obtained.

Lithiation was achieved using two portions of n-butyllithium
(n-Buli), three equivalents each, at 65°C in benzene under nitro-
gen atmosphere (29). The brown @ Li was not isolated due to its
extreme reactivity; bromine analysis on the final product,

CpCo(C0), 5, however, proved that the lithiation at this step
was essentially camplete (0.1 mmol residual Br/g. resin). Upon
addition of 2-cyclopentenone in THF at -78°C (1.0l equivalents,
syringe pump addition over 2h), the brown color changed gradually
to beige. Warming to room temperature followed by quenching with
ice-cold H20 yielded cyclopentenol derivative 4 (IR (KBr), 3425
and 1047 cm~1l). Some unsubstituted phenyl rings _and presumably
3-(polystyryl)eyclopentanone (IR (KBr), 1730 cm™l, result of con-
jugate addition of (@ Li to 2-cyclopentenone) were noted. Ad-
dition of excess enone gave no increase in ring substitution;
faster addition or higher reaction temperature (0°C) yielded a
higher proportion of cyclopentancne formation (IR).

Vacuun dehydration of 4 was unsuccessful (0.005 torr, tem-
peratures from 65-190°C, 24 hr.) in contrast to other reports
(25,30). However, mild treatment (31) with p-toluenesulfonic
acid (THF, 25°C, 4h) produced the desired (@ CpH (IR (KBr), 675
cm-1, loss of bands due to 4). Higher temperature (60°C) or
longer reaction times caused discoloration (black resin).
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Reaction of (P) CpH with excess Co,(CO)s (CHCl,, 40°C, 40-48
h) yielded @ CpCo(CO), 5, (0.8-1.0 mmol Co/g., IR (KBr), 2012
and 1953 cm-1l). Residual Co,(C0)g was removed via Soxhlet ex-
traction with benzene or CH2Cl,. Interestingly, reaction of Y
with Co,(CO)s yielded 5 directly and as efficiently. Apparently,
dehydration of 4 occurred under these conditions. The "overall
yield" (based on cobalt incorporation) for this synthetic se-
Quence is 15%.

The relatively low percentage of ring substitution can be
attributed to several side reactions: 1,4-addition of ®Li to
2-cyclopentenone, incamplete dehydration of 4 as evidenced by the
presence of a small hydroxyl absorption (3425 cm~l) in the IR
spectrum of 5, and reduction of the polymer-bound cyclopentadiene
in its reaction with Co,(CO)s (26,27,32). '

Resin 3 is light orange in color when dry; § is tan. Both
turn dark brown in a swelling solvent. Exposure of either resin
to air slowly results in a grey-green color due to oxidation, but
28% of the resin-bound CpCo(CO), is left after one month's ex-
posure (IR).

Thermal and Photochemical Decarbenylation

A brief investigation of the potential thermal and photo-
lytical chemistry of resins 3 and 5 was undertaken. It was
Prampted by a report of the observation of site-site isolation on
irradiation of 18% crosslinked 3 (22). This is in contrast to
soluble CpCo(CO), which forms di- and trinuclear clusters under
the same conditions (33,34). Similar apparent prevention of the
formation of higher nuclear species was noted in the decarbonyla-
tions of () CH,Fe(CO).H (22) and @ CH.COM(CO)sH (M = Cr, Mo, W)
(35), and in the catalytic activity of CH,CpTiCp (25). How-
ever, these species are all supported by a relatively highly
crosslinked polymer, and there was ample indication that lesser
crosslinking enables "bimolecular" reactions of active centers
(36,37, 38,39).

Trradiation of (@ CH,CpCo(CO), 3 (1% DVB, 6% ring substitu-
tion, brown color) was carried out through Pyrex (-20 to 25°C,
toluene). A red-brown cast was apparent on the resin after about
15 minutes; continued irradiation resulted in a gradual change of
the resin's color (green-black). A gradual loss in the terminal
CO absorptions due_to @CH2CpCo(OO)2 was seen by IR analysis
(2012 and 1954 em™1), accompanied by a rise and decline of two
bards in the bridging CO region (1790 and 1770 cm™l). After ces-
sation of irradiation (4h), only 6% of the resin-bound CpCo(CO).
remained; no other carbonyl-containing species were present. In
analogy to CpCo(C0)2, it appears that 3 forms ( ® CH2CpCoCO)2 &
(1770 em™1) and (@ GH,CpCo)2(CO)s 7 (1790 cm™1) upon irradia-
tion. Upon thermal decarbonylation (190°C, vacuum or 128°C, n-
octane), 3 turmed bright green in a few minutes; however, IR
analysis indicated the absence of new carbonyl-containing species.
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Continued heating resulted in darkening of the resin, formation
of a 1770 emL absorption for 6 in the IR, development of a broad
absorption covering 1700-1300 cm‘l, and decrease of the absorp-
tions due to (® CH,CpCo(CO),. Evidently, 7 was not formed under
these conditions. No other absorptions were noted in either the
thermal or photolytic decarbonylation. It can thus be concluded
that the 1% DVB matrix with 6% substitution does not maintain
site-site isolation.

Decarbonylation of @ CpCo(CO), 5 (3% DVB, 15% ring substi-
tution) via photolysis produced no color change, but a gradual
disappearance of the terminal IR carbonyl absorptions. No other
CO bands were noted. Vacuum thermolysis (0.005 torr, 110-190°C)
resulted in slow color changes from tan to bright green to bronze
to steel gray. During this time, the only changes noted in the
IR spectrum were the slow, complete disappearance of the CO ab-
sorptions due_to 5 and the development of a broad absorption from
1700-1300 am™l. Again no species such as § and 7 were observable.
Thus, resin 5 is either capable of preventing the aggregation of
the coordinatively unsaturated intermediate metal centers, or
the species resulting fram such aggregation are kinetically un-
stable under the reaction conditions.

Uptake of CO (1 atm. CO, 50°C, 12 h, or 9.5 atm. CO, roam
temp., 40 h) by the decarbonylated resins was sluggish; under
conditions comparable to the complete regeneration of CpCo(CO)2
from clusters (33), only 20% regeneration of 3 and 5 was detected
by IR. Quantitative recarbonylation (IR spectrum) was achieved
by using 100-110 atm. CO, 200°C, benzene solvent for 24 h. No
new carbonyl bearing species were detected at intermediate stages
of this reaction. The strenuous conditions are necessary, as a
reaction for 18 h yielded only 92% reconversion. Minimal cobalt
loss fram the resin had occurred by this drastic treatment (ele-
mental analysis).

The data, although inconclusive, suggest the possibility
that mononuclear cobalt species are formed in the irradiative
and thermal decarbonylation of polymer-bound CpCo(CO);. These
may gain coordinative saturation by interaction with the polymer
backbone, possibly by m-donation fram a neighboring phenyl group
(22) or by some sort of oxidative addition process into a phenyl-
hydrogen or benzyl-hydrogen bond. Two speculative possibilities
are shown in 8 and 3. Such structures, particularly &, should
they be present in the decarbonylated resins, might show inter-
esting activity in the catalytic chemistry of carbon monoxide
and other unsaturated small molecules. Indeed (in addition to
hydrocarbon formation to be described subsequently) same, albeit
limited, activity was observed in the hydroformylation reaction,
included in this account, and in the catalytic trimerization of
alkynes, repcrted elsewhere (24). Interestingly, although the
latter activity was also observed by others when using a 20%
crosslinked CH2CpCo(CO) 2, the former was not (23). On the
other hand, hydroformylation activity was detected with silica
gel supported CpCo(CO), (40), free CpCo(CO)2 (41,60), and 18%

®)XCH,CpCo(C0), (60,61).
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Hydroformylation of 1-Pentene in the Presence of (& CpCo(C0).

There are several polymer supported transition metal hydro-
formylation catalysts (42). Most are attached by phosPhine liga-
tion and suffer fram catalyst leaching. There are no n°-cyclo-
pentadienyl half sandwich systems despite the potentially,
clearly advantageous presence of the relatively strong Cp-metal
bond (43,44). Resin 5 was used in the following brief study in
which the potential of polystyrene-supported CpCo(C0). to func-
tion as a hydroformylation catalyst was tested.

The reaction was conducted at 270 psig., 1/1 H»/CO, 1k0°C,
90 h, using purified n-octane as the solvent and l-pentene as the
substrate. During this time, a slow pressure drop ensued. Anal-
ysis of the solution by gas chromatography yielded: hexanal
(13%), 2-methylpentanal (11%), pentane (3%), 2-pentene (21%);
the balance was unreacted l-pentene (52%). The normal to
branched ratio was poor (1.1/1), indicating the failure of the
resin to exert significant steric control. Olefin isomerization
is evidently campetitive with product formation (ratio of alde-
hydes to 2-pentene was 1.14/1); this would contribute to a low
n/b ratio. No alcchols were observed, and no gaseous products
(e.g. methane) were noted. The turnover number was low (1.68
mmol aldehyde produced per mmol Co per day), in accordance with
the mild conditions used. In contrast to the reaction of § with
alkynes (24) no loss of catalytic activity was observed on pro-
longed hydroformylation. This result prampted an extension of
this investigation to the potential activity of 3 and § in the
Fischer-Tropsch reaction.

Fischer-Tropsch Catalysis by Polystyrene Supported CpCo(CO) 2

The corditions chosen for this investigation (3/1 H,/CO,
100 psig. (6.8 atm), 140°C) are analogous to those typically en-
countered in Fischer-Tropsch catalysis by heterogeneous cobalt
(175-300°C, 5-30 atm.) (1). The reaction was conducted in a
medium pressure glass and stainless steel reactor (static condi-
tions), heated by an external oil bath at 190°C. The temperature
inside the reactor averaged at ca. 140°C. (® CpCo(C0), § was
suspended in purified n-octane to swell the resin and allow ac-
cess to catalyst sites in the interior of the beads; no detect-
able reaction tock place if the solvent was excluded. Upon
reaching the reaction temperature, a slow pressure drop ensued;
an induction period could not be ascertained. Analysis of the
solution phase after 100 h by gas chromatography showed the ex-
istence of methane and higher hydrocarbons up to CzsHsz as shown
in Figure 1. In addition to H, and CO, methane was predominant
in the gas phase (gas chromatography, mass spectra, IR). Smaller
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amounts of ethane, propane, butane, water, and CO, were also de-
tected in the gas phase. The used catalyst had suffered a 50%
loss_of the absorbance intensity of the terminal CO stretches due
to @® CpCo(C0); §; no additional IR bands were observed. This,
however, did not result in a loss of catalytic activity, as re-
cycling the catalyst with a fresh charge of n-octane and H,/CO
led to a presswure drop at the same rate. The solution after re-
action was colorless and (after removal of the catalyst beads)
catalytically inactive; thus the catalytic activity clearly re-
sided within the resin.

As a check to confirm that no extraneous non-polymer-
attached catalytic species were present, the following experiment
was performed. Polystyrene without attached cyclopentadiene was
exposed to Co,(CO)s, extracted using a Soxhlet extractor and
dried in vacuo in exactly the same manner as was used to syn-
thesize 5. When used under the above Fischer-Tropsch reaction
conditions, these treated, white polystyrene beads did not dis-
color, release any detectable species into solution, cause a
CO/H, pressure drop, or result in the formation of any detectable
amounts of methane. These observations argue against the pres-
ence of small amounts of occluded Co,(CO)s or Coy(C0)12 which
could conceivably have been active or precursors to active species.
It should be noted that the above clusters were reparted to be
essentially inactive under Fischer-Tropsch conditions (140°C,
toluene, 1.5 atm., 3/1 H2/CO, three days) leading to mere traces
of methane (11). The lack of products under our conditions also
indicates that, at least in the absence of resin-bound CpCo(CO).
or its derivatives, the polystyrene support did not degrade.

The extremely low turnover rate (0.011 mmol CO/mmol Co/h,
production of 0.003 mmol CHy/mmol Co/h average), stimulated at-
tempts to increase the efficiency of the reaction. Indeed, pre-
treatment involving removal of CO via vacuum thermolysis of
® CpCo(C0)2 § to yield " @ CpCo", followed by its use in a
Fischer-Tropsch reaction, led to improved activity (turnover of
0.130 mmol CO/mmol Co/h, production of 0.053 mmol CHy/mmol Co/h
average). It appears that decarbonylation is necessary for for-
mation of the catalytically active species.

Resin 3 was found to be more than 100 times less active than
5, hence all subsequent experiments were carried out using 5.

The number of turnovers (10) in hydrocarbon production with-
out apparent decrease in activity proved that the reaction was
indeed catalytic. The IR spectrum of the recovered resin showed
small abscrptions due to CpCo(C0), 5 due to some recarbonyla-
tion of " @ CpCo". In addition, a broad distinct band at 1887
cm~1l was seen. The identity of the species exhibiting this car-
bonyl band is still a mystery; in particular, the band position
does not match that reported for any of the CpCo(CO),-derived
di- and trinuclear carbonyls (vide supra). It is tempting to
associate this band with same catalytic intermediate, such as the
polymer-bound analogues of CpCo(H)2(CO) and CpCo(H)(Ph)(CO), but

this is pure speculation.
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Recarbonylation of the used resin was successful at 1430
psig. CO (97.3 atm.) and 200°C; previous experiments with
"® CpCo" (vide supra) suggested the necessity of such drastic
conditions. The intensity of the ® CpCo(C0), absorptions re-
turned to the original value, and an analysis of the resin showed
no cobalt loss (elemental analysis).

The Fischer-Tropsch reaction with " (@® CpCo" was repeated
using deuterium; GC/MS analysis after five turnovers confirmed
the existence of per-deuterated hydrocarbons in solution. In
addition, all the major fragment ions were of even mass, indicat-
ing that virtually no undeuterated cr partially deuterated prod-
ucts were formed (all odd masses <15% of the base peak). Same
CD3H was present (mass spectrum) (approximately 10% of the
amount of CDy). The IR spectrum of the resin from this reaction
showed some regeneration of the attached CpCo(CO), groups, the
band at 1887 cm~L, and a weak band at 2168 cm !, assigned to a
C-D stretch. It appears that CD;H arises via insertion of cobalt
into a phenyl or benzyl C-H bond, exchange of the hydride with
the deuterium gas to form a cobalt deuteride, and reductive elim-
ination to form a monodeuterated phenyl ring or benzyl position
(ve_p v 2140-2200 cam~1); reaction of the HD (or cobalt hydride)
so produced would yield CD3H. Both the average rate of CO con-
sumption (0.064 mmol/mmol Co/h) and average rate of CDy produc-
tion (0.040 mmol/mmol Co/h) were lower than the rates for the
H2/CO reaction (0.130 and 0.053 mmol/mmol Co/h, respectively)
implying a possible deuterium isotope effect on the reaction.

High H,/CO ratios in the Fischer-Tropsch reaction on metal
surfaces result in the production of methane in high selectivity.
In line with these observations, pure hydrogen over ® CpCo(C0),
5 (0.291 mmol Co) was used in one experiment (75 psig Hz at 25°C,
68h, 140°C). This reaction produced a mixture of hydrocarbon
gases (GC/MS): methane (120 umol), ethane (1.7 ymol) , propane
(0.17 umol), isobutane (ca. 0.001 umol), and n-butane (0.09 umol),
21% of the carbon of the original resin-bound CO was accounted
for in these products. Free CO was found (26% of the original
Present on the resin (determined by GC); 46% of the CO was still
bound to the resin (IR). When exposed to 3/1 Hz/CO, this pre-
treated resin showed Fischer-Tropsch activity similar to de-
carbonylated 5. Thus, higher H,/CO ratios favor methanation, as
expected, and unlike many heterogeneous catalysts, there is no
advantage in hydrogen pretreatment.

Further control experiments were performed to rule out the
possibility of hydrocarbon production from sources other than
00. To this end, " ® CpCo" with 2.2% residual @ CpCo(CO)2
(0.015 mmol CO) was exposed to the same partial pressure of Hz
as used above in the absence of CO under the experimental con-
ditions. The reaction produced 0.01% mmol CH, total; no other
hydrocarbon products were detected. It is clear that only Co,
not the polystyrene support, attached catalyst, or solvent, is
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the carbon source for the hydrocarbon products. Further evidence
in suppart of this statement is obtained fram the mass balance
on carbon in all the reactions described; starting carbon inven-
tory based on CO and ending carbon inventory based on hydrocar-
bons and unreacted CO always agree to within 10%. If a contribu-
tion fram another source were present (degradation of the poly-
mer, hydrocracking of the n-octane) in significant amounts,

there should be a gross discrepancy. Finally, an experiment
using !3CO/H; and § furnished completely 13C_labeled hydrocarbons

(g. c mass spectrametry up to CssHsz).

The ability of CpCo(C0), 5 or a derived species to cata-
lyze the Fischer-Tropsch reaction suggested that some conditions
mlght be found whereby soluble CpCo(CO). might exhibit the same
activity. To these ends, CpCo(CO), was subjected to a variety
of conditions: H,, Hp/CO, 150°C, 190°C, n-octane solvent,
toluene solvent, with or without added polystyrene, 2-5 days re-
action time, in various permutations. Essentially complete de-
composition of the complex was noted for all cases. Methane
(amounting to 5-10% of the CO originally present) was produced,
especially under forcing conditions (higher temperature, higher
partial pressure of H,, no added CO). Small amounts of higher
hydrocarbons were detected, but the major products were cyclo-
pentadiene, cyclopentene, and cyclopentane (1.5/88.7/9.8). A
shiny coating on the walls of the glass reaction vessel (assumed
to be cobalt metal) was present after reaction. Significantly,
no methane or higher hydrocarbons were observed until the onset
of decomposition, usually 24 h after the start of the reaction.
It can be concluded that CpCo(CO), does not possess Fischer-
ggpsch activity, in accordance with the suggestions of others

)

" The observation of hydrogenated cyclopentadiene products ob-
tained in the homogeneous reaction of CpCo(CO)2 has an interest-
ing bearing on the polymer-supported case. Were a significant
amount of decomposition of " () CpCo" to take place by the same
mechanlsn, one would not expect quantltatlve regeneration of the

n®-linkage and, in contmuatlon, quantltatlve recarbonylation to
for'm 5 as observed Thus, it appears unlikely that polymer sup-
ported (but unbound) cobalt clusters (45), crystallites, or atams
are responsible for the observed activity. Moreover, although
polystyrene seems to prevent irreversible aggregation of metal
clusters (37,46) and metal carbonyls on alumina may be reconsti-
tuted with CO after thermal or oxidative decarbonylation (47),
a mechanism that involves cobalt atoms or aggregates would re-
quire the formation of soluble species subject to leaching. Of
course, it is difficult to campletely rule out trace amounts of
such species as being responsible for catalytic action. One
would have assumed, however, that such compounds should have
been formed in the attempt to use polystyrene and CpCo(CO)2 or

Co, (CO)s as Fischer-Tropsch catalysts, where no activity was
found. In addition, widely differing degrees of activity of 3
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might have been expected depending on pretreatment of catalyst
and recycle time, an effect that was not observed.

The product distribution from the Fischer-Tropsch reaction
on 5 is shown in Table I. It is similar but not identical to that
obtained over other cobalt catalysts (18-21,48,49). The rela-
tively low amount of methane production (73 mol%) when campared
with other metals and the abnormally low amount of ethane are
typical (6). The distribution of hydrocarbons over other cobalt
catalysts has been found to fit the Schulz-Flory equation [indi-
cative of a polymerization-type process (6)]. The Schulz-Flory
equation in logarithmic form is

M
log —% = log (Ina) + p loga,

where Mp = the weight fraction of the compound containing
p carbon atoms

a = the chain growth probability factor

defined as r
o =
+
rp r,
rp = rate of propagation
r, = rate of termination

A plot of log(Mp/p) vs. p yields a from either the slope or the
intercept (see ~Figure 2); the "goodness of fit" is indicated by
the relative agreement of o obtained fram the slope or the inter-
cept. For @®CpCo(CO); , the data yield o = 0.81 from the slope
and 0.84 fram the intercept; considering the fact that a blank
contribution from the n-octane solvent had to be subtracted out
gf Cs- Cio, the agreement is good. Typical values of a are 0.80-
.87 (6).

This catalyst seems to have a better selectivity towards nor-
mal paraffins than other catalysts but is not shape selective
(19,21): Isobutane/n-butane = 0.008, isopentane/n-pentane = 0.029
(gas chromatography and GC/MS); usual values are 0.1 and higher.
Same campourds giving the correct masses for propene, butenes,
pentenes, and hexenes were found; however, they were present in
even lesser quantities than the branched paraffins.

The actual structure of the active catalyst in the above re-
actions is a matter of speculation. The evidence, however,
points to the presence of a homogeneous but immobilized Fischer-
Tropsch catalyst. Since soluble CpCo(C0), does not possess
Fischer-Tropsch activity, this activity is a unique feature of
the polymer-bound system. The finding that 5 is regenerated
quantitatively upon exposure of the active Fischer-Tropsch cata-
lyst resin to CO implies that the n®-cyclopentadienylcobalt bond
remains intact throughout the Fischer-Tropsch reaction. Similar
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conclusicns have been reached recently by other workers in con-
nection with work carried out on 18% crosslinked polystyrene
(60,61). This, along with the observation that $ apparently en-
joys same site-site isolation, disfavars the notion that (bound
or unbound) clusters are responsible for catalytic action (50).

The Fischer-Tropsch activity of resin 5 and the unique reac-
tion conditions have important consequences. The use of a reac-
tion solvent raises the possibility of controlling heat removal
in this appreciably exothermic process. The apparent homogeneous
nature of the catalytic species suggests that other soluble
Fischer-Tropsch catalysts may be forthcoming. Finally, ® cpCo-
(C0), 5 possesses catalytic activity not found in soluble CpCo-
(C0),; this demonstrates that attachment to a polymer suppcrt not
only may induce changes in catalytic activity of a transition
metal camplex, but also might give rise to campletely new activi-
ty (51,52,53).

The above considerations led to the expectation that it
might be possible to construct soluble analogs of 5 in which an
appropriate ligand mimicked the environment imparted by the poly-
styrene matrix in the immediate vicinity of the metal. The re-
sults of these experiments are reported in the final section.

Homogeneous Analogs of () CpCo(C0), 5

Since substitution of the Cp-ligand in CpCo(CO)2 by-the
pPolystyrene chain appeared to be the origin of the special sta-
bility of the CpCo-moiety in the presence of hydrogen, it was
reasoned that similar substitution by phenyl group carrying alkyl
chains might have the same effect. Should these models undergo
oxidative addition to benzylic (as in 8) or phenylic C-H bonds
this might be readily ascertainable by structural or H-D exchange
studies. Several model campounds of varying alkyl-chain length
and incorporating secondary and tertiary benzylic hydrogens were
synthesized in one step according to the scheme shown. The
phenyl substituted alkyl halides are available by literature pro-
cedures (54,55). Complexation to cobalt occurred most efficient-
ly in the presence of a slight excess Co,(C0)s (26) and cyclo-
hexene. The latter alkene evidently serves to quench any inter-
mediate HCo(CO), (32) protecting the now valuable cyclopentadiene
ligand fram reduction (56). Interestingly, both mono- and bis-
alkylated cyclopentadienyl camplexes were isolated in an approxi-
mate ratio of 6:1 by column chromatography as red-brown oils.

The latter were assumed to have the 1,3-disubstitution pattern.
Both sets of compounds proved to be considerably more air and
thermally sensitive than the parent system. Whereas irradiation
in sealed tubes did not result in any observable change, simple
heating produced insoluble clusters (33). In an effort to sup-
Press bimolecular reactions two of the complexes [R = CgHs(CHz)3,
CeHsCHCH3(CH,) 2] were subjected to flash vacuum pyrolysis at low
contact times (300-450°C, 2x10-Y%torr) (57).. The resulting
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product mixtures contained starting material, free protonated
ligand RCpH, and cobaltocenes (RCp),Co, and the pyrolysis tube
was covered by a cobalt mirror. Several of the model campounds
were then exposed to Fischer-Tropsch conditions similar to the
ones employed in the hydrocarbon synthesis using resin 5. No
activity was found until decomposition set in, producing traces
of methane. Pressurization with CO/D2, however, furnished some
deuterated RCpH and recovered deuterated complex. Extensive deu-
teration of the latter was achieved under conditions which left
the structure of the camplex relatively intact (200°C, ud, D»/CO
= 10/1, 130 psig). In the case of RCpCo(CO)2 [R=(CH2)4CH(CH3)-
C¢Hs] the incorporation of up to 10 deuterium atoms could be as-
certained by mass spectrometry. Surprisingly, as indicated by
the fragmentation pattern, very little (if any) of the deuterium
label is found on the aramatic ring. The proton NMR spectrum
reveals that most of the H-D exchange has occurred on the Cp
ligand, its ordinarily complex AA'BB' pattern having been sim-
plified to two broad singlet absorptions of relative cambined in-
tensity of 0.5. The aryl (5H) and aliphatic (12H) regions appear
wchanged. That deuterium uptake is preferred on the RCp ligand
is also suggested by the relative intensity of the RCp-d4Co(CO)2
molecular ion peak which is the signal of maximum height in the
peak envelop of deuterated parent ion. It is possible that H-D
exchange occurs through a cobalt hydride intermediate in an in-
tramolecular manner as recently also postulated for a n®-cyclo-
pentadienyl iron hydride (58). Further exchange along the alkyl
chain might occur via insertion of cobalt into ligand C-H bonds,
behavior similar to that observed with zirconocene derivatives
(59). It seems likely that deuterium incorporation into resin
occurs through a similar mechanism. The instability of the model
campounds again highlights the special stability associated with
the polymer supported system. Perhaps choice of a differently
substituted homogeneous analog of 5 will provide a structure en-
dowed with the catalytic capabilities of the resin bound system.
This is the subject of continuing work.
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Chain-Length Control in the Conversion of Syngas
over Carbonyl Compounds Anchored into a
Zeolite Matrix

D. BALLIVET-TKATCHENKO, N. D. CHAU, H. MOZZANEGA,
M. C. ROUX, and 1. TKATCHENKO

Institut de Recherches sur la Catalyse, 2 avenue Einstein,
F- 69626 Villeurbanne Cedex, France

it is now superflous to point out the renewed interest for
the Fischer-Tropsch (F-T) synthesis (1) i.e. the conversion of
CO+Ho mixtures into a broad range of products including alkanes,
alkenes, alcohols. Recent reviews (2,3,4,5) emphasized the central
problem in F-T synthesis: selectivity or more precisely chain-
length control.

Recent patents and publications reported the use of modified
"classical" F-T catalysts or new supported metal catalysts. Ruhr-
chemie disclosed (6) iron catalysts modified by additives like
Ti, Mn and Mo, which are claimed to produce ca 50% of Co—Cy
alkenes. Ichikawa, by using rhodium carbonyl compounds deposited
on various supports, was able to produce selectively (l) Co=Cy
alcohols and hydrocarbons. Nijs et al. reported (8) that
Ru(III) ions exchanged into Y-zeolites reduced with hydrogen lead
to selective catalysts for the synthesis of hydrocarbons in the
Cq—Cqo range. Similarly, Fraenkel and Gates have shown (9) that
catalysts prepared by reduction with cadmium of Co(II) ions
exchanged into A- and Y-zeolites may produce propylene as the only
hydrocarbon product under well-defined conditions. Blanchard
et al., by using di-cobalt octacarbonyl supported on alumina, have
observed (10) that good selectivities for Cp-Cg hydrocarbons could
be obtained when the support presents a mean pore size of 5Snm.

The aim of this work is to prepare better defined catalytic
systems by combining components with well characterized structures
and properties such as zeolites and transition metal molecular
complexes. Among these complexes, clusters are potential candi-
dates for selective F-T catalysts since neighboring atoms with
unique topologic and electronic features may help "hydro-oligome-
rization" of carbon monoxide. However, until now only very low
activities have been achieved (11). Zeolites are well defined,
crystalline alumino-silicates (12) which may offer stabilization
of metal particles (13) and shape selectivity (14) owing to their
geometrical frame properties. From the point of view of reacti-
vity and catalysis, hope is still high that such adducts will be
efficient as/or more efficient than classical heterogeneous

0097-6156/81/0152-0187$05.00/0
© 1981 American Chemical Society
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catalysts. The interaction between the support and the cluster
and the redox behaviour of these partners are important factors
which will influence the type of catalyst formed. Earlier work
from this Laboratory (15,16) has shown that the adsorption of
certain transition metal carbonyls into an HY-zeolite framework
and appropriate thermal desorption lead either to ions (Mo, Fe)
or to metal (Re, Ru). However the oxidation reaction could be
prevented by the use of non-acidic zeolites like the Na-Y type(17).
We report here results related to the catalytic behaviour of
dodecacarbonyl-tri-iron and tri-ruthenium, bis(cyclopentadienyl-
dicarbonyliron) and octacarbonyl-di-cobalt deposited on Y-zeolites
under F-T conditions. The influence of the nature of the zeolite
and of the metal, the dispersion of the metal and the reaction
conditions upon activity and products distribution were investi-
gated.

Experimental.

Materials. The NaY faujasite was supplied by Linde Co
(SK 40 Sieves). A conventional exchange with NH,C1 provides a
NHLY sample (unit cell composition : (NH),))¢gNaqoAls5g51i136038)).
Heating this sample for 15h in oxygen and 3h in vacuo
(105torr) at 350°C leads to the hydrogen form HY.

The silica-alumina was supplied by Ketjen with a 13% alumina
content. It was vacuum—treated at 450°C (10~ 5torr) for 15hrs
before anchoring the clusters:

Tri-iron dodecacarbonyl was prepared according to (l§);bis
(cyclopentadienyldicarbonyliron) was prepared according to (19);
tri-ruthenium dodecacarbonyl and di-cobalt octacarbonyl were
supplied by Strem Chemicals.

The Fe3(CO)12-Y adducts are prepared under argon atmosphere
with the HY and NaY zeolites previously heated under vacuum at
350°C. The impregnation of the support is performed either from
pentane solution at 25°C or from dry mixing of the carbonyl and
the zeolite to avoid any complication from the solvent. In this
last preparation the sample stands in vacuo for 2kh at 60°C in
order to favour the sublimation of the carbonyl into the pores of
the zeolite.

The Ru3(CO)12—Y adducts are similarly prepared both through
impregnation (solvent: cyclohexane) or dry mixing (heating at
90°C under vacuum.

The |CpFe(CO)§|2-Y adducts are prepared in the same way but
with heating at 40°C under vacuum when the dry mixing procedure
is used.

The COQ(CO)g—NaY adducts are prepared by the dry mixing
procedure.

In any instance, the amount of metal anchored is determined
by chemical analysis. The loadings correspond to 6-12 metal atoms
per unit cell.
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Catalytic experiments. The runs are performed in a 300mL
static reactor (Autoclave Engineers Model AE 300) for 15hrs under
an initial 20 bar pressure with a sample weight leading to
0.4 mg-atom of metal. Neither the unloaded zeolites nor the
molecular clusters are active in CO hydrogenation under our
experimental conditions.

The products are analysed by gas chromatography usually on
five different columns in order to detect CO, Hy, COp, H,0 and
C1-C, hydrocarbons (alkanes, alkenes) and alcohols. The mass
balance for carbon, based on CO consumption, generally lies

within 85-95%.

Results and Discussion.

It should be emphasized that the results were intended to
demonstrate qualitative trends rather than quantitative kinetic
data with these typical catalysts. Moreover the high CO conversion
levels achieved in the present work will not be the limiting
factor to observation of side reactions and long-chain hydro-
carbons.

Tri-iron dodecacarbonyl zeolites adducts. The adducts
Fe3(C0)4,-HY and Fe3(CO)12—NaY were used as starting materials.
The catalytic runs are performed with these adducts or with the
materials recovered from their total decarbonylation at 200°C
under vacuum.

The Fe (00)12 HY adduct exhibits no catalytic activity in
the temperature range studied (200-300°C). During the study of
the decarbonylation under vacuum, several stoichiometric reactions
take place as evidenced by mass spectrometry and infrared spec-—
troscopy (16). The oxidation of Fe(0) into Fe(II) species by the
zeolite protons, the water—-gas shift reaction and the hydroge-
nation of CO, account to some extent for the formation of
Hp, Fe2t 002, H,0, CH) and higher hydrocarbons. The sample thus
obtalned, i.e. Fe2 -HY, is as inactive in the catalytic syngas
conversion as are standard Fe2*-NaY and Fe3*-NaY exchanged
zeolites. Therefore Fe2*ts3*-Y zeolites in contrast to Rul*-y
zeolites (8) are not catalyst precursors. It is worth mentioning
that molecular hydrogen is unable to reduce Fe2*-Y zeolite even
under drastic conditions (20).

Conversly, the Fe3(007—}-NaY adduct is active for syngas
conversion. A non-decomposed sample exhibits a significant
activity at 230°C whereas the catalytic efficiency for the decar-
bonylated one already appears at 200°C. Infrared experiments
show an increase in the stability of the Fe (CO)12 units upon
thermal treatment under CO atmosphere so that total carbon
monoxide evolution only takes place at 230°C thus suggesting
that the catalyst is certainly not Fe3(CO)12 This cluster
has to be transformed into higher nuclearity species which bind
less strongly with carbon monoxide upon CO re-adsorption (lz)
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Effects of the inlet Hy/CO ratio and reaction temperature
on Hp+CO conversion and products selectivity were studied at
constant initial pressure and reaction time with non-decomposed
samples of Fe3(CO),~NaY adduct (L%Fe).

In all experiments, HpO, CO, alkanes and alkenes (up to Cqp)
are produced. Linear alcohols are also detected to minor amounts.

At increasing reaction temperatures (230-350°C) the product
selectivity is shifted towards Cq-C),. The alkene to alkane ratio
declines at higher reaction temperatures whereas the branched to
linear alkane ratio increases as well as COp formation. These
observations are entirely consistent with the behaviour of clas-
sical F-T catalysts (Table 1).

A reaction temperature of 250°C was used to study the other
reaction parameters. A decrease in the Hy/CO ratio increases the
consumption of CO whereas the percent converted decreases.
Conversly the Ho conversion increases but its consumption remains
constant. In fact this means that higher molecular weight pro-
ducts are formed under low hydrogen partial pressure : as indi-
cated in Table 2, quantitative analyses of the products show
indeed a decrease in C,-C3 yield and a concomitant increase in
C3+ hydrocarbons. The selectivity for COp remains constant which
apparently indicates that CO, is at least in the case of iron a
primary product in the F-T synthesis. We have checked that the
iron/zeolite catalyst activities for hydrogenation and the water-—
gas-shift are not significant with the precursor Fe3(CO)12/NaY.
The alkene to alkane ratio greatly varies with (i) Hp/CO and
(ii) the chain length. An increase in hydrogen partial pressure
increases the alkane production as alkene hydrogenation is a
secondary reaction which takes place with F-T catalyst and, in
this work, with the zeolite system. For a steady syngas inlet,
C5/C3 ratio is consistently much lower than the C_/C3 one. CL/C),
ratio is complicated by the existence of the butefie isomers and
isobutene (Table 2).

Although ethylene is more readily hydrogenated than the
other alkenes, it has been reported (21) to participate to the
formation of higher molecular weight hydrocarbons under F-T
conditions. This is observed too for Fe3(CO)12-NaY catalysts.

If the P-T synthesis is performed with ethylene as a co-reactant,
significant changes in selectivity are found for COp, C3 and

for the i-Cy,/n-C) ratio. The variations for CH) and

03/03 ratio can also be attibuted to the H,/CO ratio modifica-
tion~(3.5/1 instead of 4/1) if one takes into account the
hydrogen consumed for ethylene hydrogenation (Table 3). It
appears that as CO, seems to be a primary product (vide supra)
the decrease for its selectivity in the presence of ethylene
suggests that CO consumption now occurs partly through a reaction
leading to more hydrocarbons, especially C3, and no CO5. Such a
reaction pathway could involve the insertion of CO into a metal-
ethyl bond as already well documented in coordination chemistry
and homogeneous catalysis or the insertion of a surface carbene
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Table 1. Effect of the reaction temperature on CO and Hp
conversions, and product selectivities (expressed as mole
percent of CO converted into the desired product).
Experimental conditions: catalyst = Fe3(CO)12—NaY (4%Fe) ;
Hy/CO = L4/1; initial pressure = 20 bar; reaction time = 15hrs.

T°C Hy ;onv. co %onv. 022 Cgh CQ%Ch ;h+
200 8.7 36 5.5 10.3 1.2 T0
2Lko Lo 82 7.6 16 19 57.L
255 43 85 13 19 2L LYy
295 29 Th 20 26 34 20
365 37 88 19 19 27 35

Table 2. Effect of the Ho/CO ratio on CO and Hy conversions
and product selectivities (expressed as mole percent of CO
converted into the desired product).

Experimental conditions: catalyst = Fe3(CO)12—NaY (L%Fe);
initial pressure = 20 bar; reaction temperature = 250°C;
reaction time = 15hrs.

Hs/CO Hy, conv. CO conv. CO, CH, C, C3 CZ/CQ C§/C3 Ciéch

% % % % % % % %
L/1 39 73 10 20.6 9 9.9 - 0.8 -
2/1 57 n 9.5 T.4 L.h 7.7 L.5 L5 16

1/1 66 L8 10.4 5.2 2.8 5.3 T.1 U7 19.5
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into the adsorbed ethylene (22). However, if ethylene can partici-
pate to the F-T reactions the presence of CO is essential for
chain growth as an ethylene + H, feed mainly gives ethane in the
present reaction conditions.

The formation of C, hydrocarbons from syngas involve a chain-
growth mechanism (23). The molecular weight distribution will
depend on (i) the propagation to transfer rate ratio and (ii) the
side reactions. From the reaction mechanism standpoint, these
secondary reactions (e.g. hydrogenation, isomerization and hydro-
genolysis) are masking the primary growth process and make
difficult such an approach. A non-decomposed Fe3(CO)12—NaY
adduct (4%Fe) provides a typical molecular weight distribution
which is reported on Figure 1, curve 1. An exponential decrease
of the mole percent of CO consumed to form C, is observed from
Cq to Cg with a consistently lower value for Cp. Hydrocarbons
higher than Cg are only present in trace amounts. This distribu-
tion is independent of the H2/CO ratio and of the reaction tempe-
rature. Only the slope of the straight line sligthly changes
indicating a variation in the value of the chain-growth probabi-
lity. In order to assess the peculiar distribution reported in
Figure 1, curve 1, another Fe-NaY catalyst precursor was prepared
in such a way that metallic particles on the external surface of
the zeolite are obtained. This is performed by heating the
Fe3(C0)o—NaY adduct (4%Fe) in vacuum from 25 to 250°C within
1 hr and further evacuation at 250°C for 15hrs. Particles of
20-30mm in diameter are thus obtained. Higher CO, Ho conversions
and CO, yield (13%) are found with this Fe-NaY sample. The chain-
length distribution (Figure 1, curve 2) shows that a drastic
change occurs in the C6—C1 domain. It can be concluded from
these experiments that the Fe3(CO)o-NaY precursor induces a
peculiar selectivity for the hydrocarbon chain-length. As the
Fe3(CO)12 are located in the supercages and since large iron
particles are not detected by X-ray techniques after the
catalytic runs, this hydrocarbon distribution can be achieved (i)
by encapsulation (i.e. stabilization) of small iron particles
and (ii) by a cage effect since the Cg length fits the supercage
diameter. Molecular weight distribution as depicted in Figure 1,
curve 1 must be related with the presence of small metal particles.
This relationship is demonstrated for ruthenium catalysts (vide
infra). Parallel studies by Jacobs (8), Gates (9), Blanchard (10)
and their co-workers point out the same effect of the porosity
of the inorganic matrix on the upper limit of the hydrocarbon
chain-length. However a clear—cut between points (i) and (ii) is
difficult to assess since the particle size of the catalyst can
be limited by the pore diameter in which it is entrapped.

As already mentioned, the acidity of the HY zeolite
precludes its use as a support for Fe3(CO)12, then iron particles.
The same behaviour is observed for Fe3(CO)12—silica—alumina
system. This material, when decomposed at 200°C is not an effi-
cient catalyst for F-T synthesis and only Cq1-Cj, products are
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Table 3. Effect of ethylene as a co-reactant on CO, Hp
conversions, C§ formation and CO,, C;-Cj selectivities
(expressed as mole percent of CO converted into the desired

product). Experimental conditions: catalyst = Fe (CO)12-NaY
(L%Fe); initial pressure = 20 bar; c;/H2/co = 1/3/1;
reaction temperature = 250°C; reaction time = 15hrs.

193

),/nCy
%

Co-reactants H, conv. CO conv. CO CH o} co/C, iC
3
2 % A
H2 + CO 39 T3 10 20.6 9.9 0.8
Cp + Hy + CO 48 73 7.6 11 13.2 16.7

4.8
1.6

(@]

log(Cp yield %)
!

v

n

12 3 L 5 6 7 8 9 10 M

Figure 1. A Schulz-Flory-type representation for catalysts derivgd from Curve 1,
in situ decomposition of the Fe,(CO),,-NaY adduct; Curvg 2, ex situ decprpposttton
of the Fes(CO),,-NaY adduct leading to large Fe crystallites (see text): initial pres-

sure, 20 bar; H,/CO = 4/ 1, reaction temperature, 250°C
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obtained (23). However, the chain-length selectivity can be
altered by the addition of an acidic support, e.g. HY zeolite,
to the Fe3(CO)12-NaY zeolite in the autoclave. A drastic change
i§ observed in the Cg—Cqq range (Figure 2, curve 2). This beha-
viour is explained by the occurence of secondary reactions like
isomerization and cracking owing to the acidity of the HY zeolite.
Experiments performed under hydrogen pressure with HY zeolite
alone show that n-octane is transformed into Cp (traces), C3, Cy
(predominant , i-C),/n-C)=5), C5 and Cg whereas n—butane is
transformed into C, (traces), C3,i-Ch Cs and C, but, in this
latter case, the activity is quite low. The presence of the HY
zeolite leads to an increase in the C),—C fraction with a conco-
mitant decrease of higher hydrocarbons. %hus, this experiment
further supports the role of NaY entrapped iron particles as
active sites for the F-T synthesis.

Bis(cyclopentadienyldicarbonyliron)-zeolites adducts. The
adducts |CpFe(CO),|o—HY and |CpFe(CO)2[é-NaY were used as
starting materials. They are not decomposed before the catalytic
run. Infrared spectra of these materials show that the integrity
of the molecular complex is retained; it is expected that owing
to its size, which is smaller than that of Fe3(CO)12,
|CpFe(CO)2|2 lies inside the cavities. Infrared, UV-VIS and ESR
data will provide relevant information on the fate of this
compound under thermal treatment (2k).

The |CpFe(CO)2|2—HY adduct exhibits no catalytic activity
in the temperature range studied (200-300°C). However cyclo-
pentene and cyclopentane are detected through GC monitoring
of the gas-phase. A redox reaction Fe(0)/HY is still occurring
as for the Fe3(CO)12—HY adduct; the evolved hydrogen allows the
reduction of the cyclopentadienyl ligands. This behaviour already
provides evidence for the location of the Fe(I) complexes within
the large cavities of the zeolite.

The |CpFe(CO)2|2-NaY adduct is active for syngas conversion.
Under the standard conditions the CO conversion is quite similar
to that observed for Fe;(CO)q,-NaY (Table 4). However hydrogen
conversion is higher ang this is reflected in the chain-length
distribution which shows a better selectivity for light hydro-
carbons (Figure 3).

Dicobalt octacarbonyl-NaY zeolite adducts.Only the adducts
Coz(CO)g—NaY were used as starting materials. No decomposition
trough thermal treatment was attempted before the catalytic runs.

These adducts are more active than the iron ones in the
conversion of syngas. At 250°C, a higher yield of methane is
observed (Table L4) and carbon dioxide is produced in smaller
amounts. Inspection of Table 5 summarizing the influence of the
Ho/CO ratio on products selectivity also indicates a higher
production of saturated hydrocarbons. This behavior is typical
for cobalt catalysts in F-T synthesis (2,25). The chain-length
distribution is similar to that observed for catalysts derived
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Figure 2. The effect of added HY zeolite on the hydrocarbon distribution; Curve
1, Fes(CO),s-NaY + HY; Curve 2, Fe,(CO),,-NaY: initial pressure, 20 bar;
H;/CO = 4/1; reaction temperature, 250°C

Table L. Comparative performances of the Fe3(C0)q,, |CpFe(C0)5] 5
and Co (CO)B—NaY systems (Cq selectivities expressed as mole
percent of CO converted into the desired product).

Lxperimental conditions: initial pressure = 20 bar; Hy/CO = L/1;
reaction temperature = 250°C; reaction time = 15hrs.

Metel precursor H2 conv. CO conv. Cco CHL}
% % % %

Fe3(CO)12 39 3 10 20.6
|CpFe(CO)2|2 50 75 10 22

002(00)8 100 0.8 h2.5
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Figure 3. A Schulz-Flory-type plot for catalyst derived from |CpFe(CO)s|s-NaY
adduct: initial pressure, 20 bar; H;,CO — 4/1; reaction temperature, 250°C
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log(C, yield %)

Figure 4. A Schulz-Flory-type plot for catalyst derived from Cos(CO)s-NaY
adduct: Curve 1, Hy/CO = 4/1; Curve 2, H,/CO = 1/1, initial pressure, 20 bar;
reaction temperature, 250°C

Table 5. Effect of the H2/CO ratio on CO and Hy conversions and
product selectivities (expressed as mole percent of CO converted
into the desired product). Experimental conditions : catalyst =
Co,(CO)g-NaY (L%Fe); initial pressure = 20 bar; reaction tempe-
rature = 250°C; reaction time = 15Shrs.

H,/CO H, conv. CO cdnv. CO, CH, C, C, c.bv c¢c=/c. c=/c
2 2

7 p 2 gt 2 g3 B 22 33
b/1 100 0.8 k2.5 8 15 33.7 - -

1/1 59.5 34 6.1 11.3 L. 12 66 5.8  13.5
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from Fe3(CO)p-NaY¥ adducts, i.e. ethylene is again produced in
smaller amounts (Figure 3) and chain-length is practically
limited to Cg—Cqp-

However, comparison of Figures 1 and 3 indicates a greater
decrease in hydrocarbon content at the Cg-C level for cobalt
catalysts than for iron catalysts. These results agree well with
the already reported greater hydrogenation and hydrogenolysis
abilities of cobalt catalysts with respect to iron ones (2). Thus
besides the intrinsic shape selectivity of the Y zeolite, the
nature of the metal and presumably the size of the metal particles
are also important factors in limiting the chain-growth process.

Interestingly, Co(II) exchanged NaY zeolite is also opera—
tive under the F-T conditions (26). However, large amounts of
methane and higher hydrocarbons are produced. This behaviour is
reminiscent of "classical" F-T catalysts (2,25) and suggests the
occurence of cobalt crystallites outside the Y zeolite cavities.

Triruthenium dodecarbonyl-zeolites adducts. Ruthenium-Y
zeolites have already been reported as catalysts for selective
F-T synthesis. Starting from Ru3(CO)12 instead of Ru(II)
complexes (§) on HY zeolite, catalysts could be obtained provided
that the materials are thoroughly decarbonylated. A study of the
thermal decomposition of the Ru3(CO)12—HY zeolite shows that up
to 200°C, three carbonyl groups per Ru3 unit evolve and a plateau
occurs up to 320°C. The remaining carbonyl ligands evolve between
320 and 420°C (15). Syngas conversion only occurs with samples
pretreated at 356 or L00°C. This treatment lead to small ruthe-
nium particles of ca 1.5-2nm as indicated by electron micros—
copy (11). If the thermal decomposition from 60 to 320°C is
operated in vacuum within 1 hr and is followed by further evacua-
tion at 320°C, particles of 10 to 100 nm are obtained. These
catalysts are more active than the corresponding iron ones, i.e.
carbon monoxide hydrocondensation starts below 200°C. All the
catalytic runs were performed at 200°C as methane is selectively
produced at 250°C. Table 6 and Figure 5 show the dramatic diffe-
rence in behaviour between the small particles— and large
particles— containing catalysts. A high yield of methane is
obtained for Ru-Y 10 nm. The selectivity of the Ru-Y 1.5 nm
catalysts is similar to that observed for the Fe-NaY-HY bifunc-
tional catalyst (Figures 5 and 2). However the comparison can
only be qualitative since the reaction temperatures are signifi-
cantly different.

After the catalytic runs no modification of mean particle
size is observed for this last system. Conversly, Ru3(CO)12
deposited on silica-alumina is readily decomposed at 200°C to
metallic particles of 1 nm mean size which are also catalysts
for the F-T synthesis. The catalytic activity at 200°C is ca one
tenth of the Y zeolite supported ones and methane is practically
the only hydrocarbon formed. Electron microscopy examination of
the catalyst after reaction reveals a drastic sintering of the
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Table 6. Effect of the ruthenium particle size on CO and H2
conversions and product selectivities (expressed as mole
percent of CO converted into the desired product) .
Experimental conditions: initial pressure = 20 bar; H2/CO =
4/1; reaction temperature = 200°C; reaction time = 15hrs.

Catalyst and mean H2 conv. CO conv. CO [ C C C +
particle size % % %2 %1 %2 %3 %3
Ru-Y 10 nm 65 100 0 41 10.7 6.9 L1.h
Ru-Y 1.5 nm 38 37 3 23 2.6 14.6 56.8

o
30
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> 20 |
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Figure 5. The influence of the Ru particles size on the hydrocarbon selectivities:

Curve 1, distribution for a mean-particle size of 1.5 nm; Curve 2, distribution for a

mean-particle size of 10 nm; initial pressure, 20 bar; H,/CO = 4/ 1; reaction tem-
perature, 200°C
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ruthenium aggregates: well crystallized hexagonal plates of 10

to 100 nm are now present. This result points out the stabilizing
effect of the zeolite supercages upon sintering of the small
aggregates and serves as an indirect evidence for the occurence
of small aggregates in the case of the (air-sensitive) iron and
cobalt catalysts.

Conclusion.

Fischer-Tropsch synthesis could be "tailored" by the use of ironm,
cobalt and ruthenium carbonyl complexes deposited on faujasite
Y-type zeolite as starting materials for the preparation of cata-
lysts. Short chain hydrocarbons, i.e. in the C4-Cqy range are
obtained. It appears that the formation and the sftabilization

of small metallic aggregates into the zeolite supercage are the
prerequisite to induce a chain length limitation in the hydro-
condensation of carbon monoxide. However, the control of this
selectivity through either a definite particle size of the metal
or a shape selectivity of the zeolite is still a matter of spe-
culation. Further work is needed to solve this dilemna.

In a more general context, metal carbonyls on zeolites can
be a unique way to prepare highly dispersed metal catalysts. In
the present work, this is especially the case for iron as no
other mild methods are operative. It is expected that the method
could be applied to the preparation of bi- and polymetallic
catalysts even though the starting material are not bi- or poly-
metallic clusters, but more conveniently homometallic clusters.
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The hydrogenation of CO on alumina supported metals has been
the subject of many research efforts. This report is about the
application of a relatively new technique, tunneling spectroscopy,
to the problem of identifying the reaction intermediates that are
formed on the catalyst surface. Tunneling spectroscopy is a
vibrational spectroscopy that presents information about the sys-
tem being studied in much the same way as do infrared and raman
spectroscopy. The selection rules of tunneling are very weak;
the spectrum observed consists of both the infrared and raman
allowed vibrations. This similarity between techniques invites
comparison of the results obtained in this work with those of
previous infrared studies, such as those done by G.Blyholder,
et al.(1), and R.A.Dalla Betta, et al.(2). From such comparisons
it is possible to say that all three techniques find the observa-
tion of submonolayers of hydrocarbons to be technically demanding.
No experimental method is yet available that allows the complete
determination of all reaction pathways on a catalyst surface. As
a first step toward this ultimate goal we report the observation
of the hydrogenation of CO chemisorbed on alumina-supported metal
particles with tunneling spectroscopy.

Inelastic Electron Tunneling Spectroscopy (I1ETS) measures the
energies, and thus the frequencies, of the normal modes of vibra-
tion of molecules that are incorporated in order near the insulator
of a metal-insulator-metal tunnel junction. In this work all
junctions are made with an aluminum-aluminum oxide-dopant-lead
structure, where the dopant consists of small metal particles
(with 10-40 Angstrom diameters) that are -exposed to CO and hydro-
gen. The insulator plus dopant thickness is approximately 30
Angstroms, thin enough to allow electrons to tunnel from the
aluminum to the lead electrode whenever a voltage (aluminum nega-
tive) is applied. The maximum energy of a tunneling electron
above the fermi energy of the lead electrode is the energy it
gains from the applied voltage, eV. Experimentally it is found
that these tunneling electrons can excite the vibrations of mole-
cules in or near the insulating barrier. The dominant criterion

0097-6156/81/0152-0203%$05.00/0
© 1981 American Chemical Society
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is simply that the electron must have an energy greater or equal
to the vibrational energy, hv, of the molecule excited. This
gives rise to a threshold voltage, V = hv/e, that can be observed
as a conductance increase. This increase is then measured and
displayed in a form comparable to the absorbence in an infrared
experiment. A more detailed description of the experimental
techniques of tunneling can be found in the review literature (3).

Rhodium

The top trace in Figure 1 shows the spectrum obtained for CO
chemisorbed on rhodium particles. This differential spectrum is
the result of subtracting the signals from two junctions; one
prepared with rhodium particles, and another without rhodium
particles. The resulting differential spectrum clearly shows
vibrations due to the chemisorbed CO at 413, 465, 600, 1721, and
1942 cm~!. The exact frequencies measured depend on the particle
size, the temperature of the junction during formation, the degree
of surface coverage, and the amount of other gases (such as water)
chemisorbed on the surface. Detailed studies of these small
shifts (typically a few percent) have not been completed. A
recent study of such shifts due to temperature has been published
by P.R.Antoniewicz, et al. using infrared spectroscopy (59.
Structure due to the aluminum oxide, aluminum, and lead electrodes
is greatly suppressed. The CO is chemisorbed as three different
species on the rhodium surface (§3§329. Three species have also
been observed with infrared spectroscopy on similar systems. The
identification of the three types of chemisorbed CO by infrared
workers (8,9,10,11) as a gem dicarbonyl, Rh(C0)7, a linear
species, RhCO, and a multiply bonded species, Rh,CO, agrees with
the tunneling identifications derived from isotopic shifts. In
tunneling spectra the dicarbonyl species is_best seen by observ-
ing a low frequency bending mode at 413 cm™!, the linear species
can be identified by a low frequency bending mode at 465 L
and the multiply bonded species can be identified by the presence
of the CO stretching vibration at 1721 em~!.  The broad band at
600 cm~! contains the rhodium-carbon stretching vibrations for all
three species, and the CO stretching mode at 1942 cm™! contains
contributions from both the linear and dicarbonyl species.

The lower trace in Figure 1 shows the results of heating the
tunnel junctions (complete with a lead top electrode) in a high
pressure cell with hydrogen. It is seen that the CO reacts with
the hydrogen to produce hydrocarbons on the rhodium particles.
Studies with isotopes and comparison of mode positions with model
compounds identify the dominant hydrocarbon as an ethylidene
species (12). The importance of this observation is obviously not
that CO and hydrogen react on rhodium to produce hydrocarbons, but
that they will do so in a tunneling junction in a way so that the
reaction can be observed. The hydrocarbon is seen as it forms
from the chemisorbed monolayer of CO (verified by isotopes). As
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Figure 1. Differential spectra of CO chemisorbed on alumina-supported Rh par-

ticles before and after heating to 420 K in hydrogen. One of the three species of

chemisorbed CO remains after heating and can be identified by a bending mode

at 478 cm’, a stretching mode at 586 cm™, and a stretching mode at 1937 cm™ as

a linear CO species. The other CO species react and/or desorb while producing

hydrocarbons on the Rh particles. The dominant species formed has been identified
as an ethyiidene species.
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it forms without the presence of gas phase CO, and no surface
species containing oxygen is observed, it seems unlikely to be
formed by CO insertion. A possible mechanism would be the poly-
merization of CHy groups from dissociated CO that had been hydro-
genated. At any rate, the ethylidene species is a relatively
stable surface species when CO is hydrogenated on rhodium parti-
cles that are incorporated in tunneling junctions. At present,
it is not known if this same species is formed on supported
rhodium particles in a more conventional reaction cell. It is
not known because no other technique has developed the technology
needed to observe the formation of the first submonolayer of
hydrocarbons on supported metals. A similar species has been
observed to form on single crystal rhodium from the chemisorption
of ethylene (13,14). It is to be expected that future work will
allow direct comparisons of surface species formed by different
techniques, but until this is possible questions raised by the
presence of the top lead electrode in these tunneling experiments
can not be answered.

Cobalt

Figure 2 shows the differential spectra of CO chemisorbed on
supported cobalt particles both before and after heating in hydro-
gen. Again it is seen that the chemisorbed CO reacts with hydro-
gen that diffuses through the lead electrode to form hydrocarbons
in the tunneling junction. For the case of cobalt much less is
known about the nature of the chemisorbed CO and the type of
hydrocarbon formed. This information should become available as
soon as we do the extensive work with isotopes necessary to iden-
tify the species involved. It is clear, however, that the hydro-
carbon formed on cobalt is different from that formed on rhodium.
The cobalt related species has vibrations near 1600 and 760 cm-]
that the rhodium related species does not have. The mode near
1600 cm~! should involve oxygen, and this can be tested with
isotopes. As mentioned above, the rhodium species does not con-
tain oxygen. The mode near 760 cm™! possibly is due to CHy, a
group that also does not appear in the rhodium species. Thus
even before this species is identified, it is clear that the
reaction pathway for hydrogenation of CO on cobalt is distinct
from that on rhodium. This is, of course, no surprise; it has
long been known that each metal has its own product distribution
and reaction kinetics when used as a catalyst. What is noteworthy
is that tunneling spectroscopy has been able to model supported
catalysts well enough to reflect this difference between different
netals. This suggests that whatever the effect of the lead
slectrode is on these reactions, there is information to be had
From comparisons between the reactions of different metals under
che same conditions.
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Figure 2. Differential spectra of CO chemisorbed on alumina-supported Co par-

ticles both before and after heating in hydrogen to 415 K. The chemisorbed CO

is seen to react and form hydrocarbons in the tunnel junction. This hydrocarbon

species is distinct from that formed on Rh as seen by vibrational modes near 1600
cm™and 760 cm™.
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| ron

Figure 3 shows the results obtained to date on the hydrogen-
ation of CO chemisorbed on supported iron particles. lron is a
difficult metal to work with in tunneling junctions due to its
magnetic properties. We have developed a technique (15) that
allows us to obtain spectra of highly dispersed iron with chemi-
sorbed CO, as shown in the lower trace in the figure. Isotopic
shift experiments indicate the CO is chemisorbed with predomi-
nantly linear charscter. The spectrum contains two bending modes

at 436 and 519 cm~!, and two stretching modes at 569 and 1856 gm']°
hen these junctions are heated in hydrogen, some hydrocarbon is
seen to form. At present, we are unable to identify the species

formed due to a lack of intensity. As we heat the junctions the
particles become magnetic, as evidenced by the rise of the back-
ground with heating shown in the middle and upper traces in the
figure. This could be due to the sintering of the particles or
due to the loss of chemisorbed CO. All our attempts to increase
the intensity of the hydrocarbon modes formed during heating have
been foiled by this background structure. While we expect to be
able to overcome this difficulty with continued effort, at present
all that can be learned about this hydrocarbon species is that it
also exhibits a mode near 1600 <:m'I that can be expected to in-
volve oxygen. This implies that the reaction pathway on iron more
closely follows that of cobalt than that of rhodium, a fact that
can also be derived from many different experiments and processes
with commercial catalysts (16).
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Figure 3. Differential spectra of CO chemisorbed on alumina-supported Fe par-

ticles shown before and after two heatings in hydrogen to 420 K. Some CO reacts

to form hydrocarbons on the Fe particles. The rising background seen at low fre-

quencies indicates the formation of magnetic particles, either through sintering or

the desorption of CO. The formation of OH in the junction upon heating does not

correlate with the formation of a C-O bond nor with the formation of the C-H
bonds.
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Figure 4. Differential spectra of CO chemisorbed on alumina-supported Ni par-

ticles both before and after heating to 425 K. Very little surface hydrocarbon is

seen to form on the Ni particles. This lack of surface hydrocarbon reflects the
selectivity of such catalysts for methanation over Fisher-Tropsch synthesis.
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Nickel

Nickel is known for its selectivity for methanation. This
selectivity for methane implies a lack of carbon-carbon bonding
on the metal surface when compared to cobalt or rhodium. Figure
L4 shows our results for the hydrogenation of chemisorbed CO on
supported nickel particles. The CO is chemisorbed on the nickel
in at least four different ways (17). Upon heating in hydrogen
the CO reacts and/or desorbs forming very little surface hydro-
carbon. We feel this lack of surface hydrocarbon reflects the
selectivity of alumina supported nickel particles for the forma-
tion of methane. The modes that are seen to form are again too
weak for identification, as was the case for iron. We expect that
future work with nickel will improve the observed signal to noise
ratio significantly. |t should be remembered that tunneling
spectroscopy is less than twenty years old; its application to
studies of the activation of CO is less than five years old. With
this first work with supported metal particles we hope to have
demonstrated some of the potential tunneling spectroscopy for the
modelling of adsorption and reaction on catalist surfaces.
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Hydrogenation of Carbon Monoxide to Methanol
and Ethylene Glycol by Homogeneous Ruthenium
Catalysts

B. DUANE DOMBEK
Union Carbide Corporation, South Charleston, WV 25303

Hydrogenation of the carbon monoxide molecule is a reaction
of both inherent chemical interest and practical significance,
since processes based on it could become a major source of
chemicals and fuels in the future. Heterogeneously catalyzed
processes for synthesis gas conversion are already practiced
commercially (1) (methanol synthesis and the Fischer-Tropsch
process, for example), but homogeneous catalysts have not yet
arrived at this stage. The major potential for homogeneously
catalyzed processes appears to be in highly selective production
of useful chemicals and intermediates from synthesis gas. The
goals of our research have been to attempt to understand the
chemical steps involved in formation of one of these useful
chemicals - ethylene glycol - from synthesis gas, and to use
this knowledge in designing more effective catalytic systems.

Most homogeneous catalysts for hydrogenation of carbon
monoxide have been discovered and studied under extremely high
pressures. For example, the first demonstration that organic
products (including ethylene glycol and glycerine) could be
obtained from H,/CO by homogeneous catalysis was performed
with cobalt complexes under pressures from 1500 to 5000 atm (2).
Subsequently, rhodium complexes were found to be catalytically
active at elevated pressures (3), and continued research on
this system has given improved results at lower pressures (4).
Many metal carbonyl complexes have recently been reported to
hydrogenate CO at pressures substantially above 1000 atm
(5,6,7,8,2)

Although related reactions have also been done under low
pressures, very low rates of product formation are obserwved
(8,10,11). We have found, however, that a ruthenium carbonyl
catalyst is quite active for converting H,/CO to methanol
under moderate pressures (below 340 atm). More significantly,
we also discovered that an ethylene glycol product could be
obtained from this catalyst by use of carboxylic acid promoters
or solvents (12). This remarkable and intriguing promoter
effect deserved, we felt, further mechanistic investigation

0097-6156/81/0152-0213$05.00/0
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because of its potential implications for influencing catalyst
selectivity toward two-carbon and longer-chain products.

Results

Reaction of acetic acid solutions of Ru3(CO)jp with
mixtures of CO and Hy under pressure produces substantial
amounts of methyl acetate and smaller quantities of ethylene
glycol diacetate, as shown in Table I. Other products observed
in these reactions are traces of glycerine triacetate and small
amounts of ethyl acetate. (The ethanol is apparently derived
largely from acetic acid by catalytic hydrogenation, since
reactions in propionic acid solvent yield similar quantities of
propyl propionate and only traces of ethyl propionate.)

Infrared spectra of reaction solutions immediately after
depressurization show that the ruthenium is mainly in the form
of Ru(CO)g, and only traces of Ru3(CO)j12 are present.

However upon standing at ambient conditions the solutions
precipitate Ru3(CO)j2 in nearly quantitative yields. Infrared
spectra under reaction conditions (400 atm of 1:1 Hy/CO, 200°C)
also correspond to the spectrum of Ru(CO)g; no acetate or
cluster complexes are observed. However, there is evidence for
the presence of small amounts of Ru3(CO)j2 under somewhat

lower pressures (ca. 200 atm). Many other ruthenium complexes
were used as catalyst precursors, and were found to be converted
to the same ruthenium products under reaction conditions. For
example, H4Ruyg(CO)32 (13), [Ru(CO)2(CH3CO3)21n (14),

RugC(CO) 17 (15), H3Ru3(CO)g(CCH3) (16), and Ru(acac)3 all gave
equal rates to organic products and were recovered as Ru3(CO)j2.

No evidence of ruthenium metal formation was found in
catalytic reactions until temperatures above about 265°C (at
340 atm) were reached. The presence of Ru metal in such runs
could be easily characterized by its visual appearance on glass
liners and by the formation of hydrocarbon products (8,17). The
actual catalyst involved in methyl and glycol acetate formation
is therefore almost certainly a soluble ruthenium species. In
addition, the observation of predominantly a mononuclear complex
under reaction conditions in combination with a first-order
reaction rate dependence on ruthenium concentration (e.g., see
reactions 1 and 3 in Table 1) strongly suggests that the
catalytically active species is mononuclear.

Reactions in solvents other than carboxylic acids (e.g.,
ethers, alcohols, esters, hydrocarbons, etc.) under conditions
given in Table I do not produce detectable amounts of ethylene
glycol (less than about 0.02 mmole). (Experiments were carried
out to demonstrate that glycol would survive had it been
produced in some of these solvents.) However, methanol yields
nearly equivalent to those obtained in acetic acid are found in
some of these solvents (cf. reactions 1, 10 and 11 in Table I).
Reactions in acetic acid diluted with these solvents also give
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similar methanol yields, but the amount of ethylene glycol
produced is less than is formed in undiluted acetic acid
solvent (see Table I). For example, Fig. 1 shows the effect of
increasingly diluting the acetic acid solvent with water and
methyl acetate; there is an approximate dependence of glycol
rate on the second power of acetic acid concentration.

A number of carboxylic acids other than acetic were
investigated as solvents or promoters. All of these acids which
were stable to reaction conditions were found to be effective
in promoting glycol ester production (e.g., propionic, pivalic,
benzoic, etc.). However, other Brg¢nsted acids of non-carboxylic
nature were not found to be effective promoters. Thus penta-
chlorophenol, although it has a pK, value (4.82) very close
to that of acetic acid (4.76), is not a comparable promoter
(Table I, reaction 13). Likewise, phosphoric acid (pKj=2.15)
is not an effective solvent or co-solvent with acetic acid
(Table I, reaction 8). Experiments with lower concentrations
of these acids in sulfolane solvent also showed that carboxylic
acids are unique in promoting glycol formation. The promoter
function of carboxylic acids thus appears not to be dependent
(only) upon their acidity, but on some other chemical or
structural property.

The glycol-producing reaction exhibits an interesting
dependence on the partial pressure of carbon monoxide. As shown
in Fig. 2 the dependence of rate on CO pressure is larde at low
CO partial pressure, but approaches zero-order at higher CO
levels. A more constant dependence on Hj partial pressure is
observed, but a non-integral relationship between first- and
second-order (ca. 1.3) is found. The formation of the methanol
product in these reactions exhibits nearly the same behavior
with respect to CO and Hj partial pressures, and only minor
changes in product distribution are observed on changing the
gas composition or pressure.

Discussion

The nearly identical dependences of methanol and glycol
product rates on ruthenium concentration, H, partial pressure,
and CO partial pressure perhaps suggest that the same catalyst
is involved in forming both products, and that the branching
point occurs relatively late in the process. Essentially the
only difference in the empirical rate equations for the two
products is the zero-order dependence on acetic acid concentra-
tion for methanol production ys. a high dependence on acid
concentration for glycol formation. Presumably the acid is
only involved in the glycol-forming reaction after the branching
point. It is possible to postulate a mechanistic sequence
consistent with these assumptions and with all of the experi-
mental observations, as shown in Scheme 1. Reaction steps
outlined in this scheme are combinations of elementary steps,
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Figure 1. Log-log plot of ethylene gly-
col diacetate yield vs. acetic acid concen-
tration when diluted with varying amounts
of methyl acetate and H,O; conditions are
specified in Table I (12)

Figure 2. Ethylene glycol diacetate yield
as a function of varying CO and H, par-
tial pressures, at constant 170 atm H. and
CO partial pressures, respectively; other
conditions are listed in Table I. (12)
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and reagents specified are those consumed by the entire step.
Rate-determining processes may be elementary steps which are not
explicitly shown; coordinately unsaturated intermediates, for
example, are not included. Double arrows indicate that at least
partial reversibility is expected under reaction conditions.

Information on step 1 in this scheme is available from high-
pressure infrared measurements under reaction conditions. At
CO partial pressures above about 150 atm no Ru3(CO);; is
observed, but at lower CO pressures some of the trimer can be
detected. This equilibrium between Ru3(CO)j2 and mononuclear,
catalytically active species may therefore be the cause of the
CO dependence found under low CO partial pressures, although
zero-order CO dependence is observed under higher CO pressures.

Reaction of Ru(CO)g with Hy has been observed by high-
pressure IR spectroscopy to produce HjRu(CO)4 (18). The
involvement of Hj; in an equilibrium process such as step 2
could be the root of the observed non-integral dependence of
reaction rate on Hj; pressure.

Intramolecular hydride migration to a coordinated carbonyl
ligand has not yet been observed as an isolated reaction, but
the involvement of this process in step 3 seems probable.
Reductive elimination of the resultant formyl ligand could
yield coordinated formaldehyde (step 4), as previously proposed
in a mechanism for the Fischer-Tropsch reaction (19). This
formaldehyde ligand could presumably insert into a Ru-H bond in
two directions; either a metal-oxygen bond (Ru-OCH3) or a
metal-carbon bond (Ru-CH,0H) could be formed. Because this
catalytic system is highly specific for methanol formation in
the absence of carboxylic acids, a methoxy ligand rather than
hydroxymethyl is presumed to be the methanol precursor under
these conditions, via step 5. This proposed step corresponds
to the known hydrogenation of aldehydes (20,21) and, in the
reverse sense, to the conversion of alcohols or alkoxides
(22,23,24) to aldehydes by ruthenium complexes. These
processes are all believed to proceed through metal alkoxide
complexes rather than < -hydroxyalkyl intermediates. 1If a
hydroxymethyl complex were indeed an intermediate in this
system, at least traces of two-carbon products would be
expected to be produced by migratory insertion of a carbonyl
ligand -- a step which is surely very facile under the
conditions employed for catalysis. For example, it has been
reported (25) that formaldehyde is stoichiometrically hydro-
formylated to glycolaldehyde by HCo(CO),4. This reaction is
presumed to involve an intermediate hydroxymethyl complex which
is carbonylated even at 0°C under one atm of carbon monoxide.

Since it is experimentally observed that carboxylic acids
are required to promote glycol production by this system, and
since acid concentration appears in the empirical rate equation
for glycol production with a substantial exponent (ca. 1.8), the
formation of a metal-carbon bonded intermediate (step 6) may
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involve an acid "dimer". The character of such an aggregate is
not certain - it could be a hydrogen-bonded acid dimer, a
protonated acid molecule, or a small equilibrium concentration
of acid anhydride, for example. Whatever the form of this
complex it could act as an effective acylating agent, attacking
the oxygen atom of a coordinated formaldehyde intermediate and
promoting metal-carbon bond formation. Esterification of
alcohols by acetic acid, for example, is observed to be
second-order in acid concentration, and an acid dimer is
believed to be involved (26). (Ruthenium-catalyzed H,/CO
reactions performed in acetic anhydride also produce glycol
diacetate, but much of the anhydride is hydrogenated, yielding
ethyl acetate and acetic acid.) A stable osmium complex
containing coordinated formaldehyde has been shown to undergo
an electrophilic addition entirely analogous to that proposed
for step 6 (27). Reaction with the alkylating agent
CF3S03CH3 results in methylation of the formaldehyde oxygen
atom and formation of a metal-carbon bonded methoxymethyl ligand
(eq. 1).

CF3SO3CH3
Os (h2-CH,0) (CO) 2 (PPh3) 2*Hy0 ——>

[Os (CHo0CH3) (H0) (CO) 5 (PPh3) 21+ (1)

The ruthenium acyloxymethyl complex produced by step 6 of
Scheme 1 could, of course, eliminate the methyl ester product,
but it also has the possibility of leading to a two-carbon
product via alkyl group migration to coordinated CO (eq. 2).

H (0] R O (]

o .
I | Il L

CH30CR €— OC-Ru-CH0CR —> Ru-CCH,0CR (2)

The chemistry of such an acyloxymethyl ligand has been investi-
gated in a closely related manganese model system (28). The
complex (C0)5Mn-CHzoc(0)But reacts with Hjy under very mild
conditions (100 psi, 75°C) to give good yields of ethylene
glycol ester HOCHyCH,0C(O)But (Scheme 2). Only traces of methyl
ester CH3OC(O)But are observed, but under other conditions this
can become the major product. The glycol product apparently
arises from hydrogenation of a glycolaldehyde ester intermediate,
HC(O)CHzoc(O)But, since this aldehyde is observed in early
stages of the reaction, but disappears rapidly as the alcohol
product is formed. This model system demonstrates that an
acyloxymethyl ligand can be converted to a glycol or methanol
product under very mild conditions.

The formation of a longer-chain product, glycerine
triacetate, in Ru3(CO)jj-acetic acid catalytic reactions can
also be accounted for by Scheme 1. A glycolaldehyde ester
intermediate would presumably be largely hydrogenated to a
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Scheme 1. Postulated mechanism of methanol and ethylene glycol ester formation

by Ru catalysts
co Hp co H
Ru3 (CO)|2—- Ru(CO)5 -CO— HZ Ru(CO)4 —r (CO)4H Ru- CO
| 2 3
(CO)g H Ru- OCH3z —= Methanol
co
o 5
& (CO)3 Hz Ry e 11
/c\
4 H H 6
co Ethylene

RCOZH (CO)q H Ru=CH202CR—= Glycol
Ester

Scheme 2. Reactions of a Mn acyloxymethyl complex with H, (R = C(O)But)

(o]
-Co I
(CO)aMn - CH,0R _C_ (CO)s Mn-CH2 OR === (C0)4Mn-CCH20R

(H] [H]

Hl
CH30R HOCH,CH,OR=—— HCCH,OR
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glycol product by a process similar to step 5. However,
hydroformylation of some of the aldehyde intermediate by the
process of step 6 would lead to the glycerine product.

The experimental results are consistent with the rate-
determining step for methanol formation being Hy addition in
step 4, and that for glycol formation being step 6 after
involvement of CO and acid. Later steps could possibly be
rate-limiting instead, and other mechanistic schemes could
perhaps be written which are consistent with the observations.
However, all of the steps in Scheme 1 are reasonably well
precedented in studies of Ru chemistry or closely related
systems with the exception of step 3, hydride migration to Q0.
(Indeed, first-order homogeneous reactions such as this are
perhaps the best existing evidence for intramolecular hydride
migration to a carbonyl ligand.) The scheme provides one
explanation for the unusual promoter effect observed to be
specific to carboxylic acids. This phenomenon is not a normal
solvent or acidity effect, but appears to involve the
introduction of a reagent which can intercept a catalytic
intermediate and significantly alter the course of its reaction.
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Abstract

Solutions of Ru3(CO)31, in carboxylic acids are active
catalysts for hydrogenation of carbon monoxide at low pressures
(below 340 atm). Methanol is the major product (obtained as
its ester), and smaller amounts of ethylene glycol diester are
also formed. At 340 atm and 260°C a combined rate to these
products of 8.3 x 103 turnovers s~1 was observed in acetic
acid solvent. Similar rates to methanol are obtainable in
other polar solvents, but ethylene glycol is not observed under
these conditions except in the presence of carboxylic acids.
Studies of this reaction, including infrared measurements under
reaction conditions, were carried out to determine the nature
of the catalyst and the mechanism of glycol formation. A
reaction scheme is proposed in which the function of the
carboxylic acid is to assist in converting a coordinated
formaldehyde intermediate into a glycol precursor.
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Syngas Homologation of Aliphatic Carboxylic
Acids

JOHN F. KNIFTON
Texaco Chemical Company, P.O. Box 15730, Austin, TX 78761

In this paper we disclose the syngas homologation of
carboxylic acids via ruthenium homogeneous catalysis. This
novel homologation reaction involves treatment of lower MW
carboxylic acids with synthesis gas (CO/H,) in the presence of
soluble ruthenium species. e.g., RuO,, Ru;(C0);5, H4Ruys(CO);2,
coupled with iodide-containing promoters such as HI or an alkyl
iodide (1).

CO/Hz ¢y . cooH (1)

CH;COOH o

Where acetic is the starting acid (eq. 1), homologation
selectively yields the corresponding C;+ aliphatic carboxylic
acids. Since acetic acid is itself a "syngas" chemical de-
rived from methanol via carbonylation (2,3), this means the
higher MW carboxylic acids generated by this technique could
also be built exclusively from CO/H, and would thereby be in-
depent of any petroleum-derived coreactant.

The scope and mechanism of carboxylic acid homologation is
examined here in relation to the structure of the carboxylic
acid substrate, the concentrations and composition of the ru-
thenium catalyst precursor and iodide promoter, synthesis gas
ratios, as well as 13C labelling studies and the spectral iden-
tification of ruthenium iodocarbonyl intermediates.

Results

A summary of typical preparative data for the acid homol-
ogation regime is presented in Tables I and II.

Effect of Catalyst Composition. Where acetic is the typi-
cal acid substrate, effective ruthenium catalyst precursors
include ruthenium(IV) oxide, hydrate, ruthenium(III) acetyl-
acetonate, triruthenium dodecacarbonyl, as well as ruthenium
hydrocarbonyls, in combination with iodide-containing pro-
moters like HI and alkyl iodides. Highest yields of these
higher MW acids are achieved with the RuO,-Mel combination,

0097-6156/81/0152-0225$05.00/0
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Table 1

Acetic Acid Homologation

Ruthenium Promoter conversion (mole °§2c Butyric acids
source structure (%) Propionic Butyric valeric n/iso ratio
RUO, Mel 52 37 6.9 1.0 1.6
HqRU(CO) ;2 Mel 42 34 5.5 <1
Ru,(CO);, Mel 70 25 7.2 3.2 5.1
Ru(acac), Mel 63 29 8.5 <1 9.2
RuCl Me! 70 20 4.3 <1 7.8
RuCl ,(PPhy), Mel 10 7.6
RuO, Etl 48 37 3.2 0.7 1.9
RUO, H1 50 37 3.7 1.0 2.0
RuO, Cs! 26 <1 <1
RuO, Bu P! 16 29 7.3 2.0
RuO, EtBr 969 6.6
RuO, - <5 -

@ Reaction charge:

b

Typical operating conditions:

ruthenium, 4.0 mmole; iodide, 40 mmole; acetic acid, 830 mmole.

220°C; 272 atm initial pressure CO/H, (1:1).

c Carboxylic acid yield basis acetic acid converted.

d

B-19

Two-phase |iquid product,

low (49%) liquid yield.
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Table |1

Carboxylic Acid Homologation

Acid a Acidb Major acid homologues n/iso
substrate conv. (%) Composition (mmoTe) ratio
CH3-CH,-COCH 69 C4Hy -COOH 35 8.5
n-C4Hg -COOH 67 CsHy 1 -COOH 35 4.2
CH3
CH-(CH,) ,~COOH 8
7
CH3o Hj
CH-CH,-COOH 43
CH3” CHa
|
cns-cnz-?-coou 7
CH,
CHy
CHS\ l
CH-COOH 45 CH3-C-COOH 26
7
CH,
CHy
C3Hr
CH-CH, -COOH 13
CH; 7
CaHao
CH-COOH 48
CH;~ CHy
|
C,H7 -C-COOH 12
CH,
CH, CH,
| |
CH3-C-COOH 43 CH3-CH,-C-COOH 26
| |
CH, CH,

a

b

Reaction charge: RuO,xH,0, 2.0 mmole; Me!, 20.0 mmole; RCOOH, 245 mmole.
Operating conditions: 220°C, 272 atm. initial pressure CO/H, (1:1).
c-19
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here total selectivity to C3+ acids is ca. 45% and turnover
numbers are typically ca. 110 per g atom Ru. The ruthenium
catalyst remains in solution throughout the homologation
sequence, and the crude liquid products typically display no
metal precipitate. Homologation is not observed in the
absence of halogen promoter.

The principal competing reactions to ruthenium-catalyzed
acetic acid homologation appear to be water-gas shift to CO,,
hydrocarbon formation (primarily ethane and propane in this
case) plus smaller amounts of esterification and the formation
of ethyl acetate (see Experimental Section). Unreacted methyl
iodide is rarely detected in these crude liquid products. The
propionic acid plus higher acid product fractions may be iso-
lated from the used ruthenium catalyst and unreacted acetic
acid by distillation in vacuo.

Effect of Operating Conditions. Yield data, summarized in
Figures 1 and 2, point to acetic acid homologation activity
being sensitive to at least four operating variables, viz.
ruthenium and methyl iodide concentrations, syngas composition
and operating pressure.

Figure 1 illustrates the first order dependence upon
initial ruthenium oxide concentrations for [MeI]/[Ru] ratios
in the range >10. This first order dependence is observed
only up to a ruthenium(IV) oxide charge of 2 mmole (i.e. [Ru]
~ 70 mM) under our selected experimental conditions. Higher
initial quantities of ruthenium lead to the presence of sig-
nificant quantities of yellow precipitates at the end of each
run, lower overall yields of C;+ acids, but proportionally
higher yields of butyric and valeric acids.

The yields of propionic and higher acids are also defin-
itely improved with increasing initial methyl iodide concentra-
tion (Figure 1) but here the relationship is complicated by the
fact that at low methyl iodide concentrations (and thereby
[MeI]l/[Ru] <5) the corresponding esters, particularly ethyl ace-
tate and ethyl propionate, become the principal products, rather
than the corresponding free acids, while at much higher iodide
concentrations, where [Mel]/[Ru] ratios are 30 or more, there is
a phase separation of the product liquids into aqueous-rich and
water-poor fractions.

The importance of syngas composition and operating
pressure is illustrated in Figure 2. It may be noted that
maximum yields of propionic acid are achieved with 1:1 CO/H,
even though the stoichiometry of this synthesis calls for 2
moles of hydrogen per mole of CO (eq. 2). No acetic acid
homologation is observed in the absence of the hydrogen com-
ponent, but while acetic acid conversion generally increases
with increasing hydrogen content of the fresh syngas this is
also paralleled by an increase in CO,, ethane and propane con-
centrations in the product off-gas.
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The effect of operating pressure upon the degree of
acetic acid homologation is illustrated also in Figure 2. Al-
though homologation has been observed over a 10-fold change in
operating pressure (50 » 500 atm), the yield and selectivity to
propionic acid appears to reach a maximum at ca. 100 atm, while
the yields of higher acids, butyric and valeric, continue to in-
crease at least to the upper operating limit of our equipment
(500 atm).

CH,COOH + CO + 2H, ——» CH3CH,COOH + H,0 (2)

Homologation of Higher Acids. The versatility of the
homologation technique is illustrated in Table II for a series
of typical linear and branched aliphatic carboxylic acids. In
the case of straight-chain, C H2 + COOH, acid substrates, such
as propionic and n-valeric ac?ds? %he principal homologated
products are the corresponding higher acids containing one
additional carbon per molecule, e.g., butyric and hexanoic
acids respectively. Here it is the linear chain isomer that
generally predominates, but isobutyric and 2-methylvaleric
acids are detected, and n/iso ratios are normally in the range
4-8. The principal by-products are water, CO,, and the corre-
sponding hydrocarbon, e.g., propane and n-butane in the case
of C; acid homologation (see Experimental Section) and n-
pentane and n-hexane in the case of valeric acid, plus variable
quantities of acetic acid. Generally we conclude that increas-
ing the chain length of the alkyl portion of the carboxylic acid
substrate, from C; to C4, does not dramatically change the con-
versions or yields of higher acids with this class of
ruthenium(IV) oxide-methyl iodide catalyst couple.

Homologation of branched-chain aliphatic acids, by
contrast, many times is accompanied by substantial rearrange-
ment, and while the principal products are once again those
acids containing one additional carbon per molecule, very often
there is a tendency to generate "tertiary" acids wherein the a-
carbon atom is bonded to three alkyl groups. Typical examples
of the rearrangement that may accompany Ru-catalyzed syngas
homologation are illustrated in Table II for a series of three
classes of branched-chain carboxylic acids, where the carbon
o to the carboxylic acid function is methylene, methine or
tertiary substituted. Thus typical examples include:

iso-valeric acid — 2,2-dimethylbutyric acid

2-methylvaleric acid —» 2,2-dimethylvaleric acid

trimethylacetic acid —» 2,2-dimethylbutyric acid

As in the case of the linear carboxylic acids, the

principal by-products are water, CO, and the corresponding
hydrocarbons. Substantial quantities of iso-butane are formed
for example during iso-butyric acid homologation (see Experi-
mental Section) while 2-methylpentane accompanies the formation
of 2,2-dimethylvaleric acid during syngas treatment of
2-methylvaleric acid.
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Labelling Studies. Labelling studies employing carbon-13
and deuterium have also been used to gain a better understand-
ing of the mechanism of this novel acid homologation reaction,
as well as to confirm the source of carbon for the higher MW
acid products. In the more critical set of experiments, start-
ing with an acetic acid charge enriched at the carbonyl carbon
to the extent of ca. 580% of natural abundance, and conducting
the homologation by the standard procedure (see Experimental
Section) with Ru0,-10Mel as the catalyst couple and 1/1 (CO/H;)
syngas, 13C NMR analysis of the propionic acid product fraction
(22 wt %), indicated significant !3C enrichment only at the
methylene carbon (see Table III, eq. 3) and essentially none
at the carboxylic function. Likewise, an analysis of the n-
butyric acid fraction (3.4 wt %) showed enrichment only at the
a- and B-methylene carbons and none at the carbonyl carbon
(Table III, eq. 4).

Deuteration studies with acetic acid-dg4 (99.5% atom D)
as the carboxylic acid building block, ruthenium(IV) oxide plus
methyl iodide-d; as catalyst couple and 1/1 (CO/H,) syngas, were
less definitive (see Table III). Typical samples of propionic
and butyric acid products, isolated by distillation in vacuo
and glc trapping, and analyzed by !H NMR, indicated consider-
able scrambling had occurred within the time frame of the acid
homologation reaction.

Solution Spectra. Additional insight into the ruthenium
species involved in acid homologation comes from studies of the
solution spectra by FTIR and the metallic complexes isolated
from the final product mixtures.

Typical crude product solutions from acetic.acid homolo-
gation exhibit strong bands at 2112 and 2047 cm = (Figure 3),
characteristic (4,5) of the ruthenium iodocarbonyl ion,
[Ru(C0)3I3] . This ruthenium species in acetic acid appears
very robust, storage of these solutions for six weeks leads to
no significant changes in the spectra, while distillation of
the crude product liquids in vacuo leaves a deep-red residual
liquid still.exhibiting the two characteristic bands at 2107
and 2040 cm ~. Treatment of these same solutions with tri-
phenylphosphine in acetic acid yields pure Rul,(CO),(PPhj),,
as reported by Cleare and Griffith (5) for [Ru(C0)3;I3] . No
ruthenium carboxylates have been detected.

For catalyst combinations containing initial I/Ru ratios
<5, the procht solutions also show strong new bands at 1999
and 2036 cm = characteristic (6) of ruthenium pentacarbonyl.
Where acetic acid homologation is run at [Ru] > 0.2 M, then
another ruthenium iodocarbonyl, Ru(C0);I,, may be isolated
from the product mix as a yellow crystalline solid. A typical
spectrum of this material is illustrated in Figure 3b.

During homologation of higher MW acids, e.g., starting
from propionic acid or trimethylacetic acid, the product
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TABLE 1t}

Homologation of !3C-Enriched Acetic Acid

Catalyst: RuO,-10CH;!

% 0 x 0
7 4
CH4C + CO/H, ——> CH3CH ZC:OH

2 .~ 2
R R

CHACH c9o + CO/H, ——» CH,CH,CH,C?
3 2 2
“OH z 3 2" on

Homologation of Acetic Acid-d4

Catalyst: RuO,-10CH;l-d,

0
cp,c? + CO/H, —
~oD
CH 3CH,COOH : CHg- -CH,-C?
Product Function o

Ratio, 'H NMR Response : 1.0 1.2
To Theoretical Proton Content

0
4

CH 3CH,CH,COOH : CHz-  =CHp-  -CHCl
Product function

Ratio, 'H NMR Response : 1.0 1.4 1.4

To Theoretical Proton Content
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solutions also exhibit bands similar to those depicted in
Figure 3a.

Discussion

The selective syngas homologation of carboxylic acids via
ruthenium homogeneous catalysis (eq. 1) is believed to be a
novel reaction. Although higher acids have been reported as
by-products of methanol carbonylation reactions (7), prior
homologation technology is generally confined to:

a. The cobalt-catalyzed homologation of saturated alkyl
and benzyl alcohols, as well as substituted benzyl alcohols
(8,9).

b. The homologation of carboxylic acid esters to higher
MW esters having at least one additional methylene group (4,10),
or to the corresponding acid anhydrides (11).

c. The conversion of noncyclic dialkyl ethers to the
corresponding esters and anhydrides, e.g., the conversion of
dimethyl ether to methyl and ethyl acetates (11,12).

From product distribution and comparative rate data,
Wender and coworkers conclude that cobalt-catalyzed benzyl al-
cohol homologation involves the intermediate formation of car-
bonium ions (8). However, since the methyl cation (CHst) is
unstable and difficult to form (9), it is more likely that
methanol homologation to ethanol “proceeds via nucleophilic
attack on a protonated methyl alcohol molecule. Protonated
dimethyl ether and methyl acetate forms have been invoked also
by Braca (10), along with the subsequent formation of methyl-
ruthenium moieties, to describe ruthenium catalyzed homologa-
tion to ethyl acetate.

Some of the more important features of our novel syngas
homologation of aliphatic carboxylic acids, catalyzed by
ruthenium, include:

1) Homologation of a broad range of aliphatic acid
structures and carbon numbers, with extensive rearrangement
during the homologation of certain branched-chain acids.

2) Hydrocarbons, of the same carbon skeletal struc-
ture as the starting acids, plus water and CO,, as the common
by-products of these homologation syntheses.

3) Higher acid yield data that are first order in
ruthenium but also positively dependent upon methyl iodide
concentrations and operating pressure as well as syngas ratios.

4) Similar acetic acid conversions and higher acid
yield distributions using ruthenium(IV) oxide in combination
with methyl iodide, ethyl iodide and hydrogen iodide as the
added iodide promoter under comparable conditions. This is
consistent with these different starting materials ultimately
forming the same catalytically active species.

5) The presence of ruthenium iodocarbonyl species,
such as [Ru(C0)3I;] , in the reaction product solutions.
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6) Labelling studies with 13C-enriched acetic acid,
where 13C NMR data are consistent with carbon monoxide addi-
tion to the carbonyl carbon of the acid substrate.

Several of these features, particularly items 1) and 2),
are reminiscent of the observations made by Wender and co-
workers when examining benzyl alcohol homologation (8). Braca
also reports hydrocarbon formation (item 2) during ester homol-
ogation (4) as well as the isolation of Ru(C0)4I,. By analogy
with other iodide-promoted homogeneous metal-catalyzed carbon-
ylation reactions, the first step in acetic acid homologation
is likely the rapid formation of acetyl iodide. The observed
dependence of higher acid yields upon methyl iodide concentra-
tion (Figure 2) and the fact that no homologation is observed
in the absence of iodide (Table I) are consistent with this
reasoning.

The subsequent steps in the homologation sequence in-
volving successive hydrogenation of the acetyl function, while
coordinated to the iodoruthenium carbonyl (e.g., Figure 3),
through intermediate «a-hydroxyethyl- and ethylruthenium spe-
cies (B and C, Scheme 1), would allow rationale of our observed
product array (vide infra). Somewhat similar ruthenium (10)
and cobalt (9) species have been invoked in related homologa-
tion reactions, and certainly during acetic acid homologation
we consistently observe ethyl acetate (from esterification of
by-product ethanol via B) and ethane (from hydrogenolysis of
C) as primary by-products. Likewise during the homologation
of higher acids, the corresponding hydrocarbons are always in
evidence (see Experimental Section). The homogeneous catalytic
hydrogenation of saturated monocarboxylic acids, e.g., the pro-
duction of ethyl acetate from acetic acid, has in fact been
reported only recently by Bianchi et al (13), also via ruthe-
nium carbonyl catalysis.

Subsequent insertion of CO into the newly formed alkyl-
ruthenium moiety, C, to form Ru-acyl, D, is in agreement with
our 13C tracer stud1es (e.g., Table III, eq. 3), while reduc-
tive elimination of propionyl iodide from D, accompanied by
immediate hydrolysis of the acyl iodide (3,14) to propionic
acid product, would complete the catalytic cycle and regenerate
the original ruthenium carbonyl complex.

It should be noted at this point that ruthenium-catalyzed
acid homologation as practised here (Experimental Section) and
outlined in Scheme 1 is likely in competition with at least
four alternative reaction pathways leading to the formation
of hydrocarbon, alkanols, still higher MW acids and rearranged
products. As an alternative, for example, to elimination of
propionic acid product from the newly formed acyl species D,
the same could undergo successive hydrogenation and the even-
tual formation of still higher C4 and Cg acids containing two
(or more) carbons greater than the original acid substrate
(see Table I). Increases in H,/CO operating pressure would
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Scheme 1. Acetic acid homologation

o
4 1 "
CH3-C,  + RulCOlxIy.,;, ——> CH3CRu(CO)xIy
o
A

CH3CH20H CH3CHy

Hp OH Hp co °
A _> CHscﬂ Ru(CO)ny e CH;CHzRu(CO)ny e CHSCHzCRu(CO)ny
(-H,0)
B < L
H,0 (o]

D —35> cHycHe' + RulCOIy-
(-HI) oH
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favor this alternative hydrogenation of D and so lead to the
improved yields of butyric and valeric acids now documented
in Figure 2.

A negative peculiarity of ruthenium syngas chemistry
is the high hydrogenation activity (4) that results in hydro-
carbon as a side reduction of substrate. During acetic acid
homologation, the successive reduction of A and hydrogenolysis
of C would yield ethane, and in this work we do observe an in-
crease in hydrogenation-to-carbonylation activity (e.g., ethane/
propionic acid product ratio) with increases in hydrogen partial
pressure (see Figure 2). Fimally, the product distribution ob-
served during homologation of branched-chain carboxylic acids
(Table II), as well as the 13C distribution in n-butyric acid
product from enriched acetic acid (Table III, eq. 4), are sug-
gestive of rapid rearrangement of the ruthenium-alkyl and acyl
intermediates. The decrease in reactivity with increase in MW
of the acid substrate, and with branching (Table II, summarized
in eq. 6), i

acetic > propionic ~ n-valeric > iso-butyric
~ trimethylacetic > iso-valeric acid (6)

has been observed also in ruthenium-catalyzed acid hydrogenation
(13). The two orderings of reactivity versus acid structure are
quite similar.

Experimental Section

Ruthenium oxides, salts and complexes were purchased
from outside suppliers or, as with H4Ru4s(CO);2 (15), prepared
according to literature procedures. Carboxylic acids and io-
dide promoters were also purchased and synthesis gas mixtures
were supplied by Big Three Industries. Reaction solutions were
prepared directly in the glass liners of the pressure reactors
under a nitrogen purge, homologation reactions were conducted
as outlined below. The extent of reaction and distribution of
the products were determined by gas-liquid chromatography (glc)
using, for the most part, 6 ft x 1/8 in columns of Porapak-QS
with 2% loading of iso-phthalic acid, programmed from 120 to
240°C (20 cm3/min He). Water was estimated by Karl Fischer
titration. Product acids were isolated by distillation in
vacuo or by glc trapping and identified by one or more of the
following techniques, glc, FTIR, NMR and elemental analyses.
Higher MW acids were analyzed using a 6 ft x 1/8 in column of
Porapak-PS with 8% loading of SP-1000 plus 2% iso-phthalic acid.

Syngas Homologation of Acetic Acid. To a N,-flushed liquid
mix of acetic acid (50.0 gm) and methyl iodide (5.67 gm, 40
mmole), set in a glass liner is added 0.763 gm of ruthenium(IV)
oxide, hydrate (4.0 mmole). The mixture is stirred to partially
dissolve the ruthenium and the glass liner plus contents charged
to a 450 ml rocking autoclave. The reactor is sealed, flushed




Publication Date: May 5, 1981 | doi: 10.1021/bk-1981-0152.ch015

15. KNIFTON Syngas Homologation of Carboxylic Acids 239

with CO/H,, pressured to 272 atm with CO/H, (1:1) and heated,
with rocking, to 220°C. After 18 hr, the gas uptake is 163 atm.
Upon cooling, depressuring and sampling the off-gas, the clear
deep-red liquid product is recovered from the glass-lined
reactor.

Analysis of the liquid fraction by glc shows the pres-
ence of:

26.9 wt % propionic acid
2.3 wt % iso-butyric acid
3.6 wt % n-butyric acid
0.4 wt 9% iso-valeric acid
0.6 wt % n-valeric acid
1.5 wt % ethyl acetate
7.7 wt % water
54.1 wt % unreacted acetic acid
Typical off-gas samples show the presence of:
37% carbon monoxide 4.2% ethane
40% hydrogen 1.3% propane
15%  carbon dioxide 1.0% methane

The propionic and butyric acid product fractions, as
well as unreacted acetic acid, may be isolated by fractional
distillation in vacuo.

Syngas Homologation of Propionic Acid. To a N,-flushed
liquid mix of propionic acid (18.15 gm, 245 mmole) and methyl
iodide (2.84 gm, 20.0 mmole) set in a glass liner is added
0.382 gm of ruthenium(IV) oxide, hydrate (2.0 mmole). The
mixture is stirred to partially dissolve the ruthenium and the
glass liner plus contents charged to a 450 ml rocking autoclave.
The reactor is sealed, flushed with CO/H,, pressured to 272 atm
with CO/H, (1:1) and heated with rocking to 220°C. After 18 hr,
the gas uptake is 59 atm. Upon cooling, depressuring and sam-
pling the off-gas, the clear amber liquid product (19.4 gm) is
recovered from the glass-lined reactor. There is no solid
residue.

Analysis of the crude liquid product fraction by glc
shows the presence of:

10.4 wt % n-butyric acid
3.3 wt % iso-butyric acid
1.9 wt % n-valeric acid
0.3 wt % iso-valeric acid/2-methylbutyric acid
7
3

1.7 wt % acetic acid
33.3 wt % water
25.6 wt % unreacted propionic acid
Typical off-gas samples show the presence of:

29%  carbon monoxide 6.6% propane
58% hydrogen 1.6% n-butane
2.6% carbon dioxide 0.6% methane

The butyric acid product fractions, as well as unre-
acted propionic acid, may be isolated from the crude liquid
product by fractional distillation in vacuo.
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Syngas Homologation of iso-Butyric Acid. To a N,-flushed
liquid mix of iso-butyric acid (21.6 gm, 245 mmole) and methyl
jiodide (2.84 gm, 20.0 mmole) set on a glass liner is added 0.382
gm of ruthenium(IV) oxide hydrate (2.0 mmole). The mixture is
stirred to partially dissolve the ruthenium and the glass liner
plus contents charged to a 450 ml rocking autoclave. The reac-
tor is sealed, flushed with CO/H,, pressured to 272 atm with
CO/H, (1:1) and heated with rocking to 220°C. After 18 hr, the
gas uptake is 48 atm. Upon cooling, depressuring and sampling
the off-gas, the clear-yellow, two-phase liquid product (19.8
gm, 18 ml) is recovered from the glass-lined reactor. There is
no solid residue.

Analysis of the lighter liquid fraction (15 ml) by glc
shows the presence of:

14.1% trimethylacetic acid
0.8% iso-valeric acid/2-methylbutyric acid
0.8% acetic acid
2.2% methyl iodide
3.1% water
62.3% unreacted isobutyric acid
Typical off-gas samples show the presence of:

49%  carbon monoxide 5.3% iso-butane
41%  hydrogen 0.2% ethane
1.7% carbon dioxide 0.6% methane

The trimethylacetic acid is isolated from the used
ruthenium catalyst and unreacted iso-butyric acid by fractional
distillation in vacuo, and identified by NMR and FTIR analyses.
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Decarbonylation of Aldehydes Using
Ruthenium(II) Porphyrin Catalysts

G. DOMAZETIS, B. R. JAMES, B. TARPEY, and D. DOLPHIN

Department of Chemistry, University of British Columbia,
Vancouver, British Columbia, Canada V6T 1Y6

During studies on ruthenium(II) porphyrins containing
tertiary phosphine ligands (1), we discovered several complexes
that readily abstracted carbon monoxide from oxygen-containing
organics, particularly aldehydes. A stoichiometric decarbony-
lation of coordinated NN-dimethylformamide (dmf) within a
Ru(TPP)(dmf)2 complex (TPP = dianion of tetraphenylporphyrin)
had been observed previously, and this could be made catalytic
after photolytic removal of CO from the resulting Ru(TPP)(CO)L
complex, L being dmf, or possibly NHMe, the decarbonylation
product (2). Stoichiometric decarbonylation of aldehydes and
acid chlorides can be achieved readily using platinum metal com-
plexes (3), but difficulties are encountered in displacing the
coordinated CO either thermally (3) or photolytically (4), and
few cases of catalytic decarbonylation have been reported (5).

We recently reported briefly on an extremely efficient
thermal catalytic decarbonylation of aldehydes using a system
based on Ru(TPP)(PPh3), (6), and report here further studies on
this system and one based on Ru(TPP)(CO)(tBuZPOH).

Experimental

Materials. The commercially available aldehydes were dis-
tilled prior to use and stored at 0°C under argon. The cyclo-
hexene- and cyclopentene- aldehydes, and the indane aldehyde
(see Table) were gifts from Professor E. Piers of this depart-
ment. The Ru(TPP) (PPh,), complex (%) was prepared from
Ru(TPP) (CO) (EtOH) and Spﬁ:, (1,7), while Ru(TPP)(CO) (*Bu,POH),

%, was prepared from the carbonyl (ethanol) adduct by treatment
with tBuzPCI (1). The phosphines were from Strem Chemicals, and
the ruthenium was obtained as RuCl3-3Hp0 from Johnson, Matthey
Limited.

0097-6156/81/0152-0243$05.00/0
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Decarbonylation Procedure. Ru(TPP)(PPhj3); (v2 mg, 1.6 x 10-3

mmol) was dissolved in 0.5 mL CHyClz and added to about 30 mL
CH3CN. The aldehyde (0.3 - 1.0 mL, ~2-10 mmol) was added, and CO
bubbled through the solution for a few seconds until the uv/vis
spectrum showed absorption maxima at 414 and 530 nm that are
characteristic of Ru(TPP)(CO) (PPh3) (1). The solution, as well
as that of a blank containing the aldehyde with no Ru complex,
was then monitored by g.c. [0V101l and OV17 columns; Hewlett
Packard 5830A and Carle 311 instruments]; under these conditions,
decarbonylation in the Ru-containing solution was very slow.
However, addition of sufficient "BugP (5-10 plL) to cause genera-
tion of further Soret bands at 437 nm [Ru(TPP) ("BujP)2] (1) and
420 nm (unknown species X) led to very efficient catalytic decar-
bonylation of the aldehydes at ambient temperatures; both loss of
the aldehyde (compared to the blank) and formation of the product
were followed by g.c. Some runs were carried out in toluene or
benzonitrile when the CH3CN/CH2Cly solvent g.c. peaks masked
those of the products. The decarbonylation products were gener-
ally identified by g.c./m.s., and toluene (from PhCH,CHO) was
also identified by n.m.r. In all cases where initial turnover
rates of 102 h~l were obtained, the color of the final catalyt-
ically inactive solution was green-brown in contrast to the
orange-colored active solutions; the intensity in both the Soret
and visible regions of the spectrum (Fig. 1) had decreased
markedly and the porphyrin skeleton is almost certainly destroyed
in these "oxidized" solutions (1).

The same procedure was empryed for decarbonylation using
Ru(TPP)(CO)(EBuZPOH), although the CO pretreatment could be
omitted.

Cyclic Voltammetry. Voltammograms were obtained using an
H-cell with the three compartments separated by sintered glass
frits. Potentials were measured at a platinum electrode against
a Ag/AgCl reference electrode at,25°C in a 2:1 CHCl72/CH3CN
solvent mixture with 0.1 M nBu4N 0104— as supporting electrolyte.
The catalyst (complex 1) concentration was %10'3M, and the alde-
hyde concentration ~0.1 M. Voltammograms were recorded for
Ru(TPP)L, and Ru(TPP)(CO)L complexes [L = PPhj, nBU3P], as well
as for Ru(TPP)(PPh3)2/aldehyde solutions before and after addi-
tion of CO and "BujP, and at intervals (4,8,20 h) during decar-
bonylation. Data for the indane aldehyde system are shown in
Fig. 2.

Ir Spectra. These were recorded with a Perkin-Elmer 457,
calibrated with polystyrene. Data were obtained during decar-
bonylation of the indane aldehyde by evaporating a CHpCl,;/CH3CN
solution on NaCl plates. Other spectra were measured using a
smear of the aldehyde and Ru(TPP)(PPhj3); on a NaCl plate, and
using concentrated solutions in CHCl3 or CC14.
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Figure 1. Visible spectrum typical of solution no longer active for catalytic decar-

bonylation; that shown here is for solution of Ru(TPP)(PPh;);/"Bu;P after decar-

bonylation of PACH,CHO; (- - =) same solution in presence of hydroquinone; inac-
tive for decarbonylation

-0.4 00 04
Volts vs. Ag AgCl

Figure 2. Cyclic voltammogram (in 2:1 CH,Cl,/CH;;CN with 0.IM "Bu,N*CIlO,")
for Ru(TPP)(PPh,),/indane aldehyde system (see text)
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E.s.r. Spectra. These were recorded on a Varian E-3 at
liquid nitrogen temperature. Fig. 3 shows some data for a number
of aldehydes using 1 or % as catalysts. Spectra were recorded in
5:1 CHpClp/CH3CN media containing V10-3M catalyst and a 5-fold
excess of aldehyde, before and after addition of CO/nBu3P; no
signals were observed in the absence of the Ru complexes.

Results and Discussion

The Table lists the aldehydes studied, the decarbonylation
products, and some turnover numbers. Two to four runs were per-
formed generally with each aldehyde, although twelve runs were
carried out with PhCHpCHO. Catalytic decarbonylation also
occurred in CH7Cly solution, but the procedure described using
essentially CH3CN gave better turnover numbers. On heating the
2-phenylacetaldehyde system in CH3CN to "60°C, bubbling argon
through the solution, and collecting the products using a cold
finger (77°K), turnover numbers up to 5 x 104h~1 were attained,
and complete decarbonylation readily achieved.

The decarbonylations, which do not appear to be affected by
light, are reasonably selective with aromatic aldehydes, yielding
the expected product; however, significant amounts of other prod-
ucts are obtained with non-aromatic substrates (e.g. cyclohexane-
aldehyde gives methylcyclopentane and small amounts of n-hexane,
as well as the expected cyclohexane; and cyclohexen-4-al gives
both cyclohexene and cyclohexane). Indeed, the unexpected prod-
ucts perhaps provided a major clue to an understanding of the
reaction mechanism(s) involved.

Attempts to study some kinetics were thwarted by poor
reproducibility. A very good first-order dependence on aldehyde
concentration was observed throughout any one run for several of
the aldehydes (monitored by g.c.), but repeat experiments com-
monly gave pseudo first-order rate constants differing by factors
of up to five; variation of catalyst concentration gave very
irreproducible data and no meaningful trends. The poor kinetic
behavior and some products from C-C bond cleavage indicated a
radical mechanism, and this led us initially to some e.s.r.
studies. Organic free-radicals were detected (Fig. 3) in a
catalytic cyclohexen-4-al system, and in a very slow but cata-
lytic decarbonylation of pyridine-2-aldehyde. Of interest, an
active Ru(TPP) (PPhj)y catalyst solution, during decarbonylation
of PhCH,CHO, gave a low-temperature broad e.s.r. signal centered
at g = 2.20, which we attribute to a low-spin d> Ru(III) species
(1, 8); after 6 h at room temperature, when decarbonylation was
still occurring, the signal was barely detectable. No e.s.r.
signals have been detected in the finally inactive solutions
(which are green when diluted - see Decarbonylation Procedure).
It should be noted that Ru(III) porphyrin systems generated elec-
trochemically from Ru(II) do not normally give detectable e.s.r.
signals (9).
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Figure 3. E.s.r. signals at liquid nitrogen temperature in 5:1 CH,Cl,/CH;CN:

A, the Ru(TPP)(CO)(tBu;POH)/cyclohexen-4-al system; B, the Ru(TPP)(CO)(*Bu,-

POH)/pyridine-2-aldehyde system; C, the Ru(TPP)(PPhs),/*BusP/2-phenylacetal-
dehyde system

Absorbance

T T

400 500 600 nm 700

Figure 4. Visible spectral changes as a function of time (first hour) during decar-

bonylation of cyclohexen-4-al (~ 0.5M) using Ru(TPP)(CO)(‘BuPOH) in toluene

at room temperature: A, visible region using ~ 10*M Ru; B, Soret region using
~ 10°°M Ru
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Table. Decarbonylation of aldehydes using a Ru(TPP)(PPh ) / Bu P
catalyst system

Substrate Major Product 02 Conversion Turn-over—
(time)=
C6H5CHO Benzene (100) 10(5) 10
C6H5CH=CHCHO(trans) Styrene (100) 20(10) 20
CHCH, CHO Toluene (95)% 30(1), 90(4) 103
RfCN—C6H4CHO Benzonitrile (100) 15(12) 20
f 2

n—C6Hl3CHO n—C6H14 (65)— 10(1) 10
2-Ethylbutanal n—C5H12 (85)£ 30(1) 103

CHO 60 9

[::]/ [::] (60); E::]/ (35) 30(1), 50(18), 2 x 10
90(50)
n- C6H14 (5

CHO )

O/ g O (70);0 (30) 10(1), 2012) 10
£ 10(1), 30(36), 10

E:::l\vz’ cHo [:::l\'CH(QO) 90(150)

C;‘& ©f>< (0= 200 10°

OMe

CHO 2
(ﬁ/ . O (100) 20(3) 4 x 10
N7

21dentified by g.c.-m.s. and/or n.m.r.; % refers to amount of
major species in the decarbonylation products at the highest
conversion noted.

jo

CZ Conversion of aldehyde; time in h.

“For the first hour at ambient temperature, based on loss of
aldehyde and/or formation of product as detected by v.p.c.

g-Small amounts of benzene also detected.

SAt v60°C, turnover 5 x 104 nl

£0ther products not yet identified; may be decomposition products.

£ysing Ru(TPP) (CO) (tBuzPOH) in toluene.
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Some evidence for the presence of Ru(III) species also comes
from cyclic voltammetry (Fig. 2). The Ru(TPP)(PPh3)2 complex
shows a chemically reversible one-electron oxidation at a (0.40
V), which is attributed to a Ru(III)/Ru(II) couple (1, 7, 9).
After treatment with CO, a further reversible wave is seen at b
(0.83 V); this refers to an oxidation at the porphyrin ring within
the carbonyl complex (1, 9, 10), i.e. to the couple,

(Ph3P)RuII(TPPT)(CO) e =—= (Ph3P)RuII(TPP)(CO) (1)

In the presence of the indane aldehyde, additional somewhat
irreversible waves are seen at ¢ (v-0.1 V), which probably refer
to some Ru(III) intermediates (19) involved in the catalysis. 1In
the corresponding phenylacetaldehyde system, additional waves are
seen at about -0.08 and +0.08 V. On adding MBujP to the indane
aldehyde system, waves are seen at 0.30 V [RuII%(TPP)(nBu3P)2

+ e == Rull(TPP) (®Bu3P);], and 0.90 V [due to the couple shown
in eq. 1, with PPhg likely replaced by nBu3P], with an extra wave
being observed at +0.1 V.

Infrared measurements in the v(CO) region during the decar-
bonylation of the indane aldehyde using the Ru(TPP) (PPhj),
catalyst system revealed a small peak at 2015 cm~l, as well as
expected bands in the 1950-1970 cm~l region, characteristic of
the Ru(TPP)(CO)L (L = PPh3, "Bu3jP) complexes (1). The peak could
be that of a trans-dicarbonyl [cf. the 2005 cm™+ band of
Ru(TPP) (CO)5, (11)]; these species contain an extremely labile
CO, which would be germane to our catalytic decarbonylation.
Alternatively, the 2015 cm~l peak could be due to a ruthenium(III)
hydride species (12); such a HRulIIl intermediate could provide
pathways for formation of hydrogenation products, for example,
the cyclohexane observed in the cyclohexen-4-al system. Such
hydrides within Ru(III) porphyrins might give rise to the addi-
tional reduction potential waves in the range -0.1to +0.1 V.

Addition of hydroquinone was found to completely inhibit
decarbonylation of phenylacetaldehyde using the Ru(TPP) (PPhj),
catalyst system. This confirms that a radical-type process is
involved, especially as the hydroquinone shows no interaction with
the Ru complexes. Indeed, the uv/visible spectrum of the cata-
lyst solution in the presence of the hydroquinone was essentially
that of Ru(TPP)("BujP)(CO) (Fig. 1); there is no indication of
the 420 nm Soret band required for catalysis, and no decarbonyla-
tion occurs. The spectral changes during a decarbonylation are
shown in Fig. 4 for the Ru(TPP)(CO) (*BuyPOH)/cyclohexen-4-al
system; there are probably isosbestic points in the Soret and
visible region in the earlier stages of the reaction, but even-
tually the peaks in both regions collapse, and a final build up
of absorption above 600 nm (cf. Fig. 1) gives rise to a green
tinge. The initial spectral changes are probably due to gener-
ation of Ru(III) species, as judged by comparable changes occur-
ring on Brjy-oxidation of Ru(II) phosphine complexes (1), but
further studies are required to confirm this.
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The familiar 'standard' decarbonylation mechanism (3, 5)
involving a concerted oxidative-addition of aldehyde, CO migra-
tion (with subsequent elimination), and reductive-elimination of
product, would seem with metalloporphyrins to require coordina-
tion numbers higher than six, and in this case Ru(IV) intermedi-
ates. Although this is plausible, the data overall strongly
suggest a radical mechanism and Ru(III) intermediates.

A highly tentative mechanism is outlined below:

Rul? —BCHO o ¢yTTly + Rré0

Ru""?| -CO (2)

RH < = R*

Decarbonylation of the acyl is likely to be metal-assisted (Rull)
giving rise to a Rull carbonyl, which is subsequently decarbony-
lated by nucleophilic attack by nBu3P. This phosphine can dis-
place coordinated carbonyl, as exemplified by reaction 3:

Ru(OEP) (CO)P + P === Ru(OEP)P, + CO (3)

[p = o P; OEP = dianion of octaethylporphyrin]

3
This reaction occurs thermally in toluene at 30°C with an equi-
librium constant (K) equal to 1.5 (13). Both bis(phosphine) and
(carbonyl)phosphine Soret bands are present in the active cata-
lyst solutions (see Decarbonylation Procedure), together with the
unassigned, and likely critical, band at 420 nm. This could be
due to some species giving rise to, or resulting from, a Rull +
RCO reaction; this is equivalent, of course, to a (RuIII-COR)
acyl or a RuIII(CO)R (carbonyl)alkyl species, and the final
elimination reaction after loss of CO could be written as:

III III

Re'TH + RulTIR —— 2Ru!!

+ RH (4)

However, formation of an R species, either free or within a
radical-pair cage with the metal (14), is strongly favored in
view of the methylcyclopentane noted in the cyclohexen-4-al
decarbonylation, since the rearrangement shown in eq. 5, metal-
assisted if necessary, seems plausible (15):

O-&"  O=0
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The more well-documented carbonium-ion rearrangement also shown
in 5 (16, 17) is also possible but as such this does not require
formal Ru(III) intermediates, for example,

Rl + RCHO —> RullH + RT + CO (6)

The eventual loss of the porphyrin ring, as judged by the final
visible spectra (cf. Fig. 1), might be due to attack by radicals.

The role of the triphenylphosphine is not clear but is almost
certainly related to the fact that Ru(TPP)(PPh3)2 at the concen-
trations used, unlike Ru(TPP)("BujP),, rapidly dissociates one
phosphine (1):

Ru(TPP) (PPh )

3) === Ru(TPP) (PPh,) + PPh

3

and the five-coordinate species adds a carbonyl ligand 'instan-
taneously' using gaseous CO; stoichiometric carbonyl formation
from an aldehyde also occurs but less rapidly. Further studies
are necessary to see whether equilibria such as 8 are involved;

Ru(TPP) (CO) ("Bu,P) + PPh
Ru(TPP) (CO) (PPh,) + nBu3P = 3 3 (®
= Ru(TPP)(nBuaP)(PPh3) + CO

both monocarbonyls have Soret bands at 415 nm, and are them-
selves significantly less active than the mixed in situ PPh /nBU3P
system. It is unlikely that the six-coordinate mixed phosphine
system would give rise to the 420 nm band, since the bis(tributyl-
phosphine) and bis(triphenylphospine) complexes give bands at 437
and 435 nm, respectively (1). Of interest, the Ru(TPP)(PPhj)
species in toluene shows a Soret absorption at 420 nm, and
solvated Ru(TPP)L(CH3CN), L = tertiary phosphine, species are a
possibility. The necessary activation by CO certainly implies
that the Rull species of a scheme such as 2 is already a mono-
carbonyl or stated in another way, the CO addition prevents for-
mation of inactive Ru(TPP)(nBu3P)2 (cf. eq. 3).

Although the mechanistic details will be difficult to
elucidate, the catalytic system, operating at ambient thermal
conditions, appears to have considerable potential in synthesis
for removing CO groups from aldehyde moieties of semsitive organic
compounds.
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Reactions of (,-C.H:).NbH; with Metal
Carbonyls

Selective Reduction of Carbon Monoxide to Ethane

J. A. LABINGER and K. S. WONG
Department of Chemistry, University of Notre Dame, Notre Dame, IN 46556

The potential importance of homogeneous catalytic reactions
in synthesis gas transformations (i.e., hydrogenation of carbon
monoxide) has been widely recognized in recent years. In the
first place, such systems could provide structural and mechanis-
tic models for the currently more important, but more difficult
to study, heterogeneous catalysts. Secondly, product selectivity
is generally more readily achievable with homogeneous catalysts,
and this would be an obviously desirable feature in an efficient
process converting synthesis gas to useful chemicals and fuels.

We previously presented a rationale for focussing upon
organoniobium hydride complexes in attempting to find a homo-
geneous system capable of activating CO towards reduction (1).

To summarize briefly, our approach involves initial attack by a
relatively nucleophilic metal hydride on coordinated CO. Such
reactivity has been demonstrated repeatedly for main-group metal
hydrides; perhaps the most elegantly worked-out system involves
CpRe(CO)g(NO)+ (cp = N-CsHg) which, under varying conditions, can
be converted to an entire range of products containing CO at dif-
ferent stages of reduction, including formyl, carbene, hydroxy-
methyl and methyl species (Scheme 1) (2,3,4,5). Reactions lead-
ing to hydrocarbon products are also known; in particular, A1H3
plus a variety of metal carbonyls gives modest yields of hydro-
carbon. Notably, with the group VI metal hexacarbonyls, high
selectivity for ethylene was observed (6).

Although reactions involving main-group hydrides are not
applicable to catalytic reactions of H,, we have previously shown
that early transition metal hydrides can exhibit analogous reac-
tivity, with nucleophilic character falling off sharply as one
moves to the right of the periodic table (7). Indeed, a number
of CO reductions involving Ti and Zr hydrides have been reported
in the last few years, as summarized in the following equations:

0097-6156/81/0152-0253%$05.00/0
© 1981 American Chemical Society
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(C5Me5)2er + CO —» (CSMeS)2er(0Me) (inter alia) (8)
Cp,ZrCl, + R,AIH + CO ——e CH,(CH,) OH, n = 0-3 (92)
o
CppTi(CO)y + By 222w cHy + (CpTi)gOg (10)
CppZrHCL + CO — (Cp,2ZrCl),(CH,0) (11)
-80°

(CSMe5)2ZrH2 + CpyNbH(CO) —# (c ZrH(OCH)NbHCp, (12)

Meg ),
co

(CsMeB)QZrH(OCHz)Nb(CO)Cp2

The last sequence in particular demonstrates the same sort of
stepwise transformation observed in the rhenium chemistry de-
scribed above.

However, these reactions are all stoichiometric, not cata-
lytic; this is a necessary consequence of the fact that all these
group IV hydrides are highly sensitive to the hypothetical CO
reduction products, alcohols or water (l). In contrast, group V
hydrides such as CpyMH; and CpyMH(CO) (M = Nb, Ta) are stable to
water and alcohol, at ieast at room temperature, and could con-
ceivably participate in a catalytic cycle. Our initial investi-
gation dealt with trying to hydrogenate Cp,NbH(CO): a reaction
forming methane does occur, but only at 130° C or higher (13).
Under such conditions, the necessary stability towards hydroxylic
products is lost; hence a much more reactive system is required.
Obviously this could be achieved by going back to group IV, since

the hydrides are much more active in a nucleophilic sense (note,
for example, that the reaction of Cp',ZrH, (Cp' = C Me with
CpoNbH(CO) proceeds rapidly even at -%0° 5' (12)), gut th1s would
preclude catalysis. Alternatively, we can try to make the CO more
susceptible to nucleophilic attack. Since the CO stretching fre-
quency in Cp,NbH(CO) is quite low (1900 cm ~), it must be a
relatively electron rich carbonyl. In order to optimize the
desired reactivity, it appears to be necessary to employ a mixed
system: an early transition metal hydride, so that the hydride
will be nucleophilic, plus a more electrophilic metal carbonyl
complex. Accordingly, we have examined the reactions of Cp2NbH3
with a variety of metal carbonyls.

Experimental

All manipulations were carried out under inert atmosphere,
using standard Schlenk and dry-box techniques. Cp,NbH, was pre-
pared from Cp,NbCl, and LiAlH), as previously reported (1L).

Metal carbony%s anﬁ gases were commercial products used without
further purification. Solvents were distilled from sodium benzo-
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phenone ketyl under argon. NMR spectra were recorded on Varian
A-60 and XL-100 spectrometers; mass spectral studies used an AEI
MS-9 high-resolution mass spectrometer and a DuPont DP-101 gas
chromatograph-mass spectrometer.

Reactions of CpoNbH3 with Metal Carbonyls. An equivalent
amount of metal carbonyl (cr(co)g, Mo(CO)¢, W(CO)g, Mne(CO)lo,
Fe(CO (CO o (00)8) was added to a benzene solution of
. Tge soiutlon was transferred by syringe to a serum-—
capped NMR tube, and the reaction followed by the disappearance
of starting material peaks, as well as by the growth of a new
peak or peaks in the Cp region. After complete reaction and
evaporation of solvent (and excess metal carbonyl, if present and
sufficiently volatile), NMR and IR were used to characterize or-
ganometallic products. No organic products could be detected in
solution by NMR in any reaction.

The reactions of M(CO), (M = Cr, Mo, W) all proceeded to
completion in about 2 hr at 50° C. For Cr, the only product
detected was Cp,NbH(CO), formed in about 60-80% yield. With Mo
and W, only smail amounts of any product giving NMR signals were
present under these conditions; however, when the reactions were
run under H, (see below), products were obtained with an NMR
singlet at 5.68, and IR bands at 2060, 1950, 1880 and 1740 cm™L.
Recrystalllzatlon from toluene-hexane separated the products from
unreacted M(CO)6. The Mo pr guct showed a mass spectral peak at
m/e = 489, corresponding to MoNbC, ¢Hy 06 (along with other
peaks for the less abundant Mo isotopes fragment peaks in-
cluded species assigned as Mo(CO)n and Cp2NbH(CO)+. The W ana-
log showed only fragment peaks in the MS.

The reaction of an(CO) was complete in about 30 min at
40°. Again, the only product found by NMR was szNbH(CO).

The reaction of Fe(CO): was complete in about 20 min at room
temperature. The product has been previously characterized by
X-ray crystallography as Cp,(CO)Nb(u-H)Fe(CO)) (15). Ru3(CO)12
reacts faster (about 5 min at room temperature) to give at least
two products: one, soluble in benzene, has spectral properties
very similar to the above Nb-Fe compound. Additional material
is insoluble in benzene, soluble in THF, and exhibits several NMR
signals in the Cp region, as well as several CO stretches in the
IR. These products have not yet been completely characterized.

The reaction of C°2(CO)8 was complete immediately on mixing
at room temperature. The product, Cp (CO)Nb(u—CO)Co(CO)3, has
been characterized by X-ray crystallography (16).

Intermediate in the CpoNbH3-Fe(CO)s Reaction. A solution of
0.35 mmol Cp NbH, in 1 ml C D, was transferred to a serum-capped
NMR tube and cooied to just a %ove freezing. 0.15 ml Fe(CO). was
added, the tube was inserted into the XL-100 spectrometer, and a
program for kinetic study data acquisition was initiated: a set
of transients was accumulated for 30 sec and stored; data acqui-
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Scheme 1. i, RsBH, L — CO or PPhy; ii, NaBH,/THF/H,0 or NaAIlEt,H,,
L = CO; iii, NaBH,; iv, BH,; v, CF,COOH, —70°; vi, warming (disproportiona-
tion reaction), L = PPh;; vii, PhsC*

CpReL(NO) (CH20H)
ii
CpRe(CO)L(NO)* —L 5 CpReL(NO)(CHO) —Y3 CpReL(NO)(CHOH)*
iii iv vi
CcHO )t
CpReL(NO)(CH3) <——-Vii; CpReL(NO)(\,Hz)

e
7 I3 « PPM

Figure 1. Evolution of NMR spectrum during reaction of CpsNbH; with Fe(CO);s.
(Peak marked * is CsD;H; weak peaks around 8-10+ are attributable to impurities.)
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sition was halted for 30 sec; and then another 30 sec worth of
transients accumulated. This sequence was continued for 20 min,
after which the sequential FID's were Fourier transformed, and a
selected group of resulting spectra, showing the progress of the
reaction, plotted out in stacked form (Figure).

Reactions under H, for Gaseous Products. Solutions contain-
ing about 0.3 mmol each of Cp,NbH, and metal carbonyl in several
ml benzene were loaded into a Fischer-Porter pressure bottle
through a ball valve; this was then pressurized to 1-1/2 - 2 atm
H, and maintained at the reaction temperature for the reaction
time appropriate to the particular metal carbonyl (see above).
The gaseous atmosphere was then vented through a trap at -78° (to
remove most of the benzene vapor) into an evacuated vessel.
Samples were removed by gas-tight syringe and injected into a
Hewlett-Packard 5790 gas chromatograph, equipped with a 4 ft, 1/8
in Porapak P column and a flame ionization detector. Use of
known samples of hydrocarbons (methane and ethane) established
that the minimum detectable amounts of product by this procedure
were about 0.5-1.0 % (based on starting Nb complex). Several of
the reactions (Mo(CO)g, W(CO)6 and Rug (C0),,) gave small amounts
(around 1-2 %) of these alkanes; only with %r(CO) was a sub-
stant;al yield of hydrocarbon product consistently observed (see
below).

Labelling Studies on CpoNbH3-Cr(CO)g Reaction. Reactions
were carried out under D2 in one case, and utilizing 13c-1abelled
Cr(CO)6 in another. The latter was prepared by the Bu,PO-cata-
lyzed incorporation of 13c0 into Cr(co) (pyr), as descPibed
recently by Darensbourg et al (17). Mads spectral analy31i
showed that the resulting Cr(1365)x(00)6_x was about 75 %
labelled. After reaction with CpoNbH; as described above, the
atmosphere was vented into a vessel which could be attached
directly to the inlet of the MS-9 mass spectrometer.

On-line Sampling of CpoNbH3-Cr(CO)g Reaction. The reaction
was carried out in a flask with four stopcocks attached; two of
these were used for loading the solution and for evacuating the
flask and refilling with H2 or other atmosphere, respectively.
The other two were connected in a circuit containing a bellows-
type gas circulating pump (Metal Bellows Corp. Model MB-21) to a
gas sampling valve mounted in a Carle AGC-311 gas chromatograph.
The latter is equipped with two columns, Porapak (80% N, 20% Q,

8 ft, 1/8 in) and 5 A molecular sieve (6 ft, 1/8 in) connected
via a switching valve, as well as both thermal conductivity and
flame ionization detectors. This arrangement provides monitoring
of gases such as 0, and N2, to determine when a satisfactory air-
free atmosphere has been established, as well as high sensitivity
to hydrocarbon products-- on the same scale as before, yields on
the order of 0.01 % can be easily detected. Reactions were
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carried out by heating the flask to 50°, and gaseous products
monitored at any time by simply rotating the sampling valve.

Results and Discussion

The reactivity of these metal hydride-metal carbonyl reac-
tions can be correlated with the nature of the reactants in a
manner consistent with the proposed mechanism: nucleophilic
attack by hydride on coordinated CO. Thus reactions involving
the highly nucleophilic group IV hydride, Cp',ZrH,, are much
faster than those of group V metal hydrides. On the other hand,
the relatively electrophilic neutral binary metal carbonyls all
react with Cp,NbH; under mild conditions (20-50° C), whereas more
electron-rich complexes such as cyclopentadienylmetal carbonyls
(szNbH(CO), CpV(CO)h) or anionic carbonyls (V(CO)6—) show no
reaction under these conditions.

The significance (if any!) of the sequence of reactivities
found for the various carbonyls examined-- a steady increase on
moving to the right in the periodic table-- is still unclear.
There does not appear to be any strong trend in electrophilicity
along this series; for example, the IR spectra of the various
compounds show quite similar CO stretching frequencies (18). It
is also conceivable that not all these reactions follow the same
mechanism; for example, a radical pathway might be a reasonable
alternative for reactions involving the dimeric carbonyls. More
direct evidence for the proposed pathway has been obtained from
the Fe(CO): reaction. As shown in the Figure, at early stages
the NMR shows a peak at 14.38, in addition to the Cp,NbH
signals. As the reaction proceeds, the former grows to & maximum
(corresponding to about 20 % yield, assuming it is due to a
single proton) and then gradually disappears, while the Cp NbH3
peaks also decrease and are replaced by the Cp signals of the
product.

The extreme downfield shift of the intermediate signal is
characteristic either of a metal formyl, or a hydridocarbene com-
plex, suggesting one of the following structures (or, perhaps, a
rapid equilibrium between the two):

0 H
i _ /
Cp.NbH.*  HCFe(CO) =—> CpNb-H
2 PHy 4 2
0
\
C=Fe(CO)
/ L
H

We tentatively prefer the latter, since compounds of this type
have been isolated and, in one case, characterized crystallo-
graphically (;g). The analog of this intermediate has not yet
been observed with other metal carbonyls, but since the relative
rates of its formation and decomposition may well differ from one
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system to the next, it is quite possible that an NMR-detectable
amount never accumulates, at least at ambient temperatures.

The subsequent chemistry in these systems clearly involves
(at least) two competing pathways. In most cases little or no CO
reduction product is observed; rather H2 is evolved and hydrido
(carbonyl) complexes form. Hence in these cases, loss of H2 from
the above intermediate must be more efficient than further trans-
fer of hydride to CO. The resulting coordinatively unsaturated
species can undergo i) transfer of CO to Nb; ii) migration ("de-
insertion") of the formyl-like hydrogen from CO to metal (a re-
action observed for all known metastable formyl complexes); and
iii) in some cases, dissociation or loss of further hydrogen to
give the appropriate product (Cp,NbH(CO) or bimetallic compound).
Only for Cr(CO), were large amounts of hydrocarbon product ob-
served, and hence this system was examined in detail.

When the reaction of Cp,NbH, with Cr(CO)6 is carried out
under Ar, little or no hydrocarbons are produced; instead
CpoNbH(CO) is formed in good yield, with a small amount of pre-
cipitate depositing. In contrast, when the reaction is run under
Hy, large amounts of solid precipitate; only a small amount of
szNbH(CO) remains in solution, and gas sampling indicates the
formation of ethane in about 10 % yield (based on Nb). With the
syringe sampling method, no other hydrocarbon product was de-
tected. The origin of the ethane was probed by labelling methods.
Reaction under D, gave ethane which, by mass spectroscopy, con-
tained significant quantities of do, dl and -ethane; more highly
enriched species could have been present in gquantities up to a few
percent without being detected.

The method recently published by Darensbourg et al (17) pro-
vides an excellent route to highly-enriched 13¢0-1abelled com-
pounds, including Cr(CO)g. Starting with 90 % labelled 13CO, the
compound was obtained with about 75 % labelling. When this was
subjected to hydrogenation, the ethane produced contained sub-
stantial amounts of 1302H6, as shown by high-resolution mass
spectroscopy (in which the 13¢ H6+ peak was well separated from
the background peak due to 02+§. A peak with exact mass 32.05k4
was observed; the calculated value for l3C2H6 is 32.0535. It was
not possible to accurately determine the relative amounts of the
variously isotopically labelled ethanes because of the complexity
in this region: ethane shows M-1, M-2, ... peaks of about the
same intensity as the parent ion, and benzene (which could not be
entirely removed from the vapor phase) gives fragment peaks at
m/e = 30, 29, ... as well. By making approximate corrections for
these two factors, we were able to estimate that the amount of 13¢
in the ethane is at least T5 % of that in the starting carbonyl
compound, and hence most, if not all, of the ethane arises from
CO reduction. Most likely it all does; we have seen evidence pre-
viously for formation of ethane from an alternate source, most
probably the Cp rings, in related systems, but these reactions
require considerably higher temperatures (;g).
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The solids formed in this reaction have not been completely
characterized, but they almost certainly contain some form of
niobium oxide species: they are insoluble in all organic sol-
vents but do dissolve in strong mineral acids. (The IR of the
solid shows no characteristic or informative bands.) Thus the
oxygen atom of the reduced CO appears as metal-bound oxygen,
rather than free H20, a fact which would make catalytic reduction
very unlikely for this particular system. When the reaction is
run under a mixed CO-Hp atmosphere, the only product observed is
Cp2NbH(CO), in nearly quantitative yield; no hydrocarbons or in-
soluble products form. This is not simply due to a direct reac-
tion of CppoNbH3 with CO, since that reaction is too slow at 50°;
rather an intermediate in the reaction of CppNbH3 with Cr(CO)g
must be efficiently trapped by CO. szNbH(CO) is not suffi-
ciently nucleophilic to attack Cr(CO)g; a mixture of these two
compounds shows no reaction until well above 100°, conditions
under which the niobium compound begins to react by itself.

Selective formation of ethane in this reaction is of key
interest, since one of the major reasons for investigating homo-
geneous systems was the hope of achieving such selectivity.
While a large variety of mechanisms leading to alkane formation
might be constructed, few would explain this selectivity; a route
involving successive CO insertion into metal alkyls, followed by
reduction, for example, would not. The result of Masters cited
earlier is most suggestive in this regard: AlH, plus M(CO), is
also highly selective for C2 hydrocarbon, although most of the
product (95 %) is ethylene, not ethane (6). Masters proposed a
mechanism involving a carbene intermediate to account for this.
We could account for our result by the same mechanism, if the
Cp2NbH3—derived system also contains (or generates) a species
capable of catalyzing the hydrogenation of ethylene to ethane.
To check this, we designed a system permitting on-line analysis
of the gaseous products during the course of the reaction, and
found that considerable amounts of ethylene are indeed present
during early stages. Thus the C, products after one hour con-
sist of 20 % CpH) and 80 % CoHg; after 2 hr, the percentage of
CoH), has decreased to 8 %; after 5 hr, to 0.6 %. This system
also gave us much greater sensitivity, and we were able to deter-
mine that small amounts (0.5 - 1 %) of methane and propane are
also formed in this reaction. Similarly, if small amounts of
ethylene are added to the reaction mixture, they are gradually
hydrogenated to ethane during the course of the reaction. With
an equal mixture of H, and C,H), as the atmosphere, almost no
reduction is observed; rather the Cp,NbH, is converted to
Cpng(C2H5)(Cth) in high yield. Again, this does not form
readily from Cp2NbH3 at this temperature (;2), and is probably
due to trapping a reaction intermediate as in the Hy-CO reaction;
also, this shows that the hydrogenation catalyst is not starting
material but a reaction product.
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These observations permit us to construct a plausible mech-
anism for the reaction, shown in Scheme 2. The initial step, in-
volving nucleophilic attack by Nb-H on CO, is probably general
to all the metal carbonyls examined here, although as noted above
direct evidence is available only for Fe(CO)=. The resulting
intermediate can react in one of two ways. Eoss of Hp generates
an unsaturated species which eventually leads to products con-
taining no reduced CO. For most of the systems studied, this is
the dominant pathway. Alternatively, a second hydrogen can be
transferred to carbon. Niobium-assisted cleavage of the carbon-
oxygen bond generates a niobium(oxo) complex, which leads to the
insoluble metal oxide products observed, and a carbene complex.
This could undergo further reduction by niobium hydrides, lead-
ing to the small amount of methane observed, but the main decom-
position path is by dimerization to form ethylene. Subsequent
hydrogenation gives the observed major product, ethane. Note
that by this mechanism, all the hydrogens added to carbon up to
CoH), come from niobium; atmospheric hydrogen participates only
in the final, hydrogenation stage. This agrees with the Dp
labelling results: a maximum of two deuterium atoms are found
in the ethane produced. (Exchange of Do with starting CpngH3,
which could also lead to deuterium incorporation, is much too
slow at this temperature.) Formation of propane by reaction of
ethylene with more carbene complex is also possible.

The reactions of Mo(CO)g and W(CO)g differ in that i) yields
of hydrocarbon are much lower; ii) the same selectivity is not
observed: Mo gives mostly methane, W roughly equal amounts of
methane and ethane; and iii) bimetallic products are obtained,
rather than szNbH(CO). The first two differences presumably
are due to changes in relative rates of the competing pathways
available; the last may simply mean that the bimetallic species
is somewhat less stable for the first-row transition metal Cr,
and comes apart under the reaction conditions. Spectroscopic
considerations, especially the mass spectrum of the Nb-Mo prod-
uct, suggest that these bimetallic compounds are isoelectronic
to the previously characterized Nb-Fe product; that is,
Cp2NbMH(CO) (M = Mo, W). In fact, all three complexes (includ-
ing Cr) have recently been prepared by photolysis of CpoNbH with
M(CO)g at low temperature, shown (crystallographically for ﬁ =
Cr) to have the analogous structure to the Nb-Fe compound,
Cp2(CO)N'b(p-H)Cr(CO)5 (20).
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Formation of Hydrocarbons by Hydridic Reduction
of Carbon Monoxide on Cp.Fe.(CO),

ANDREW WONG and JIM D. ATWOOD
Chemistry Department, State University of New York at Buffalo, Buffalo, NY 14214

The search for homogeneous analogues of Fischer-Tropsch
catalysts has been vigorous in recent years. Recent reviews
cover much of the pertinent literature.l’Z Homogeneous systems
are amenable to mechanistic studies and often have advantages of
selectivity and mild reaction conditions which would be important
economically. There are a number of complexes which undergo
homogeneous CO reduction. Unlike the typical Fischer-Tropsch
reactions, most homogeneous reductions yield methane or methanol
as primary products; only in a few systems were higher hydro-
carbon chains observed.l>2 Demitras and Muetterties observed
formation of methane, ethane, propane and isobutane in the ratio
1:4:trace:trace upon treatment of Ir,(C0),, with synthesis gas in
molten NaC1-2A1C1; at 180°.2 Schwartz and co-workers observed
chain build-up in a zirconium based system (Cp2ZrCl,, (i-Bu),AlH
and CO at a few atmospheres of pressure) which produced alcohols
(methanol, ethanol, 1-propanol and 1-butanol in a molar ratio of
1.0:0.12:0.15:0.03) upon hydrolysis at room temperature.: X
Masters and co-workers observed the formation of methane, ethane,
propane and butane upon treatment of Rus3(C0);, with AlH;.%
Ethane7gg ethylene (C, hydrocarbons) have been observed in a few
cases.t 2

Fischer-Tropsch reactions, although they have been known for

more than 50 years, are not well understood mechanistically.i2™12

0097-6156/81/0152-0265%$05.00/0
© 1981 American Chemical Society
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In the current view the formation of methane and chain growth in
the production of higher hydrocarbons occurs via oxygen-free CHy
species, generated on the surface of the catalyst by dissociative
chemisorption of CO followed by partial hydrogenation.l2 Although
reactive metal carbide complexes have been observed in metal
cluster compoundsi®’l: and have been postulated as intermediates
in the formation of methane,l3 it is unlikely that the initial
step in a homogeneous CO reduction cycle will be C=0 bond cleav-
age. In most homogeneous systems it is believed that formation
of a C-H bond is the initial step in the reduction of CO,
followed by the successive formation of alkylidene or hydroxy-
methyl, and methyl complexes.

0
M-C=0 > MC—H > M=CH,
M—EHZOH > M—CT3
CH0H CHy
SCHEME 1

An excellent example of this sequence was illustrated in the
reaction of CpRe(C0),(NO)* with NaBH, which under carefully
controlled conditions produced the form¥1, the hydroxymethy]l
and the methyl complexes, successively.:f°1Z

. THF/H,0

0°, 30 min NaBH4, THF 0°C, 15 min +NaBH4
NaBH4 THF/HZO

CpRe(CO)(NO)CH3 <—2-5—°—’W CDRE(CO)(NO)CHZOH

This was the first example in which models for presumed Fischer-
Tropsch intermediates have been isolated and their sequential
reduction demonstrated. Neither methane nor methanol was observed
from further reduction of the methyl and the hydroxymethyl com-
plexes. The use of THF/H.0 as solvent was crucial in this sytem;
in THF alone CpRe(CO)(NO)CH; was the only species observed,
probab1¥ because the initial formyl complex was further reduced

by BH3.*®  When multihydridic reagents are reacted with metal
carbonyl complexes, formyl species are usually not observed. The
rapid hydrolysis of BH; by aqueous THF allowed NaBH, to act as a

monohydridic reagent in its reaction with CpRe(C0)2N0+.
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When Group VI carbonyl complexes were reacted with alane or
Cp2NbH; reduction of CO to ethylene was noted.Z’® Ethylene
was the primary product of the Cp,NbH; reduction although it
subsequently was hydrogenated to ethane. Masters and co-workers
suggested that ethylene was formed through an alkylidene dimeri-
zation as shown below.

CH
T2
> M’/// . \\‘M
\\\\ : ///
CH2

To further explore possible mechanisms of carbon-carbon bond
formation, we have examined the reaction of Cp,Fe,(CO), with
LiATH, gLAH). This reaction yields hydrocarbon products up to
butane.2! The results of this study are reported herein.

Experimental

In a typical reaction, 0.5 mmole Cp.Fe,(C0),, excess LiATH,
and a Teflon stir bar were transferred into a glass vessel (120
cm x 2.2 cm) equipped with a Kontes Teflon high vacuum stopcock
connected to a ball joint and with a small septum covered stop-
cock for sample removal. . The apparatus was evacuated on a
vacuum-Tine and ~ 5 ml of solvent, previously dried by extended
refluxing over sodium metal and benzophenone, was vacuum dis-
tilled into the glass vessel at -196°C. When required, carbon
monoxide may be transferred into the glass vessel subsequently on
the vacuum-line. The reaction mixture was allowed to warm and
react at room temperature. Gas samples were withdrawn through
the septum-covered stopcock directly with a gas-tight syringe
(Hamilton Co.) and analyzed by a Varian 2440 gas chromatograph
with flame ionization detectors. Chromatographic separations
were obtained with a 6 ft x 1/8 in. stainless-steel column of
Spherocarb (Analab, 80/100 mesh), for separations of permanent
gases and light hydrocarbons C-1 to C-3; and a 6 ft x 1/8 in.
stainless-steel column of Porapak Q (Analab, 80/100 mesh), for
separation of C-1 to C-5 hydrocarbons. Helium flow rate was
~ 20 m1/min and column temperature ranged from ambient to 150°C.
Peaks were identified by comparing retention times with known
samples and peak areas were converted into mole quantities by
comparison with standard samples.

Products in the reaction mixture were analyzed by infrared
and nmr spectroscopy. IR spectra were obtained on a Perkin-Elmer
521 infrared spectrophotometer. The reaction mixture was first
suction filtered through a fine porosity glass frit inside a
glove box (Vacuum Atmosphere HE-43-2) under an argon atmosphere,
and was placed in NaCl cells (International Crystals, Inc.) of
path length 0.1 or 0.5 cm with Teflon stoppers. 'H nmr spectra

2M=CH2 > C2H4
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were obtained on a Varian T-60 spectrometer with TMS (0.00 ppm)
or benzene (7.23 ppm) as standards.

Results and Discussion

Reaction of Cp,Fe,(C0), and LiAlH, or LiA1D,. The reaction
between Cp,Fe,(C0), and a 10-30 fold excess of LAH in THF at room
temperature resulted in the rapid formation of CH,. C2H,, C2Hs,
C3Hes C3Hg, CyHg and CyH;4. The reaction was essentially complete
in one hour, as determined by gas chromatography, when no more
growth in hydrocarbons was observed. In toluene a similar
reaction was observed, although at a much slower rate with com-
pletion in about two weeks, presumably because of the relative
insolubility of LAH in toluene. We decided to study this system
in toluene, despite the slow rate, because a side reaction
between LAH and THF was observed leading to CHy, C.H, and C.He¢ in
small amounts (< 5% of those observed with Cp,Fe,(C0), and LAH).

The exact ratio of the hydrocarbons formed from the reaction
of CpaFe,(C0), and LAH in toluene varied with time as shown in
Table 1. Ethylene was the predominant product initially (up to 36
hr.) and then decreased dramatically with time. Propylene also
decreased with time, although not as dramatically. Butene did
not show this change with time but the amounts were small and
experimental error could be a factor.

Use of LiA1D, produced perdeutero-hydrocarbons, confirming
reduction of CO with LiA1D, as the only hydrogen source. Small
amounts of partially or non-deuterated hydrocarbons were also
observed (< 10% of the total) probably as a result of impurity
in the LAD (98% D).

Table I. Gaseous products from the reduction of CO on szFez(CO)4
by 30 fold excess LAH in toluene.?

CHy  CoHy  CoHg  CiHg  CgHg  CHg Gy

36 hour 0.028 0.084 0.024 5x1075  4x10™S  9x10™>  7x107°

14 days 0.178 6x10™% 0.14  9x107* 0.023 5x10"° sx107%

3The yields reported are mmole of the hydrocarbon product per
mmole of iron complex.

The total yield of hydrocarbon for the reaction between
Cp2Fe»(CO)y and LAH was ~ 40% (0.4 mmole of hydrocarbon product
per mmole of iron starting material). LiCpFe(CO), and Cp.Fe,(CO),
were both in solution after the reaction as shown by infrared
spectra even when a 30-fold excess of LAH was used. We believe
that HCpFe(C0), was formed initially, but because of its thermal
instability, decomposed to H, and Cp.Fe,(CO),. Support for this
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came from the observations that (1) hydrogen was observed and (2)
when the reaction was carried out with ~ 0.01 mmole of PBu;

and a 10-fold excess of LAH, LiCpFe(C0), and the thermally stable
HCpFe(CO)PBus were the only products in solution as determined by
IR and NMR spectra. The presence of PBu; in the reaction mixture
also changed the ratio of hydrocarbon products with a significant
enhancement in the production of ethylene as shown by the dis-
tribution of products in Table II.

Table II. Hydrocarbons from the Reaction of LAH with Cp2Fe2(CO)4
in the presence of a Ligand.a

L Cly Gy Gl Cofg Caflg  Cglg iy
PBu; 0.108 0.376 0.224 0.022 0.016 7x10°%  ox107?
O 0.144 0.511 0.045 0.011 6x107> 3x10°% 2x107%

AThe yields reported are mmole of the hydrocarbon product per
mmole of iron complex. PBus = 1 equivalent, CO = 1 atmosphere.

The formation of higher hydrocarbons (C. to Cy) requires
forming C-C bonds. Several possibilities have been suggested for
C-C bond formation in Fischer-Tropsch systems.2 Methyl migration
(CO insertion) has been suggested as one possibility.2! To
assess the importance of CO insertion in this system we have
investigated the reaction of Cp,Fe,(C0), with LAH under a CO
atmosphere. The results are reported in Table II. A net increase
in CO reduction product is observed under CO, but the most
dramatic difference is the greatly enhanced production of ethylene.
This is similar though greater in magnitude than the production
of C,Hy, in the presence of PBus; as shown in Table II. Reaction
of LAH with Cp,Fe,(C0), was also investigated under a '3CO
atmosphere with substantial incorporation of !3C into the hydro-
carbon product as shown in Table III.

Table III. Products of the reduction of szFez(CO)4 with LAH in
the presence of ]3C0.

methane CH, > ]3CH (< 30%)
Beew: =13k > cp (50%)
ethylene 4 - 2"4 2'4
13 <13
ethane CCH6 C2H6 > CZHG (50%)
13 13 ~ 13
propene CoCHg > CCoHg ~ C3H6 (70%) > C3H6 (50%)

13 13 ~ 13
propane CZCHB CC,Hg > C4Hg (40%) = C3H8

133
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The number in parenthesis is the percentage of that species
compared to the predominant species. The uncertainty in the
propene and propane is much larger because of the much smaller
amounts and because fragmentation is much more extensive. The
wide distribution of label in the hydrocarbon product indicates a
complicated reaction scheme with considerable mixing of the
label. The amount of label in methane cannot be determined
precisely because !3CO contains !3CH,. For each hydrocarbon, the
species with only one C-12 is among the predominant products,
which suggests that a CO insertion mechanism is operative.

Reaction of Cp,Fe,(CO), with NaBH, led to similar reduction
products though the yield was less than 5% of that seen with LAH.
Reaction of LiBEt;H effected reduction in less than 0.3% of that
observed with LAH.

Reaction of CHs;FeCp(C0),, CoHsFeCp(CO),, and CH5C(0)FeCp(CO),

with LAD. To further investigate the importance of CO insertion

in the build-up of hydrocarbon chains upon reduction of CO on
Cp2Fe2(CO)y with LAH we have prepared the possible intermediates
CH3FeCp(CO),, CoHsFeCp(CO), and CH,C(0)FeCp(CO), and investigated
their reactivity towards LAD. The results are presented in

Table IV.

Table IV. Products from the reaction of RFeCp(CO)2 with LAD.

RFeCp(CO)2 Primary Hydrocarbons Formed (Ratio)

R = CH3 CH3D, C2H3D3 (1:2)

R = C2H5 CZHSD’ C3H503 (1:2)

R = CH3C(0) C2H3D3, C3H3D3, C3H3D5 (3:0.8:1)

These reactions were carried out in toluene with a 10-fold excess
of LAD with total yields of hydrocarbons at 50-60% (mmole hydro-
carbon per mmole RFeCp(C0)}.). These reactions were stopped after
fairly short times so that the reduction would occur primarily at
the R group with only a small contribution from CO reduction.

The observation of primarily propane and propene upon reduction
of C,HsFeCp(CO), and CHsC(0)FeCp(CO), suggests that CO insertion
is responsible for chain propagation. Formation of an ethyli-
dene complex and dimerization would lead to butane or butene. In
addition to the primary products listed in Table IV, other hydro-
carbons were also observed ranging from C,-C, in considerably
smaller amounts. Many of these had quite high deuterium enrich-
ments and we believe that these are the result of competing CO
reduction. The reaction of LAH with the acetyl complex was
different in several respects from the reaction with the methyl
and ethyl complexes. (1) The predominant gaseous products in the
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reduction of the methyl and ethyl complexes were Cpn+71 hydro-
carbons while for the acetyl complex the C, and Cp4+7 hydrocarbons
were formed in comparable yields. (2) In the reduction of the
acetyl complex an olefin (propene) was observed; in the methyl
and ethyl reductions only traces of olefins were observed. (3)
Cp2Fe,(C0), and LiCpFe(CO), were observed as products in solu-
tion after reduction of the acetyl complex, but only LiCpFe(CO),
was observed for the methyl and ethyl complexes. (4) The reduc-
tion of the acetyl complex proceeded much more rapidly (comple-
tion in 1 hr) than reduction of the methyl and ethyl complexes
(completion in 2 days).

The differences in products (both gaseous and in solution)
between the reduction of the acetyl complex, CH3C(0)FeCp(CO),,
and the methyl and ethyl complexes suggest that different inter-
mediates are involved. The rapidity of the reduction of the
acetyl complex to hydrocarbons rules out the ethyl complex as an
intermediate in the reduction of CH3C(0)FeCp(C0), with LAH.
Reduction of the acetyl to the ethyl complex has been observed.:2®

BH
3
CH3C(0)FeCp(CO)2 TAF CH CHzFeCp(CO)z

3

A possible intermediate was prepared by Gladysz and Selover by
reaction of CHsC(0)FeCp(CO), with LiEtsBH.2%2

i
Cp\ . - c=0
CO//// \\\\\C=0'
v

While this species certainly may be in solution, the relative
importance of this intermediate or direct transformations upon
the acetyl group in the production of hydrocarbons cannot be
assessed at this point.

For the reductions of the methyl and ethyl complexes with
LAH the Cnh4+7 alkane was the major product with the C, product
present to a significant extent. These two products could arise
by the following sequence.
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co co H
| LiATH | -Co |
Cpl':e-R -_KWI_> CpFe-R > Cpl‘fe-R —> RH
3 | -

co C=0Li co
| .+
H Li
lA]H3
H———A]H2

|
0
CpFT-E-R —_— —> RCH3

co
!
Scheme 2. Suggested Scheme for the Reduction of RFeCp(CO)2
with LAH (R = Me, Et).

The presence of AlH; would assist the alkyl migration and the
intermediate suggested is analogous to those Shriver has iso-
lated.23°2% The reaction of CH3C(0)FeCp(CO), and CH3FeCp(CO).

with LAH under '3C0O resulted in no incorporation of !3C into the
gnhand gn+] products. No incorporation would be expected for
cheme 2.

Mechanistic observations on formation of hydrocarbons in
Cp,Fe,{C0)y with LAH. There is Tittle doubt that the initial
step in the reaction of Cp,Fe,(C0), with LAH involves formation
of a formyl complex by addition of a hydride to coordinated CO.
We believe the initial site of attack is on a terminal CO which
should be more susceptible than the more electron rich bridging
C0's.2% The formyl complex will not be "free" but will almost
certainly have aluminum coordinated to the oxygen. Further
reduction to a methyl could occur as was observed in NaBH,
reduction of CpRe(CO),NO. We would concur with the statement
that the intermediates will all have coordination of the aluminum
to the oxygen during the reduction.Z We have demonstrated in a
separate experiment that methane is formed when CH3;FeCp(CO), is
reacted with LAH.

CH3FeCp(CO)2 + LAD » CH3D + LiCpFe(CO)2 + A]D3
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More interesting is the formation of higher hydrocarbons
which involves forming carbon-carbon bonds. We believe from the
data discussed in an earlier section that the higher hydrocarbons
are formed as a result of a CO insertion (alkyl migration) process.
Two distinct mechanisms have been proposed for chain extension in
Fischer-Tropsch sytems - CO insertion and alkylidene (carbene)
oligomerization. While our system has the characteristics of a
CO insertion, we do not think that the insertion occurs by alkyl
migration as has usually been postulated. Comparison of the
results of the LAH reduction of CH3;FeCp(CO),, C.HsFeCp(CO). and
CH3C(0)FeCp(CO), with LAH reduction of Cp.Fe,/C0), show that
propagation by alkyl migration does not occur. We believe that
the CO insertion occurs at a partially hydrogenated stage,
probably via an alkylidene migration reaction. An alternate
scheme for chain extension in this iron system is presented in
Scheme 3 (Figure 1). Intermediate A is an iron-formyl with
aluminum coordinated to the oxygen of the formyl and is very
similar to the suggested intermediate in CH3FeCp(CO0), reduction.
Elimination of the aluminum and oxygen and transfer of the
hydride to carbon allows formation of an iron alkylidene (B)
which has precedence in Brookhart's work.2£°27 The CO insertion
occurs to an iron-ketene complex (C) as Stevens and Beauchamp
have previously observed.2® This type of insertion has also been
observed by Herrmann and Plank with conversion of diphenylcarbene
and CO into a diphenylketene manganese complex.2% Further action
of LAH on the ketene complex, C, must lead to an ethylene complex
(D) and also to a species which can undergo insertion to increase
the chain length. We suggest that this species is the ethylidene
(E). The ethylene complex could react with a nucleophile (CO,
PBus) to eliminate ethylene (in agreement with the enhanced
ethylene production in the presence of CO and PBu;) or be further
reduced to ethane by an iron hydride or by LAH.3% The ethylidene
could insert a new CO forming a ketene with three carbons and
extend the chain. The importance of coordination of AlH; to
the oxygen of the CO undergoing reduction is shown by the rela-
tively poor yield of hydrocarbons upon reduction of Cp,Fe,(CO),
with NaBH, or LiEt3;BH. While each of these hydrides is suffi-
ciently hydridic tc reduce a CO to a formyl, the successive
reduction steps are not as efficient as with LAH.

The predominant formation of ethylene in the early stages of
the reduction of Cp,Fe,(C0), with LAH raises the possibility that
ethylene is formed by an alternate mechanism. An especially
attractive mechanism for ethylene formation in this system is
shown in Scheme 4.
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_.A1H3Li

=0
.

T~
N

Cp(CO)F )eCp(CO) LAH . [cp(co)Fe

Ir— O

_FeCp(c0)]

=0

A1H3Li

CH2

C2H4

\\\, FeCp(CO)]
2

Scheme 4. Possible scheme for selective formation of ethylene.

Adducts of AlEts; with the br1dg1ng C0's on CpaFe,(CO), are
known.%! The dramatic decrease in the amount of olefins during
the reaction would arise by recoordination and further reaction.

The seemingly plausible Scheme shown in 4 is inconsistent
with the results of the !3CO labeling study as are most schemes
which do not involve CO insertion for the chain propagation. We
believe that ethylene arises from the same sequence of steps as
the other hydrocarbon products. The role of the second metal
center in the reduction cannot be described. We believe that the
iron-iron bond is cleaved early in the reaction since the reduc-
tion in the presence of PBuj; produced the unsubstituted species,
LiCpFe(CO),. While there is too little information currently
available to assess the importance of Scheme 3, our results on
reduction in this iron system are not consistent with the normal
CO insertion mechanism or with carbene oligomerization. We
suggest Scheme 3 until further research can be accomplished.

In each of the homogeneous systems where C-C chains of three
or more are built up the possibility of Lewis-acid assisted
insertions exists.23°2% [In Muetterties' system the solvent
NaC1-2A1C13; provides A]C]s as a Lewis-acid which could assist
insertions.® Schwartz's system uses i-Bu,AlH as the reductant
and certainly has the potential for Lewis-acid coordination."
Olive” and Olive " performed alkylation of benzene with H, and CO
with W(CO)s and AlC1; bu11d1ng hydrocarbon chains of up to Cs
Scheme 3 suggests the importance of Lewis-acid coordination in
our system. Whether or not this Lewis-acid coordination (specifi-
cally aluminum) is essential to build up the carbon chain will be
an important question to resolve in homogeneous CO reductions.

We have presented a new system for formation of hydrocarbons
from coordinated carbon monoxide. By preparing and reducing
possible intermediates we have shown that an insertion step is
important in the chain formation and suggest a scheme involving

CO insertion into a carbene.

-6
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Aspects of Homogeneous Carbon Monoxide
Fixation

Selective Conversion of Carbonyl Ligands on
(7:-C:H:;)Fe(CO);" to C: Organic Compounds

ALAN CUTLER, THOMAS BODNAR, GENE COMAN, STEPHEN LACROCE,
CAROL LAMBERT, and KEVIN MENARD

Department of Chemistry, Wesleyan University, Middletown, CN 06457

Procurement of transition metal catalysts that convert
carbon monoxide and dihydrogen to organic molecules represents an
important research objective of modern inorganic chemistry. Im-
petus for this research derives from the use of coal, a source of
CO/H, synthesis gas mixtures, as a future source of petrochemi-
cals (1). Although heterogeneous catalysis in the Fischer-
Tropsch synthesis (2,3) of complex hydrocarbon mixtures from
synthesis gas has long been established, homogeneous catalysis of
these reactions would have the added advantage of a potentially
high and manipulative product selectivity. A selective homoge-
neous catalytic synthesis of C; organics — especially Cp-oxygen-
ates such as ethylene glycol (4), acetaldehyde, and acetic acid—
would provide a much desired coal-based source of organic feed-
stocks (1).

One approach favored by us for the rational design of such
catalysts first requires an understanding of reaction pathways
by which ligated CO undergoes hydrogenation and subsequent syn-
thesis reactions (ie. chain growth of the C; ligand), before
eliminating the desired organic molecule. Fully characterized
organometallic complexes are used as model systems to collect
this mechanistic information. Then more labile (and hopefully
catalytic) systems are designed and tested. Limited mechanistic
data is now available for stoichiometric conversion of CO ligands
to the Cy organic compounds ethane (5,6,7), ethylene (6,8), ac-
etaldehyde (9), methylacetate (10),and acoordinated enediol of
glycolaldehyde (ll). Clearly a need exists for more extensive
information on CO fixation and synthesis reaction pathways.

We have delineated viable coordinated ligand reactions and
their attendant intermediates for the stoichiometric conversion
of CO ligands selectively to the C, organics ethane, ethylene,
methyl (or ethyl) acetate, and acetaldehyde. We now outline re-
sults from three lines of research: (1) nl-Alkoxymethyl iron
complexes CpFe(CO)2CH20R (2) are available by reducing coordi-
nated CO on CpFe(CO)3t (1) [Cp = nS—C5H5]. Compounds 2 then form
nl—alkoxyacetyl complexes via migratory-insertion (i.e.CO

0097-6156/81/0152-0279$07.00/0
© 1981 American Chemical Society
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insertion) reactions. (2) Iron nl-ethyl, nz—ethylene, nl-carbo-
alkoxymethyl, nl-formylmethyl, or n2—viny1 ether complexes are
available by selectively carrying out coordinated ligand reac-
tions (Scheme 1) on the nl-alkoxyacetyl compounds. The free Cj
organic molecules mentioned above are then liberated. (3) Tran-
sition organometallic Lewis acids and hydride complexes are avail-
able for replacing the carbocation and borohydride reagents, re-
spectively, used in activating and reducing organometallic acyl
complexes. We can now demonstrate reaction pathways for trans-
forming two carbonyls on a discrete organometallic complex selec-
tively to C, organic molecules.

The choice of CpFe carbonyl complexes for studying ''Fischer-
Tropsch chemistry'" warrants comment. Iron nl-alkyl complexes
Cp(CO)LFe-R [L = CO, PPhy, P(OMe)3], representing 18-electron
and coordinatively saturated Fe(II) compounds, are endowed with
both kinetic inertness towards ligand dissociation and thermo-
dynamic stability under ambient conditions (12). Their synthesis
poses no problems. General preparative procedures for CpFe(CO),R
include metalation of organic halides with CpFe(CO)z'1 (13) and
modification of other coordinated 1igands, usually n 2_olefin
cations (14-18). The corresponding nl-alkyl and cationic n%-ole-
fin complexes employing the phosphine [L = PPh3] (19,20,21,22)
and phosphite [L = P(OPh)j3, P(OMe)3] (23,24) substituted systems
are also conveniently available from the appropriate CpFe(CO)sR
precursors. Moreover, the usefulness of CpFe(CO)L(R) comes from
the Fe-C o-bond serving as a good representation for transition
metal-C o-bonds, at least for those systems where the highest oc-
cupied molecular orbital (HOMO) resides on the metal (25,26).
Reactions of these complexes are prototypal of organometallic o-
alkyl complexes.

A large body of mechanistic information concerning the reac-
tion chemistry of the Fe-C bond in CpFe(CO)L(R) complexes also
exists. Reaction mechanisms involving the coordinated alkyl
ligand in conversion to nl-acyl complexes by alkyl migration
(27,28), generation of n 2_olefin salts (15,17,18,29), formation
of cationic alkoxycarbene (30) and alkylldene (31) compounds, ad-
d1t10n of electrophiles to the ligand (14, 17 18% and the electro-
scrutinized. Absence of metal- oxyEZh_Ebﬁa-?st;fzgh as a driving
force distinguishes this reaction chemistry from that of earlier
transition metals (35).

Reduction of Coordinated CO on CpFe(CO)3%; Conversion of Two CO
Ligands to an Alkoxyacetyl Ligand

An equimolar quantity of sodium cyanoborohydride (NatBH3CN )
in methanol reduces CpFe(CO)3+BF,~ (1) over one hour to the
known (36,37) methoxymethyl complex CpFe(CO)z(CHZOMe) (2)

After solvent and varying amounts of CpFe(CO),H were removed
under vacuum from the reaction mixture, 2 (45%) was separated
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from the dimeric byproduct [CpFe(CO),],» (3) by column chromatog-
raphy (activity-3 neutral alumina, 3 : 1 pentane-ether). Both
CpFe(CO)3t + NaBH3CN MeOH o CpFe(CO)ZCHZOMe
1
the methyl complex CpFe(CO)6CH3, and the product of hydride ad-
dition to the Cp ligand, -CsHg)Fe(CO)3 (46), were abseut.
Sodium cyanoborohydflde reactlon with 1 entails the inter-
mediacy of a thermally unstable n —hydroxymethyl complex
CpFe (CO) 2 (CH,0H) (4). When the reduction sequence was carried
out in ethanol at room temperature, only trace amounts of

Cpfe-CO*’ ;‘ggﬁ CN CpFe~CHp _ ROH o CpFe~CHz,_
OH OR
(CO), (Co), (co),
1 R'NCO l 4 2
CpFe-CH i
((‘:0) ~0-C-NHR' R = Me, Et
2 K' = Et, Ph

CpFe (CO) 2CH,0Et resulted after one hour of reaction and z 23%
yield after 10 hours. Both methanol and ethanol reactions, how-
ever, dissolved the initially insoluble 1 as yellow solutions
within thirty minutes. Attempts to isolate or to detect unam-
biguously putative 4 in these yellow solutions, at or below roocm
temperature, proved unsuccessful. Only dimer 3 and varying
amounts of CpFe(CO),H and 2 were evident. Transience of 4 how-
ever conforms with the results of trapping experiments, in which
ethyl and phenyl isocyanates intercepted 4 (but not alkoxymethyl
complexes g) as urethane derivatives. We~prepared the Erethane
derivatives of 4 by first removing methanol (0° and 107" mm)

after reduction of 1 and then reacting excess isocyanate with

cold (0°) toluene extracts. Column chromatography of the reaction
residue, following removal of solvent and unchanged isocyanate
under vacuum, provided the ethylurethane (28%) as a yellow gum and
the phenylurethane (387%) as a yellowish-tan crystalline solid.

The observed instability of CpFe(CO),CH20H (4) augments a
growing body of evidence concerning thermal instability of
o-hydroxyalkyl complexes (38,39,40,41,42). A similar hydroxymeth-
yl complex CpRe(CO)NO(CH,0H), the only fully characterized a-hy-
droxymethyl complex to date (38,39), likewise converts to its
methoxymethyl complex in methanol.

The selection of an alcoholic NaBH3CN reducing medium for CO
fixation on 1 is critical. Sodium cyanoborohydride serves as an
excellent reducing agent for Lewis acids (43), as well as react-
ing as a milder and more selective reducing agent than BHy~ or
Et3BH- towards coordinated ligands (44). Previous workers demon-
strated that NaBHy in tetrahydrofuran (THF) transfers hydride to
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the iron center on 1 (giving CpFe(CO)zH and ultimately 3) (45),
but NaBH3CN in THF transfers hydride to the Cp ring (producing
(n“—Csﬁs)Fe(C0)3) (46). After confirming these results in THF, we
then established that NaBHy-methanol (0°) and PhsPMetBH,~-CH,Cl,
also transform 1 into CpFe(CO),H, whereas Ph3PMe  BH3CN™-~CH,Cl,
gives (n*~CsHg)Fe(CO)3. We find it revealing that an organometal-
lic carbonyl complex CpFe(CO)3% (1) possessing an established
resistance towards reduction of a CO ligand does finally undergo
facile Co fixation with the appropriate reducing medium.

Examples of isolable complexes resulting from hydride reduc-
tion of coordinated CO on cationic organometallic complexes are
rare, since most cationic LXM(CO) systems suffer either reduction
at the metal or hydride addition Zo a coordinated ligand (L) other
than CO (47). Indeed, the facile reduction of a CO ligand on
CpRe (CO) oNO* (38,39,48) or on CpMo(CO)3PPhy* (48,49) with boro-
hydride reagents (giving for example isolable ;T;formyl, hydroxy-
methyl, and methyl complexes of CpRe(CO)NO) appear anomolous.
Perhaps this paucity of examples for stoichiometric CO fixation
reflects in part the limited number of reducing media investi-
gated. We are accordingly extending our studies with ]l and al-
coholic NaBH3CN to see if the results will be prototypal for
other L .M(CO) * systems.

We utilized the alkoxyacetyl complexes CpFe(CO)L(COCH,0R)
[L=CO (5), PPh3 (6), P(OMe)3 (7); R=Me (a), Et (b)], which are
derived from CpFe(CO),CHoOR (2) and hence 1, as our common inter-
mediate in the selective synthesis of other Co ligands and organ-
ic products. Note that both carbon atoms of the alkoxyacetyl and
successive ligands (Scheme 1) derive from CO: the inserted car-
bonyl of CpFe(CO)L(COCH20R) (5-7) comes from alkyl-acyl migratory-
insertion on 2. Subsequent synthetic reactions on 5-7 then pro-
vide the desired C, organics.

Alkoxyacetyl compounds 6 and 7a,b were procured by refluxing
acetonitrile solutions of CpFe(CO)EéHEOR (2) and excess phosphine
or phosphite [L=PPhj3, P(OMe)3] for 4 andolo days respectively.

CpFe—&
Cp'fe CH» + L ———— /\L \CH2—OR

(C0Y, “OR oc
2 5, L=CO a, R=Me
6, L=PPhy b, R=Et
7, L=P(OMe)3

Products 6 and 7a,b, air-stable yellow solids, were obtained in
30-50% yields after recrystallization from CHpClp-heptane. The
relatively vigorous reaction conditions required for generating
6,7 (vs. less than one day refluxing for greater than 80% yields
of CpFe(CO)L(COCH3) from CpFe(CO),CH3) further demonstrates the
reluctance of alkoxymethyl ligands to undergo alkyl-acyl migra-
tory-insertion (50). CpFe(CO);(COCH,0R) (§) is in principal
available from CpFe(C0);(CH20R) (2) by either high pressure
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carbonylation (51) or by Lewis acid promoted alkyl-acyl migrato-
ry insertion under lower CO pressures (52). We however secured
the previously prepared CpFe(C0),(COCHyOMe) (5a) by metalation of
methoxyacetyl chloride (53). An analogous Mn complex (CO)sMn-
COCH,0Me has recently been prepared by the same procedure (50).

Other examples of alkoxyacetyl compounds or their derivatives
occur in homogeneous catalysis. Compounds bearing hydroxyacetyl
ligands thus have been formulated as catalysts in ethylene glycol
syntheses from synthesis gas (4,50) and in hydroformylation of
formaldehyde to glycolaldehyde(54). Although only one B-hydroxy-
acyl complex (CO)sMnCOCH(OH)Ph has been isolated (41), an analo-
gous acyloxyacetyl complex (CO)sMnCOCH,0COCMe3 serves as an inter-
mediate during hydrogenation of (CO)sMnCH,0COCMe3 to an ethylene-
glycol monoester (55). The only C, organic molecules previously
derived from alkoxy - or hydroxyacetyl organometallic complexes,
until now, are ethylene glycol (free and as an ester) and its
glycolaldehyde precursor.

Conversion of Alkoxyacetyl Complexes CpFe(CO)PPhj3(COCH70R) to
Ethylene or to Ethane

The alkoxyacetyl complexes CpFe(CO)PPhj3(COCHp0R) (6a,b) were
transformed to the known (56,57) ethyl complex
CpFe (CO)PPh3(CH,CH3) (8), and then to free ethane or ethylene via
the reactions depicted in Scheme 2. Previous workers established
that ethane results from protonation of 8 (21), but ethylene elim-
inates from 8 above 60° (56,57). Also, hydrlde abstraction from 8
with Ph3CtPFg~ affords CpFe(CO)PPhj(n2-CHp=CHy)* (58). This
ethylene complex then reacts slowly with PPh3Me+I' in CH,Cl, to
deliver CpFe(CO)PPh3(I) and ethylene gas. The first step in
Scheme 2, however, entails activation of the alkoxyacetyl ligand
on 6a,b before a BH,~ reagent can reduce it to the ethyl complex
8.

~

Scheme 2
4+:0Et
CpFe g _____MO‘FPF - C e==C
/\__ cn,or 7\ NcH,0R
oc¢  'PPh oC PPh3
6 a, R=Me 9
= b, R=Et
Ph3PMe*BH, =
CH +
Ph3C
cpre | 3 CpFe—CH,CH3
CH2

PPhj

C 'ppny \I; / \H,

CHz==CH, CH3CH3
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Until properly activated, transition metal acyl complexes
generally do not add nucleophiles (59), including hydride from
nucleophilic hydride-donating reagents (60,61,62), to the acyl
functionality. We established, for example, that both acetyl
complexes CpFe(CO)L(COCH3) (L=CO,PPh3) remain unchanged by
PPhgMetBH,~ in CH,Cl, at room temperature. But when the acetyl
ligand is alkylated, giving a cationic a-alkoxyethylidene com-—
pound, the a-carbon is rendered sufficiently electrophilic (i.e.,
activated) for hydride addition. Davison and Reger, accordingly,
demonstrated that NaBH, in ethanol reduces
CpFe (CO)PPh3 (C(CEt)CH3)* (10) to the ethyl complex 8 plus the
a-ethoxyethyl compound CpFe(CO)PPhj(CH(OEt)CH3) (63). By using
PPhzMetBH,~ in CH,Cl,, we obtained the desired selectivity; the
same a-alloxyethylidene compound exclusively gave 8 in 787 yield.

OR
+ .z
CpF§ =='c\\ + PPh3Me*BH,~ ——> CpFe — cgz
oc” pphy CH3 oc” pphy CN3
10 R=Me,Et 8

Absence of the a-alkoxyethyl compound under these conditions de-
pends on the susceptibility of a-alkoxyalkyl ligands to further
reduction with the BH3 byproduct (30).

We converted the alkoxyacetyl complexes 9 to the ethyl com-
plex 8, by employing the aforementioned acyl Iigand activation
and BH,  reduction procedures, as outlined in Scheme 2. The
a,B-dialkoxyethylidene salts 9a,b resulted from alkylation of
6a,b with Et30tPFg~ in CH,Cl,; recrystallization from CHyCl,-
ether provided 9 in 72% yields as air-stable yellow PFg~ salts.
NMR and IR spectra (Table 1), as well as the results of reactions
with iodide (reversion to 6), are in accord with a-alkoxyethyli-
dene structures (30,63). We found no evidence for isomerization
at ambient conditions to the ethylated carboalkoxymethyl complexes
CpFe(CO)PPh3(CHZC(OEt)(OR)+), vide infra. Borohydride reduction
of 9a,b using an equimolar quantity of PPh3Me+BHq‘ in CH,C1,,
followed by recrystallization from CH,Cl,-heptane, affords
CpFe(CO)PPh3(CHoCH3) (8) in 69% yield. Absence of B-alkoxyethyl
complexes CpFe(CO)PPh3{CHyCH,0R) after reduction of 9 follows from
the susceptibility of the B-alkoxyethyl ligand towards Lewis acid
(e.g. BH3) induced reduction to the ethyl ligand (16,64). Over-
all, we can now account for the selective conversion of two car-
bonyls on CpFe(CO)3% (1) to the ethyl ligand on
CpFe(CO)PPh3 (CH,CH3) (8), and then to the Cy-hydrocarbons ethane
or ethylene.

Conversion of Alkoxyacetyl Complexes to Alkyl Acetates

In order to produce free alkyl acetates, the alkoxyacetyl
complexes 5-7 must first isomerize to carboalkoxymethyl compounds
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CpFe(CO)L(CH2CO2R) [L=CO(1l), PPh3(12), P(OMe)3(l3); R=Me(a),
Et(b)]. Acid promotes this isomerization; and subsequent proto-
lytic cleavage, as outlined in Scheme 3, generates free methyl or
ethyl acetate.

0 Scheme 3
i H', H
C;}i‘;e—c\ —> C;/)F\e—C{{Z ——> CH3COR
oc/ 1  CH20R oc” L d',C—OR
5, L=CO 11, 1=co
> = R=Me
6, L=PPh, 12, L=PPh3 2 Er
7, L=P(0Me) 3 13, L=P(OMe) 3 ~’

Reactions of acid with the alkoxyacetyl complexes 5-7 can be
run so as to give either their corresponding carboalkoxymethyl
compounds 11-13 or, starting with 6 or 7a,b only, free methyl and
ethyl acetates. The carboalkoxymethyl compounds 11-13 were inter-

“cepted and isolated in 60-777% yields after treatment of -7 with

one equivalent of trifluoromethanesulfonic acid in CH;Cl;, neu-
tralization with triethylamine, and column chromatography. Pre-
vious preparations of these carboalkoxymethyl compounds include
metalation of methyl or ethyl chloroacetate (53,65), giving
lla,b, and photolytic CO replacement on lla by PPh3(20), giving
12a. The direct conversion of the carboalkoxy compounds 12 and 13
to methyl or ethyl acetate, however, was driven by using excess
acid over 24 hours. NMR and IR monitoring identified the alkyl
acetate; and quantitative IR analysis, using the acetate carbonyl
absorption at 1735 cm_l, established at least 55% conversion.

The same results obtain whether carboalkoxy compounds 12,13 or
alkoxyacetyl complexes 6,7 are treated with excess acid. Alkyl
acetate liberated in these experiments, of course, derives from
two CO ligands on CpFe(CO)3t (1).

Intermediates occurring in the acid-promoted isomerization of
an alkoxyacetyl complex, CpFe(CO),COCHoOMe (5a) to its carbo-
alkoxymethyl compound CpFe(CO),CH,COsMe (1lla) have been observed
by IR. Upon addition of acid to 5a, its IR terminal v___ (2025,
1965 cm™l) and acyl V=0 (1658 cm’I) stretching freque%EQES

I H +// -H
CpFe—C ——> CpFe==C —_ CpFe—CH\z S
CH,0R CH,O0R G—=OR
(o), 2 o), 2 (€02 o}

2
CpFe—C{IZ
(0, ~C—OR

11
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converted to V.zo (2071, 2035 cm~1l). These latter absorptions
are ~" consistent with CpFe(CO0),C(OH)CH,OMe*, cf. the
data for CpFe(CO0),C(OEt)CHoMet (14a) in Table 1. Over a one hour
period the IR absorptions of this yellow-brown solution transform-
ed to v__ (2038, 1993 cm~ 1), which correspond to the previously
observeﬁ"OCpFe(CO)ZCHZC(OH)OMe+ during protonation of 1lla (53).
Deprotonation then left the carbomethoxymethyl compound 11a,

(2027 1968 cm~1), v _ (1695 cm™ 1y, Since the mechanistic

details of the €70 overall rearrangement step (a-hydroxy-
B-alkoxyethylidene complex to protonated carboalkoxymethyl com-—
pound) are unknown, solution stability of the analogous o,B-di-
alkoxyethylidene complexes is of obvious interest.

The o,8-dialkoxyethylidene complexes CpFe(CO)L[C(OEt)CH,OR]Y
[L=CO(14), PPh,(9), P(OMe) (15); R=Me(a), Et(b)] were synthesized
by alkylation of the alkoxyacetyl complexes 5-7 with Et30+PF6 in
CHyCl;. Reaction conditions are criticalj otherwise the salts
CpFe (CO),L* [L=PPh3, P(OMe)3] accumulate during alkylation of 6
and 7. Nevertheless, facile alkylation of 6 occurred, and the”

5 + o
CpFe—C Eo__.}- CpFe'—"é
y I~
oc 1L CH,0R oc L CH,—OR
5, L=CO _ 14, L=CO
§, L=PPh, 2 g;g: 9, L=PPh,
7, L= P(OMe)3 ~? 15, L=P(OMe);

PFg~ salts CpFe(CO)PPh3[C(OEt)CH,0R]* (9a,b) and

CpFe (CO)PPh3[C(OMe)CH,0Et] (using Me3O+PF6‘)formed within one

hour in CHCl,. Precipitation with ether and recrystallization
from CHyCly-ether gave 70-807% yields of the yellow, air-stable
salts. Although 5 and 7 likewise underwent facile alkylation with
Et3O+PF6 , the products l4a and 1l5a,b did not crystallize: con-
tinued handling of these gums regenerated 5a from l4a, and
CpFe(CO)zP(OMe)3 from 15a,b. The presence of extraneous acid as
a complicating factor during alkylation of 5 and 7 remains un-
likely, since the Et30+PF5 had been rlgorously freed of acid by
recrystallization from nitrobenzene-ether. IR and NMR data of l4a
and 15a,b are,however,in accord with the a,B-dialkoxyethylidene
complexes as the only organometallic compounds present.

We found no evidence for isomerization of the a,B-dialkoxy-
alkylidene complexes CpFe(CO)L[C(OEt)CH,0R] (9,14 151 to alkyl-
ated carboalkoxymethyl salts CpFe(CO)L(CHZC(OR)(OEt) ) under
ambient conditions. Indeed the solution chemistry of a,B-di-
alkoxyethylidene complexes parallels that of a-alkoxyethylidene
compounds CpFe(CO)L[C(OR)CH3]+, in that 9,14,15 quantitatively
revert to 5-7 upon treatment with excess iodide in CH,Cl,. We
did, however, prepare samples of the ethylated carboalkoxymethyl
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salts CpFe(CO)P(OMe)3[CHZC(OEt)OMe]+ and the known

CpFe(CO), [CH,C(OEt)OMe]l* (53) from reactions of Et30tPFg~ with
carbomethoxymethyl compounds 13a and lla respectively. Both eth-
ylated carbomethoxymethyl salts were dealkylated with iodide to
their carboalkoxymethyl compounds 13b and 1llb. Whereas a-hydroxy-
B-alkoxyethylidene intermediated (resulting from protonation of
alkoxyacetyl complexes 5-7) isomerize to carboalkoxymethyl com-
pounds 11-13 and selectively liberate methyl or ethyl acetate, the
corresponding a,B-dialkoxyethylidene complexes 9,14,15 evidently
remain inert under similar conditions. « B-Dialkoxyethylidene
salts 9,14 do however provide acetaldehyde.

Conversion of Alkoxyacetyl Complexes to Acetaldehyde

The alkoxyacetyl complexes 5 and 6 also serve as precursors,
via reactions of the coordinated Cz ligands depicted in Scheme 4,
for acetaldehyde. Activation of 5 and 6 as a,8-dialkoxyethylidene

Scheme 4
|0| /OEt Et
+
CpFe—é\ E_t30_> C[}F\ezC\ LiHBEtg3 Cl}F\e—CH\
oc L CH,O0R oc CH,0R oc’ L CHZOR
5, L=CO 14, L=CO 16, L=CO
6, L=PPhj 9, L=PPhj 17, L=PPhg
|? H+ CHy
CHyCH ———  CpFe—CH -~ CBF\ ea||
o L g=0 oc L CHOR
20, L=CO 18, L=CO
21, L=PPhj 19, L=PPhy

compounds 14 and 9, followed by monohydridic reduction, generates
o B—dlalkoxyethyl complexes CpFe(CO)L[CH(OEt)CH,0R] [L=CO(16),
PPh3(17)]. These o,B-dialkoxyethyl complexes then eliminate
alkoxide and give né-vinyl ether salts 18 and 19, before under-
going solvolysis to formylmethyl compounds CpFe(CO)L(CH,CHO)
[L=C0(20), PPh3(21)]. A similar sequence of solvolytic reactions
has been reported for hydrolysis of a B,B-dialkoxyethyl compound
CpFe(CO)CHyCH(OMe), (53). We therefore believed that the criti-
cal stage of Scheme 4 corresponds to the accessibility of the
novel a,B-dialkoxyethyl iron complexes 16,17.
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+ CH HOH
CpF\c—:—C{-Iz ——> CpFe <«— || —> CpF\e—c\Hz
o Sfe-0F
of o C(ame), do CHOMe TMe3OF /R, b,
H

18 20

We were concerned that synthesis of o,B-dialkoxyethyl com-
Plexes 16 and 17 would be limited by overreduction of 13 and 14.
Both appended a-alkoxyethyl (30,63) and B-alkoxyethyl (16,64)
groups separately undergo facile reductive cleavage to ethyl
ligands. Model studies were accordingly carried out in order to
first establish conditions favoring generation of B-alkoxyethyl
and a-alkoxyethyl compounds via monohydridic reduction of suit-
able substrates.

We found that LiHBEt3 cleanly reduces the ethylvinyl ether
salt 18b in THF to a B-ethoxyethyl iron complex in 80% yield.
In contrast, Ph3PMetBH,~ in CH,Cl, transforms 18b into 1:1 mix-

CH2
CpFe < || + LiHBEt; —> CpFe—CH,
/ CHOEt N
(C0o)2 ()P CH,OEt
18b

tures of the same B-ethoxyethyl compound CpFe(CO),CH,CH,0Et and
CpFe(C0O),CHyCH3, in which the ethyl complex derives from reductive
cleavage (with BH3) of the former compound. Having established
the feasibility of generating B-alkoxyethyl compounds under red-
uctive conditions, we then examined monohydridic reduction of
a—alkoxyethylidene compounds to a-alkoxyethyl complexes.

The a-alkoxyethylidene salts CpFe(CO)L[C(OR)CH3]+
PFg~ [L—CO(22), PPh3(10), -Me(a), Et(b)] used in our model
studies were prepared conveniently by alkylation of the requisite
acetyl complexes with dialkoxycarbenium ions (generated in situ
from Ph3C+PF5 and trialkyl orthoacetate or orthoformate) in
CHzCly. Yellow salts 22 and 10 resulted in 70-807% yields after
reprecipitation from CHpClp;-Et0. The salts 10a,b have been pre-
pared previously with other alkylating agents (30), but 22a,b are
new. Other alkoxymethylldene (30) and a—alkoxyalkylidene (66 67)
salts of CpFe(CO)2 have been reported however.

Treatment of 22,10 with one equivalent of LiHBEt3 in THF at
-80°, followed by réaogzl of solvent and pentane extraction of the
residue, afforded the a-alkoxyethyl complexes 23,24 in 75-95%
yields. The corresponding iron ethyl complexes were not present
as judged. by NMR. Compound 24b, previously reported as the ana-
logous NaBHy-ethanol reductigﬁ~product mixed with the correspond-
ing ethyl complex 8 (63), represents the only other known Group 8
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a-alkoxyethyl complex. Results of our model studies established
that both a-alkoxyethyl and B-alkoxyethyl complexes can be syn-
thesized under reductive conditions. Hence transfer of one hy-
dride to o,B-dialkoxethylidene complexes 14 and 9 should afford
the corresponding a,B-dialkoxyethyl complexes 16 and 17.

,/OR OR
+,/
CpFe=T +  LiHBEt; ——— CpFe—CH
A N N
oc L 3 oc L 3
22, L=CO a, R=Me 23, L=CO
10, L=PPhj b, R=Et 24, L=PPhg

One equivalent of LiHBEtj or LiHB(sec-butyl)j in THF at -80°
consumed the phosphine substituted o,8-dialkoxyethylidene salts
9a,b and delivered 73% yields of the formylmethyl complex
CpFe(CO)PPh3(CHZCHO) (21) as the only isolable organometallic
compound. The product g} can be accounted for by an electrophile

OEt
+,4
CpFe::c + LiHBEty ——>~  CpFe—CHp
/\ Newyor / ~e=0
OC PPh3 2 oc PPhy H
9 21

(e.g. BEt3) induced ionization of the «,8-dialkoxyethyl interme-
diate 17 resulting from monohydridic reduction of 9, to an un-
stable n?-vinyl ether salt 19. This vinyl ether compound 19 then
undergoes solvolysis to the observed 21. We would not expect a
stable n2—viny1 ether salt 19 under ambient conditions, due to
adverse steric interactions involving the bulky PPh3 group. As
an example of this adverse steric interaction, solutions of the
n2-propene complex CpFe(CO)PPh3(n2—CH2==CHMe) also eliminate
propene rapidly at room temperature (68). The formylmethyl com-
plex CpFe(CO)PPh3(CHoCHO) (21) was independently synthesized in
overall 56% yield by photolytic replacement of CO by PPhj on
CpFe(CO),CH,CH(OMe), and chromatography on alumina.

T Frr> CFeCRe  Sromma’
(C0), \ oc PPh3 |

(OMe) o (OMe) 2
CpFe—CH)
\ ~c=0

/
oc’ PPhy g

21
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The formylmethyl complex 21 also serves as a source of free
acetaldehyde, and one equivalent of trifluoromethanesulfonic acid
in CH2Cl; releases it from 21 within one hour at room temperature.
Acetaldehyde was identified t by its 2,4-dinitrophenylhydrazone
(isolated in 427 yield), and was determined directly (48%) by
quantitative analysis of its IR v o 1716 cm™1 absorption. The
protonation of 21 presumably generates a nz-v1ny1 alcohol com-
pound 19 (R=H) [IR observable v _ 1983 cm~! ], which then disso-
ciates acetaldehyde. We have overall converted selectively two
carbonyls on CpFe(CO0)3t (1) to acetaldehyde.

The results of studies employing CpFe(CO), complexes within
Scheme 4 offer more mechanistic insight into the reaction chemis-
try of a,B-dialkoxyethyl complexes. One equivalent of LiHBEtj
thus reduced the a-ethoxy-f-methoxyethylidene salt l4a in THF
(-80°), but the product corresponded to addition of one hydride—
an o-ethoxy-B-methoxyethyl CpFe(CO), complex (l6a). After pre-

+I,/0Et ,OEt

CplFea’\ + LiHBEt3 — = Cp,Fe—CP

(CO), CH,0Me (CO), CH,OMe
13a 16a

cipitation twice from cold ether-pentane, l6a was obtained in
about 40% yield as an impure brown oil. It has not been amenable
to further purification. (Studies are in progress with n —CsMes
analogues in Scheme 4, L=CO, in an attempt to obtain crystalline
samples.) Spectroscopic data (Table 1), however, are in accord
with a a,B-dialkoxyethyl structure 1l6a, but not with
CpFe (CO)2CHoCH(OMe) (OEt). Thus the NMR of l6a evidences no ab-
sorptions in the §4.0-4.5 region, where CpFe(CO),CH,CH(OMe),
absorbs as a triplet for the methine group. Of particular inter-
est is the subsequent conversion of the a,B-dialkoxyethyl complex
16a into n -v1ny1 ether compounds.

The impure a,B-dialkoxyethyl complex l6a reacted with
HPFg°OMe; in CHpCl,; and produced a 2:1 mixture of the ethyl and
methyl vinyl ether compounds 18a,b in 45% yield. These products

OEt CHy CHy
HPF +
CpFe—CH\ ———f3. (CpFe-<— + CpFe<—
: l
CH,OM CHOMe CHOEt
(CO) 2bre (CO)» (CO),
16a 182 18b

correspond to protonation of l6a and alcohol elimination from both
a-and B-positions respectively. Acid lability of the B-alkoxide
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(in terms of the former pathway: 18b) certainly has precedent,
with the facile conversion of CpFe(CO),CH,CHyOMe to its nZ-eth-
ylene compound (16). 1In the latter pathway we postulate the

OEt + CHOEt
7 H +
CpFe—CH W CpFe<—
(€0, CHy—OMe (C0), CHy
16a 18b
H CH
i CF-iC/ —— CpF J%'z
“EtOH pre= pre
(C0) 5 CH, OMe (CO), CHOMe
2 18a

intermediacy of a B-methoxyethylidene salt 25 that rearranges to
the observed methyl vinyl ether compound 18a. A similar n*-al-
kylidene to nZ-alkene 11gand rearrangement has been documented
during protonation of the (nl-cyclopropyl)Fe(C0),Cp (69). We
nevertheless independently verified the generation of a nl-ethyl-
dene complex, via o-alkoxide abstraction with acid, and its rear-
rangement to a nz-ethylene compound.

The results thus far of a model study confirm the acid la-
bility of an a-alkoxyethyl complex 24, followed by generation of
a very reactive ethylidene compound 26 (70). It was only by use
of CpFe(CO)PPhj complexes that the reactivity of the ethylidene
compound was sufficiently tempered for chemical trapping: the
analogous CpFe(CO), compounds undergo rapid degradative reactions
due to the higher electrophilicity of the ethylidene salt. Com-—
pounds 24a,b underwent protonation in CHpClp below -60° and gave
yellow solutions, which produced yellow crystals with excess
ether at -80°. Either the crystals or the solutions slowly

_OR

. Ht + H
CpFe—CH — CpFe=C
/‘ \\CH —60 /\ ~ CH
0C” PPhj 3 0C PPhj 3 RaN
24 PPhy 26 3
*‘FPh3
CB{f__CH\\ >-40° C;fe—-CH
CHj CHy !
OC PPhj + 0C PPhj CHy
CpFe «—
| éHZ

0C PPhj
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turned reddish-orange above ca.-40° and supplied
CpFe(CO)PPh3(n2—CH2=CH2)+ in 40% yield. This rearrangement of 26
is analogous to the postulated rearrangement of the B-methoxy-
ethylidene compound 25 to the n2-vinyl ether salt 18a. The
ethylidene compound ZE was also trapped at low temperatures by
PPhj as CpFe(CO)PPh3(CHMe+PPh3) in 68% yield and by deprotonation
to the vinyl complex (40-50%) with amines. We therefore assume
that the intermediary of a B-methoxyethylidene compound 23 in the
conversion of 16a to 18a is chemically feasible.

Several examples of alkylidene complexes relevant to the
chemistry of 25 and 26 should be mentioned. Gladysz and coworkers
recently isolated a stable ethylidene compound CpRe(NO)PPhj(CHMe)
(71), and also demonstrated PPhy addition to the corresponding
methylidene salt as an example of derivatizing cationic alkyli-
dene complexes (72). Stable benzylidene compounds
CpFe(CO)L(CHPh)* [L=CO,PPh3], obtained through protonation of the
requisite o-alkoxybenzyl iron complexes, have been reported by
Brookhart and Nelson (73). Anionic o-alkoxyalkyl complexes in
acidic media likewise eliminate alcohol and form neutral alkyli-
dene complexes. For example, Casey et.al. detailed the conversion
of (CO)sWCPhMe (OMe) !to its unstable a-phenylethylidene complex,
which then decomposed to styrene (74).

Towards Catalytic Relevance: Bimetallic Activation of Acyl Lig-
ands and Transition Organometallic Hydrides as Reducing Agents

Having established viable reaction pathways for selective
conversion of CO ligands to C, organics, we then investigated
metal complexes that would replace the carbocation and borohy-
dride reagents used in Scheme 1. Such complexes, especially if
they were regenerated under mild conditions, might prove cataly-
tically relevant. Thus cationic metal complexes that activate
acyl complexes via formation of pj-acyl complexes were studied
as replacements for carbocations, and transition metal hydride
complexes were examined as replacements for borohydride reagents.

Bimetallic activation of acetyl and alkoxyacetyl ligands —--
through formation of cationic pjp-acyl complexes —-- to reaction
with nucleophilic hydride donors was established. Cationic trans-
ition metal compounds possessing an accessible coordination site
bind a neutral nl—acyl ligand on another complex as a cationic
up-acyl system. These u,-acyl systems activate the acyl ligand to
reduction analogous to carbocation activation. Several examples
of pp-acyl complexation have been reported previously.

:0:—»M" 0—M *
I + 0—M X/
Fe—C <—» TFe=—_C or |Fe==¢C

/ —
N N\ \
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Complexes bearing up-acyl ligands are rare (75), but they
are recognized now as a means of stabilizing and activating for-
myl ligands to reduction (35,76,77). Lewis ac1d activation of
other acyl ligands has been established with n —acyl complexation
to a metal (78,79), and with BH3 reduction of n l_acetyl (60) and

nl-formyl (38 48) complexes. Other Lewis acids such as Al(III)
(;g) or Li(T) (§g) also facilitate alkyl-acyl migratory-insertion
reactions through complexation of the incipient acyl ligand (75).

We synthesized cationic pjy-acetyl compounds 28,29 by combin-
ing iron acetyl complexes CpFe(CO)L(COCH3) (27) [L=CO,PPh3] with
a coordinatively unsaturated (l6-electron) metal carbonyl salt
CpM(CO)n+[M=Fe,n=2;M=Mo,n=3], as indicated in Scheme 5. Thus

Scheme 5
0 ;0——MCp +
I i
— M(CO) ¥ ———— | CpFe=C,_ (CO)
CPF\e C\CH + CpM(CO) P/\ \CH3 n
oc’ L 3 oc L
27, L=CO,PPh - 28, M=Fe, n=2
- L 29, M=Mo, n=3
PPhj
BH,™
27 + cpM(Co) I
+
P
27 + CpM(CO) PPhs CpFe (CO)L (CH,CH3)

refluxing CH,Cl, solutions of the labile isobutylene (18) or THF
(81) (L') salts CpFe(CO),(L' )t and the requisite acetyl complex
27 provide the pp-acetyl Fe, compounds 28 [L=CO,PPh3]. The coor-
dinatively unsaturated CpMo(CO) 3+, which is generated at -40° by
Ph3C+ hydride abstraction from CpMo(CO)3H (82), coordinates 27
at -20° and gives uj-acetyl FeMo compounds 29 [L=CO,PPhj] Both
series of compounds 28 and 29 were obtained as air-stab e “red sol-
ids in 40-70% yields after recrystallization from CH,Cly-ether.
These yp-acetyl complexes 28,29 entail ¢ metal-oxygen bond-
ing (30) analogous to that established for bonding of organic
ketones, esters, and amides to CpFe(C0)2+ (83). Sterically less

., 0—M|+ 0
F c/ F g-m
AN AN
30 31

demanding E-stereoisomers for 30 have been arbitrarily favored.
[CpFe(CO)ZCOPh evidently forms compounds similar to 28 and 29, but
as mixtures of the NMR distinctive E- and Z-stereoisomers (84) ]
NMR data of 28,29 (Table 1) are 1nterpreted as favoring o-struc-
ture 30 rather than the w-bonding structure 31 exhibited by other
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uo-acyl complexes (77). 1If 28,29 engaged in m-bonding, then we
would expect mixtures of diastereomers for L=PPhj3; this derives
from the prochiral Fe-COCH3 acetyl groups, which are w-complex

ed, and the chiral CpFe(CO)PPh3 center existing within the same
molecule. For example, m-complexation of prochiral propene or
1-butene to CpFe(CO)PPh3+ gave diastereomeric mixtures that were
easily discerned by NMR (29,68). No evidence, however, has been
found for diastereomeric mixtures either within the crude reaction
products or after recrystallization of 28 and 29, L=PPhj.

Further analysis of the spectral data for the up—-acetyl com-
pounds 28 and 29 (Table 1) also indicates that the positive charge
is distributed over both metal centers. The electronic environ-
ment of the C-bonded iron of 28 and 29 clearly lies intermediate
between that of the starting acetyl complex and of the a-alkoxy-
alkylidene compounds. Slmllarly the acetyl complexes provide more
electron density to CpFe(CO),t within 28 than does acetone or THF
within CpFe(CO),L't [L'=acetone, THF].

The reaction chemistry of the ps-acetyl complexes 28,29
evinces both the desired activation of the acetyl ligand to hy-
dride donors, as well as lability of the activating groups
CpM(CO)n+ towards nucleophiles. This latter mode of reactivity
resembles that of CpFe(C0),(acetone)t (85,86): 1iodide or PPhj
quantltatlvely displace CpM(CO), *+. Borohydride (equimolar
PPhsMetBH,~ in CH,Cl,) does however reduce 28,29 (L=CO,PPh3) and
eliminate the requisite ethyl complexes in 20-35% yields. The
balance of the reaction products, the corresponding acetyl com-
plexes and [CpFe(CO)2]2 (3) or [CPpMo (CO) 3], conform with dis-
placement of CpM(CO) by the hydride donor.

Alkoxyacetyl complex 5a also forms bimetallic uy-alkoxy-
acetyl compounds Cp(CO)ZFe(CO[M(CO) Cp]CHZOMe)+ 32,M=Fe,n=2 and
33,M=Mo,n=3, but these adducts are less stable than the corres-
ponding up-acetyl adducts 28,29. Only 33 was isolable, although

+ 0
N ,})—M(CO)nCp ]
CpFe==( S CpF\e/C\ CHp—OMe
oc co CHo—OMe oc” co

! 5a

|
i BH, ™ 5a + CpFe—CH,CH
oc cCo

32, M=Fe, n=2
33, M=Mo, n=3

substantial formation of 32 was apparent in its crude reaction
product. Treatment of crude 32 with iodide thus reverted the
reaction mixture to 5a and CpFe(CO0),I. PPh3MetBH,~ in CHpClp
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reduces the FeMo ujz—-alkoxyacetyl 33 and gives CpFe(CO),CH,CH3 in
217% yield after column chromatography. We have thus used coordi-
natively unsaturated transition metal salts, of the type generated
by protolytic cleavage of metal-carbon bonds in CpM(CO)_-R (32),
as activating groups on metal acyl ligands. The resulting
uo—acyl complexes then undergo facile reduction of the acyl
ligand. Clearly the next step is to use transition metal hydride
complexes as the hydride donors.

We have demonstrated that a series of first row, Group 8
organometallic hydride complexes effect intermolecular hydride ad-
dition to coordinated n“-alkene, n“-vinyl ether, and e-alkoxyethy-
lidene compounds (64). For example, one equivalent of
CpFe(CO)PPh3(H) quantitatively reduces CpFe(CO)z(nz-CH2=CH2)* to
CpFe(CO) 2CH2CH3 within one-half hour and leaves
CpFe(CO)PPh3(CH3CN)+. A mechanism in which the nucleophilic Fe-H

CH,
CpFeit||

> Cp}|:‘e—CH2
CH
(Coy, 2

CpFe (CO)PPh3 (H) N
CH
(CO), 3

bond attacks the coordinated alkene and eliminates the coordina-
tively unsaturated CpFe(CO)PPh3+ agrees with both the substituent
effects studied and the established facility of nucleophilic ad-
dition to coordinated alkenes.

Attempts thus far at using the samp Group 8 organometallic
hydride complexes as hydride donors to the coordinated CO on
CpFe(CO)3* (1) have been unsuccessful. Reaction of 1 with

Cpll“e——L+ + Cgﬁs-—H —_———— Cp’Fe—H—}“eCp+ + L

(CO)» OC PPhj (C0), OC PPth/
s
1, L=CO [CpFe(CO)2], + CpFe(CO),PPhst
L=THF 3

CpFe(CO)PPh3 (H) in CHpCl, at room temperature realizes only re-
placement of CO by the Fe-H bond (87). The cationic bridging hy-
dride product, which independently forms from the reaction of
CpFe(CO), (THF)* and CpFe (CO)PPh3(H), subsequently decomposes to
CpFe(CO)2H (then dimeric 3) and CpFe(CO),PPhyt (through dispro-
portionation of CpFe(CO)PPhgt). Essentially the same results
were observed when the solvent was changed to methanol. Two
equivalents each of NEtu+HFe(CO)4", CpFe(CO)PPhj3 (H), or
CpFe(PhyPCHyCH2PPhy )H in methanol transform 1 into varying amounts
of the dimer 3 as the only isolable organometallic species (88).
In contrast precedent for using the hydride complex
(n5—C5Me5)ZZrH2 to transfer hydride to CO ligated on another metal
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center has been reported by Bercaw et al (76). We are examining
a number of first row transition organometallic hydride complexes,
especially those directly derived from Hy, as potential reducing
agents for several cationic metal carbonyl compounds.

Transition organometallic hydride complexes CpFe(CO)PPhj3(H),
CpFe (PhoPCHyCHyPPhy )H, and HFe(CO).f1 also reacted with a-alkoxy-
ethylidene complexes 10,22 (64), but two pathways were observed.

R _OR
+. /—>- CpFe—CHJ
CpFe=( o) CH3
/\ \ 2
oC L CHs 23
Core—t

Ph,P PPh, CpFe—C__ CH

10, L=PPhj —y 0C PPhj 3
22, L=CO -

The CpFe(CO), series of a-alkoxyethylidene compounds 22 (R=Me,Et)
undergo monohydridic reduction and give only the a-alkoxyethyl
complexes in good yields. In contrast, the less electrophilic
CpFe(CO)PPh3 series produce exclusively the parent acetyl complex.
These latter dealkylation reactions, analogous to those observed
with iodide,occur through nucleophilic attack of the Fe-H bond at the
activating group R. Trialkylborohydride transfers one hydride to
both 10 and 22, as previously noted. Therefore both the choice of
auxiliary ligands and of the reducing medium controls the reaction
path observed with a-alkoxyethylidene compounds and nucleophilic
hydride donors.

Feasibility of transfering a hydride to bimetallic activated
acetyl ligands was also investigated. The up-acetyl compounds 28
and 29 consumed one equivalent of LiHBEtj3, LiHB(sec-butyl)s,

HFe (CO), ™1, CpFe(Ph,PCH,CH,PPh,)H, or CpFe(CO)PPh3(H), but afford-
ed only the starting acetyl complexes. A mechanism entailing

+I,O-—M(CO)nCp — ﬁ
CpFe=-C T T L CpFe—C
PR e HFe (C0)y~ VAN
oC L 3 oc L 3
28,29
| 0—Fe (C0)2Cp A
e CpFe—C—CHg ~HFe (C0)2Cp
(Co)2 H
33

nucleophilic displacement of CpM(CO)n+ with the hydride donor (as



Publication Date: May 5, 1981 | doi: 10.1021/bk-1981-0152.ch019

19. CUTLER ET AL. Selective Conversion of Carbonyls to C:s 303

with iodide) is tentatively favored over one involving hydride ad-
dition to the a-carbon and elimination of HM(CO)nCP. We base this
conclusion on the failure to trap the intermediate 33 arising from
hydride addition to the a-carbon of 28. Thus reaction of 28
(L=CO) and LiHBEt3 in THF at -80°, followed immediately by
HPFg-OMe, between -60° and 0°, gave no CpFe (CO), (n2-CHp==CH,)™.
The intent of these experiments was to demonstrate intermediacy of
33 via O-protonation and elimination of the ethylidene salt
CpFe(C0), (CHMe)*, which would rearrange to CpFe(CO)z(nz-CH2==CH2)f
We feel however that additional studies are required in order to
adequately study the interaction of organometallic hydride re-
agents and bimetallic ujz-acyl complexes.

Summary

We have demonstrated that NaBH3CN in alcohol reduces a CO
ligand on CpFe(CO)3+ and generates an alkoxymethyl iron complex.
Versatile alkoxyacetyl complexes CpFe(CO)L(COCH0R)
[L=CO,PPh3,P(OMe)3] derived from the alkoxyacetyl complexes then
serve as a template for synthesizing other C; coordinated ligands.
A significant feature of our approach to Fischer-Tropsch chemistry
is that reactions utilizing alkoxyacetyl complexes take place
exclusively on the coordinated C; ligand and do not involve co-
ordinatively unsaturated iron complexes. (For a different ap-
proach in which unsaturated acyloxymethyl Mn complexes hydrogenate
to glycolaldehyde, see Dombek's work (55).) Sequential electro-
philic attack (or activation) of the coordinated ligands followed
by reduction affords the final nl-ethyl, carboalkoxymethyl (no
reductive step), or formylmethyl ligands. Protonation then re-
leases selectively ethane, alkyl acetate, or acetaldehyde; and
heating of the ethyl complex alone or after hydride abstraction
gives ethylene.

Our ultimate goal remains to devise an organometallic system
in which metal reagents activate CO and subsequent ligands (in-
cluding bimetallic activation of acyl ligands) to intermolecular
reduction by transition metal hydrides. This essentially entails
replacement of nonmetal Lewis acids and hydride donors reported
in this work by transition metal analogues. Ideally the metal
hydride complex would be prepared under mild conditions using Hp.
Intermolecular transfer of hydride from the organometallic hydride
complex then leaves an organometallic Lewis acid, which remains
available for electrophilic activation of coordinated ligands.
Work is progressing along these lines.
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Aromatic Gasoline From Hydrogen/Carbon
Monoxide Over Ruthenium/Zeolite Catalysts

T. J. HUANG and W. O. HAAG
Mobil Research and Development Corporation, P.O. Box 1025, Princeton, NJ 08540

A new class of synthesis gas conversion catalysts comprising
a carbon monoxide reduction catalyst combined with a ZSM-5 class
zeolite has been recently reported by Chang, Lang and Silvestri
(1). 1In elaborating on this finding, Caesar, et.al., have demon-
strated that gasoline can be produced in a yield of over 60% of
total hydrocarbon, constituting essentially 100% of the liquid
product, by combining an iron Fischer-Tropsch catalyst with an
excess volume of a ZSM-5 class zeolite (2). These zeolites are
members of the group of Mobil shape selective medium pore zeolites
which are active for the conversion of methanol and other oxygen-
ates to hydrocarbons (1,3,4) or Fischer-Tropsch reaction inter-
mediates to aromatics (1).

Ruthenium has been used as a Fischer-Tropsch catalyst to
convert synthesis gas into paraffin wax under high pressure and
at low temperature (5). However, at higher temperature and lower
pressure, only methane is formed (6). Supported ruthenium such
as Ru/alumina and Ru/silica has also been used for syngas conver-
sion to produce gaseous, liquid and solid hydrocarbons (7-13);
but, it gave a poor selectivity for liquid hydrocarbon and, again,
methane becomes the major product at temperatures higher than
250°C. Futheremore, no aromatics were produced using both ruthe-
nium dioxide and supported ruthenium catalyst.

In the Fischer-Tropsch synthesis with ruthenium as catalyst,
normal paraffins are the major products. In Mobil's Distillate
Dewaxing process, ZSM-5 class catalysts convert selectively high
molecular weight n-paraffins into gasoline range materials (14).
Thus, ruthenium-ZSM-5 class zeolites appear to be good combination
for gasoline production from synthesis gas. In addition, these
combination catalysts may provide a "nontrivial polystep'" reaction
(15) in which Fischer-Tropsch intermediates could be trapped and
converted into aromatics by the zeolite component, thus producing
high octane aromatic gasoline directly from synthesis gas. The
successful use of the zeolites mentioned is a result of the
unique properties of this class of intermediate pore zeolites, of
which ZSM-5 is a prominent menber. It was chosen as a represent-
ative of this class in the present study.

0097-6156/81/0152-0307$05.00/0
© 1981 American Chemical Society
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Experimental

5% Ru(as Ru0,)/ZSM-5 was prepared by grinding together the
appropriate amounts of RuO, and ZSM-5 zeolite, followed by pellet-
ing and screening to 30-60"mesh. Impregnated Ru/ZSM-5 was prepared
by vacuum impregnation of ZSM-5 zeolite (in NHT form) with RuCl,*
3H20 in aqueous solution. After drying in vacuum, the catalyst
was calcined in an oven at 538°C for two hours. Ru/Al,0,//ZSM-5
was a physical mixture of equal amounts of supported Ru = on -
alumina and ZSM-5 zeolite. Supported Ru - on - alumina was pre-
pared by vacuum impregnation of Y - alumina with RuCl,°*3H,0 in
aqueous solution, followed by drying in a rotary evaporator at
about 100°C and in a vacuum oven at 102°C for two hours. Prior to
syngas conversion, all ruthenium containing catalysts were reduced
with hydrogen.

Syngas conversion was conducted in a down flow fashion in a
fixed-bed continuous flow micro-reactor. The preheater and re-
action zone were made of 1.42 cm i.d. type 321 stainless-steel
tubing enclosed in a three-zone electrical resistance block heater.
Gas flow was controlled using a Brooks Instrument flow controller.
Liquid product was collected directly in a pressured Jerguson sight
glass at ambient temperature. The exit gas passed through a con-
denser and a Grove back-pressure regulator to a wet test meter
where the exit gas flow rate was measured. The condensed hydro-
carbon in the high pressure Jerguson sight glass was further
weathered to atmospheric pressure.

Product analyses were carries out by gas chromatography.

Results and Duscussions

Generally speaking, hydrogenation of Co on ruthenium is simi-
lar to synthesis reactions on cobalt and nickel in so far as the
oxygen of CO is rejected essentially as water. However, support
materials may induce a shift reaction and may lead to production
of some COZ‘ As shown in Table III, the mole ratios of H20 to CO2
in the reactor effluent were 29,54,and 5 for Ru0 , lmpregnated Ru/
ZSM-5, and supported Ru/Alzo . respec1tvely. This is contrary to
iron Fischer-Tropsch catalysé which gives CO, as the major oxygen
containing product. For example, the mole ratio of H 0 to CO, in
the product from syngas conversion over iron catalysts @,5 lg) is
generally less than 0.1l. This difference arises from the Tact that
iron is active for water-gas shift reaction (Equation II) while
ruthenium is not.

2H, + CO —_— (—CHZ-) + H,0 (1)
H,0 + CO ———> (€0, + H, (11)

For ruthenium catalysts without shift activity, the stoichiometric
requirement for syngas conversion is two moles of H, per mole of

CO, according to Equation (I). However, the H,/CO usage ratio can
be less than 2 when the catalyst has shift act%vity (Equation II).
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Effect of Zeolite Results with composite catalysts consist-
ing of a supported Ru/Al 03 and a zeolite are given in Table I.
Although the zeolites thémself have no effect on the syngas con-
version, the hydrocarbon product distribution is affected by the
presence of a zeolite, particularly of the ZSM-5 class. The in-
corporation of ZSM-5 in the catalyst not only promoted aromatics
formation, but also significantly reduced the end point of the
hygrocarbons. The total hydrocarbon fraction contained 66 wt?% of
C. , which was essentially an aromatic gasoline (347 aromatics,
284°C boiling point at 90% overhead). It must be noted that,
with ruthenium alone (Ex. 1lA), no aromatics were produced and
the boiling point of C5 at 907 overhead was 322°C.

The presence of a large pore zeolite, H-mordenite, reduced
the end point of C. only slightly. Mordenite initially gave
aromatics with substantial amount of C10 aromatics, but it de-
activated very rapidly.

Effect of Ruthenium Loading Two ruthenium concentrations
(0.5% and 1.5%) were used to study the effect of ruthenium load-
ing on syngas conversion over physically mixed Ru/Al,0.//ZSM-5
catalysts. The results are shown in Table II. The formation of
C1+C2 was greatly reduced from 40% w th 1.5% Ru to 25% with 0.37%
Ru. “On the other hand, the higher ruthenium loading gave a C
product of reduced end point (Ex. 2A and 2B). As expected, nd
difference in aromatics production was observed.

The same effect was seen with impregnated Ru/ZSM-5 catalysts
of 1% and 57 Ru-content (Ex,2C and 2D).

Effect of Method Of Catalyst Preparation Three catalysts
with different methods of preparation were used in this study
and the results are given in Table III. Although they have the
same ruthenium loading (5%), the degree of intimacy between
ruthenium sites and active sites of ZSM-5 increased
with the following order: Impregnated Ru/ZSM-5 > RuO,/zZSM-5
(ground together) > Physical Mixture of Ru/Al 03 and ES -5.

The most striking feature was that the format%on of C heavy
aromatics increased with increasing degree of intimacy between

Ru and ZSM-5, as shown in Table IV. This may indicate that if
ruthenium sites and acid sites of ZSM-5 are located closely
together as in the case of the impregnated catalyst, the aromatics
formed as zeolite sites may be further alkylated with the reaction
intermediates produced at the neighboring ruthenium sites,
consequently making heavy aromatics.

The variations in syngas conversion and C,+C, selectively
could be due to the difference in ruthenium surface areas as a
result of different preparations.

A finely ground physical mixture of 5% Ru (as Ru02)/ZSM-5
which was subsequently pelletized was used in the study of the
effects of process variables on synthesis gas conversion.
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Table I
SYNGAS CONVERSION OVER RUTHENIUM/ZEOLITE CATALYSTS AT 51 atm,
294°C, GHSV = 480, AND H,/CO = 2/1.

Experiment No. 1A 1B 1cC
Catalyst 0.5% Ru/A1203// 0.5% Ru/A1203// 0.5% Ru/A1203//
Quartz Chips ZSM-5 H-Mordenite
"Mixed" "Mixed" "Mixed"

Syngas Conversion,
mole % 94 98 95

Reactor Effluent, wt%

Hydrocarbons 37 38 36
H, 0
co 11
CO2 6 12
H20 46 49 49
Hydrocarbon
Composition, wt%
Cl+CZ 33 25 29
C3ff4 8 9 7
C 59 66 63
5
+
Aromatics in C5 s WEZ O 34 <5

Boiling Range of CS+’ °C
907% Overhead 322 204 275
95% Overhead 377 224 322
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Table II

EFFECT OF RUTHENIUM LOADING ON SYNGAS CONVERSION
(51 atm, GHSV = 480, AND H2/CO = 2/1)

Experiment No. 2A 2B 2C 2D
Catalyst 1.5% Ru/A1,0,//  0.5% Ru/Al,0,// 5% Ru/ 1% Ru/
ZSM-5 ZSM-5 ZSM-5 ZSM-5
"Mixed" "Mixed" "Impreg- "Impreg-
nated" nated"
Temp., °C 294 294 304 304
Syngas Conversion,
mole % 99 98 86 83

Reactor Effluent,
wt%

Hydrocarbons 39 38 38 32

H2 0 0 1 2

co 0 1 15 18

002 17 12 2 3

H20 44 49 44 45
Hydrocarbon

Composition, wt%

Cl+C2 40 25 38 20

C3+C4 12 9 16 29

c5+ 48 66 46 51
Aromitics in

C5 , Wt7 32 43 25 27
Boiling Range of

C5+, °C

90% Overhead 174 204 - -

95% Overhead 186 224 - -
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Table III

EFFECT OF METHOD OF CATALYST PREPARATION ON SYNGAS CONVERSION OVER
Ru/ZSM-5 CLASS ZEOLITE. (51 atm, GHSV = 480, AND HZ/CO = 2/1)

Experiment No. 3A 3B 3C
Catalyst Ru/ZSM-5 RuO, Plus Ru/A1203 Plus
24-5 ZSM%5
Method of
?rep:r321on Impregnation Ground Together Physical Mixture
Particle Size, mesh 30 - 60 30 - 60 30 - 60
Ruthenium Loading, wt%Z 5% 5% 5%
(Based on Total Solid)
Temp., °C 304 294 294
Syngas Conversion,
mole 7% 86 93 99
Reactor Effluent, wt?%
Hydrocarbons 38 36 40
HZ 1 0
co 15 12
CO2 2 4 20
H20 44 48 40
Hydrocarbon
Composition, wt%
C1+C2 38 30 43
C3:C4 16 17 14
C5 46 53 43
r + L/,
Aromatics in C5 s WEZ 25 28 24

Aromatics Distribution wt7
79 90 97
21 10 3

AgA10
Al
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Table IV
EFFECT OF PRESSURE ON SYNGAS CONVERSION OVER 5% Ru (AS Rqu)/
ZSM-5 AT 294°C, H2/CO = 2/1, AND GHSV = 480.
Pressure, atm. 13.6 27.2 51 75

Conversion, wt%

Co 63 78 86 90
H, 77 92 96 98
Total Product, wt%
Hydrocarbon 29.8 35.2 35.5 37.4
H, 2.9 1.4 0.5 0.2
co 32.6 20.8 11.8 8.8
co, 1.8 3.1 3.6 3.8
H,0 32.9 39.5 48.6 49.8
Hydrocarbon
Composition, wt%
Cy 52.8 44.5 26.0 26.1
C2° 5.9 5.0 4.3 3.4
)~ - - - -
3° 7.7 7.1 5.1 3.0
C3= - - 0.7 0.2
i—Ca 10.3 10.5 5.6 3.5
n-C, 5.0 6.1 4.5 3.6
CA= - - 0.9 -
:L-C5 6.3 6.1 5.4 4.1
n-CS 1.5 2.3 3.5 4.0
G + non-aromatics 2.0 7.8 29.5 40.8
Aromatics 8.5 10.6 14.7 11.5
CS+ in Total H.C., wt%Z 18.3 26.8 53.1 60.4
Aromatics in C5+, wt? 46.2 39.4 27.7 19.1

Hydrocarbon Selectivity,
wt% 98.0 96.3 97.4 97.0
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Effect of Pressure The results are listed in Table IV. The
effect of pressure on conversions and selectivities are shown in
Figure 1. The CO conversion increased from 63% at 13.6 atm
(200psig) to 90% at 75 atm (1100psig). The hydrocarbon selectiv-
ity, defined as (total carbon converted - total carbon in CO,) +
total carbon converted, remained steady at 97%, the rest of 37%
being converted to CO,. The selectivity of C;L increased with
increasing pressure while the aromatics in CG decreased. The
C,+C, make was substantially reduced by higher pressure, for
example, from 59% at 13.6 atm to 29% at 74 atm.

Effect of Temperature Three temperatures in the range of
264 to 328°C (507 to 613°F) were used for the study of the effect
of temperature. The detailed conditions and results are included
in Table V. The plots of conversion and selectivities wversus
temperature are shown in Figure 2. Both hydrocarbon selectivity
and H, and CO conversions were high in this range. The slightly
lower CO conversion at higher temperature could be due to the
greater yield of C,+C,. The two key features emerging from
this study are the sharp increase in C and the sharp decrease
in C,+C, as a function of decreasing témperature. At 264°C, the
Cl+C make was reduced to 117%. No tempera&ure lower than 264 °C
was investigated in this study although C, yield could possibly
be increased above the 897% obtained at 264°C. The aromatics
in total hydrocarbon went through a maximum at 294°C. The lower
aromatics selectivity at 264°C was probably due to the poor
aromatization activity of ZSM-5 at such a low temperature, while
at higher temperature methane formation competes.

Effect of Space Velocity The data are given in Table VI,
and the conversion and selectivities are plotted against 1/WHSV
in Figure 3.  Clearly, at longer contact time (or lower space
velocity), C decreased and Cl+C increased. Thus the latter
appear to be formed as a sequentail reaction product.

Effect of Hy/CO Ratio Three different H,/CO ratio (1/2, 1/1,
and 2/1) were employed in this study. The de%ailed results are
listed in Table VII. As shown in Figure 4, the 00 conversion
increased (from 20 to 78%) with increasing H,/CO ratio. Since
CO conversion is stoichiometrically limited gy the amount of
hydrogen available in the feed in view of the absence of water-
gas shift reaction, the lower the H,/CO ratio, the lower the
maximum attainable CO conversion. %or example, with the H,/CO
ratio of 1/2, the maximum attainable CO conversion, based on the
stoichiometry of syngas conversion over ruthenium catalysts of
2H2/ICO (Equation I), would be 25%. Therefore, the 20% apparent
CO”conversion at the H,/CO ratio of 1/2 reflected 80% of the
maximum attainable CO Conversion. In the range of H,/CO ratio
employed here, the possible CO conversion was all high, amounting
to about 807% of the maximum attainable CO conversion, as
represented by the dotted line in Figure 4.
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Table V

EFFECT OF TEMPERATURE ON SYNGAS CONVERSION OVER 5% Ru (AS Ru0,)/
ZSM-5 AT 51 atm, GHSV = 480, AND HZ/CO = 2/1.

Temp., °C 264 294 328

Conversion, wt%
co 93 86 78
H2 98 96 97

Total Product, wt%

Hydrocarbon 40.0 35.5 35.8
H, 0.2 0.5 0.4
Co 6.3 11.8 18.9
CO2 1.0 3.6 4.5
H20 52.6 48.6 40.0
Hydrocarbon Composition, wt?
Cl 10.3 26.0 61.3
(-]
2 1.0 4.3 6.5
C2= - - -
3" 1.2 5.1 4.5
C3= 0.1 0.7 -
i-CA 1.9 5.6 5.3
n-CA 4.2 4.5 3.4
C4= 0.2 0.9 -
1-05 3.1 5.4 3.9
n-C 4.7 3.5 1.4
+5 .
C6 non-aromatics 65.8 29.5 8.2
Aromatics 7.7 14.7 8.2
Cs'in Total H.C., wtX 81.3 53.1 19.1
Aromatics in c5+, Wt 9.4 27.7 43.1
Hydrocarbon Selectivity, 7% 99.2 97.4 95.8

Bromine No. of Liq. Product 90
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Table VI
EFFECT OF SPACE VELOCITY ON SYNGAS CONVERSION OVER 5% Ru(AS Ru02)
ZSM-5 AT 294°C, 75 atm, AND H2/C0 = 2/1.

GHSV 180 480 1428

Conversion, wt¥

co 91 90 93
H, 98 98 98
Total Product, wt?%
Hydrocarbon 37.0 37.4 34.9
H, 0.2 0.2 0.2
co 7.6 8.8 5.8
CO2 9.2 3.8 0.9
H,0 46.0 49.8 58.1
Hydrocarbon Composition, wt?%
Cy 34.4 26.1 13.4
2" 5.1 3.4 1.6
c,= - - -
3° 5.0 3.0 1.8
Cy= 0.1 0.2 0.1
i—Ca 5.9 3.5 1.8
n-C, 4.1 3.6 2.6
C,= - - 0.1
i-Cg 4.6 4.1 3.0
n—C5 3.3 4.0 3.7
C6+ non-aromatics 23.7 40.8 58.7
Aromatics 14.0 11.5 13.3
cs+ in Total H.C., wt 45.6 60.4 78.7
Aromatics in C5+, wt% 30.7 19.1 16.9

Hydrocarbon Selectivity, wt% 92.7 97.0 99.3



Publication Date: May 5, 1981 | doi: 10.1021/bk-1981-0152.ch020

20.

HUANG AND HAAG Aromatic Gasoline Using Ru/Zeolites

100 v
T | —
H.c. Select ivit,

90 |- S O CO Conversion

—s Wt %

o] 2 4 6 8 10
—= |/ WHSV

Figure 3. Effect of space velocity on syngas conversion over 5%
ZSM-5 (294°C, 75 atm, and H,CO = 2/1)

Ru(as RuO;)/

319



Publication Date: May 5, 1981 | doi: 10.1021/bk-1981-0152.ch020

320 CATALYTIC ACTIVATION OF CARBON MONOXIDE

Table VII
EFFECT OF HZ/CO RATIO ON SYNGAS CONVERSION OVER 5% Ru (AS Rqu)/
ZSM-5 AT 294°C, 27 atm, AND GHSV = 480.

HZ/CO, mole ratio 1/2 1/1 2/1
Conversion, wt%
co 20 38 78
H, 74 85 92
Total Product, wt%
Hydrocarbon 10.9 19.5 35.2
H, 0.9 1.0 1.4
co 77.7 58.3 20.8
CO2 2.4 3.6 3.1
H20 8.3 17.6 39.5
Hydrocarbon Composition, wt7
Cl 17.7 24.4 44.5
Cz° 3.3 2.6 5.0
C,= - - -
C3° 15.7 12.4 7.1
C3= 1.5 - -
1-04 20.5 19.9 10.5
n-C, 10.5 10.1 6.1
C4= - - -
i-C5 8.9 9.9 6.1
n—05 2.8 1.4 2.3
+
C6 non-aromatics 1.2 3.5 7.8
Aromatics 18.1 15.8 10.6
CS+ in Total H.C., wt 30.9 30.6 26.8
Aromatics in c5+, Wt 58.4 51.5 39.4
Hydrocarbon Selectivity, % 92 93.5 86.3

Octane No. (R+0) of
Liquid Product 104 102 94

Boiling Range of C5+, °C
90% Overhead 212 201 182
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The yield was rather insensitive to the H,/CO ratio in this
range. However, the aromatics in C increased sharply with
decreasing H,/CO ratio, reaching 94% at the H,/CO ratio of 1/2;
the aromatics in total hydrocarbon increased %rom 11% at 2/1
ratio to 18% at 1/2 ratio. More importantly, C.,+C, formation
decreased sharply with decreasing H,/CO ratio. ~Thée boiling
range of C. was shifted toward higﬁer boiling point as the
H2/CO ratid was decreased, although more aromatics and less
methane were produced with lower H,/CO ratio. Furthermore, the
octane number of the C fraction %ncreased with decreasing
H,/CO ratio as shown below in agreement with the higher aromatics
content.

H2/C0 Ratio 1/2 1/1 2/1
Octane No. (R+0) 104 102 94
Conclusion

The incorporation of a ZSM-5 class zeolite into a ruthenium
Fischer-Tropsch catalyst promotes aromatics formation and reduces
the molecular weight of the hydrocarbons produced. These
composite catalysts can produce a high octane aromatic gasoline
in good yield in a single step directly from synthesis gas.

The study of the effects of process parameters reveals that
(1) methane can be substantially reduced by higher pressure,
shorter contact time, lower temperature, and lower H,/CO ratio;
and (2) the aromatics production is greatly favored %y lower
H2/C0 ratio at moderate temperature.

Abstract

Ruthenium is known to be a good catalyst for producing high
molecular weight paraffin wax from H,/CO at high pressure and low
temperature, or making methane at low pressure and moderate
temperature. However, the present study reveals that aromatic
gasoline of high quality with good yield can be produced directly
from synthesis gas under proper conditions in the presence of
dual-functional ruthenium-containing ZSM-5 class zeolite catalysts.
The nature of the product depends upon the dual-functionality of
the catalyst system. The effects of method of catalyst prepara-
tion and ruthenium loading, as well as process variables such as
temperature, pressure, space velocity and H2/CO ratio on the
product distribution are discussed.
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Mechanistic Aspects of the Homogeneous Water
Gas Shift Reaction

W. A. R. SLEGEIR, R. S. SAPIENZA, and B. EASTERLING

Catalysis Group, Department of Energy and Environment, Brookhaven National
Laboratory, Upton, NY 11973

The homogeneous water gas shift reaction (WGSR),

CO + H,0 —==H, + CO, (1)
has been the subject of a number of reports in the recent litera-
ture (1-19). The reaction is used to provide hydrogen for pro-
cesses such as ammonia synthesis, as well as to match synthesis
feedgas ratios to consumption ratios in a number of downstream
processes, such as hydroformylation (Hp:CO = 1), methanol synthe-
sis (Hp:CO = 2) and methanation (Hp:CO = 3). Operating tempera-
ture plays a significant role in the effectiveness of a particu-
lar catalyst system, since the thermodynamically limiting conver-—
sion decreases as temperature increases (Kp 4000k = 15503

Kp 7000k = 9.5 (20)).

Currently heterogeneous catalysts are employed in industry
for the WGSR, but these operate at high temperature (21). In
this chapter, some homogeneous catalyst systems with high activity
at modest temperatures will be described. Whether a homogeneous
system will supplant currently used heterogeneous systems is de-
pendent on a number of engineering process considerations. How-
ever, interest in this reaction centers about its deceptive sim-
plicity, a better understanding of which should enhance the know-
ledge of catalytic reactions of carbon oxides. Furthermore, this
reaction is related to a number of other catalytic reactions with
potential synfuels importance including the Reppe hydrohydroxy-

methylation reaction (4,22),

RCH=CH, + 3CO + 2H,0 ~—= RCH, CH,CH,0H + 2co, (2)

the Kélbel-Engelhardt reaction (23),

(3n+1)CO + (n+l)H20 —-FH-(CHZ):IH + (2n+1)c02, 3

0097-6156/81/0152-0325$05.00/0
© 1981 American Chemical Society
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and other variations of the Fischer-Tropsch reaction, methanol
synthesis from CO and Ho0 (1),

3C0 + 2H,0 —>CH30H + 200, (4)

as well as reductions of organic substrates using CO and HZO
(15,24),

ArNO2 + 3C0 + HZO—DAI:NH2

+ 3C0,. (5)

This discussion will treat two particular catalytic systems
affording rapid rates in basic media. The ruthenium carbonyl-
trimethylamine system, exceedingly selective for the WGSR, is the
most effective known homogeneous system. Cluster dissociation
and formation complicate this system, but evidence strongly indi-
cates an associative-type reaction mechanism. On the other hand,
the Group VI metal carbonyls exhibit a rather straightforward
dissociative-type mechanism. The application of this understand-
ing may be helpful in selecting catalytic systems for CO/HZO
reactions.

The Ruthenium Carbonyl System

The reactions with ruthenium carbonyl catalysts were carried
out in pressurized stainless steel reactors; glass liners had
little effect on the activity. When trimethylamine is used as
base, Ru3(CO)12, H4Ru4(CO)12 and HyRu,4(CO)13 lead to nearly iden-—
tical activities if the rate is normalized to the solution con-
centration of ruthenium. These results suggest that the same
active species is formed under operating conditions from each of
these catalyst precursors. The ambient pressure infrared spec-
trum of a typical catalyst solution (prepared from Ru3(C0)12,
trimethylamine, water, and tetrahydrofuran and sampled from the
reactor) is relatively simple (vg_g: 2080(w), 2020(s), 1997(s),
1965(sh) and 1958(m) cm~1l). However, the spectrum depends on the
concentration of ruthenium in solution. The use of NajCO3 as
base leads to comparable spectra.

Although this spectrum does not correspond to any particular
ruthenium carbonyl complex, it is consistent with the presence of
one or more anionic ruthenium carbonyl complexes, perhaps along
with neutral species. Work is in progress with a variable path-
length, high pressure infrared cell designed by Prof. A. King, to
provide better characterization of species actually present under
reaction conditions.

After reaction, evaporation of the solvent from the
Ru3(CO)12/NMe3 solution, followed by protonation with H3PO,; yields
principally H,Ru,(C0)j2, with some Ru3(CO)12 and H2Ru4(CO)13.
Isolation of the active anionic species haS not been successful.
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All evidence is consistent with the reaction being homoge-
neous. Upon cooling of the reaction to 0°C, the originally homo-
geneous solution normally consists of two phases. The phase
separation results from the formation of ionic species (formates
and carbonates) during the course of the reaction which "salt-
out" the organic phase. The lower (aqueous) phase is clear and
colorless. The upper (organic) phase is pale yellow to pinkish
red, depending on ruthenium concentration. Visual inspection and
infrared spectra indicate that the ruthenium carbonyl species are
present in the upper phase. Neither phase is turbid. Filtration
leaves no observable residue and the filtrate affords WGSR rates
comparable to those of fresh solutions. Neither phase is para-
magnetic, and neither contains appreciable suspended material as
evidenced by sharp NMR signals.

The Ruj(CO0)1,/NMe3 catalyst system is very specific for the
WGSR. Although heterogeneous ruthenium is a very effective
catalyst for methanation (20), no methane or higher hydrocarbons
could be detected. Homogeneous ruthenium has been shown to cata-
lyze methanol synthesis at very high temperatures and pressures
(25), but only traces of methanol are detected under WGSR condi-
tions. Small amounts of the formate ion are formed, but this
seems unavoidable in reactions involving base and CO,

CO + OH —+» HCOZ_. (6)

The role of formate in the WGSR will be discussed below. Gener-
ally more H, than COp is observed at the end of the reaction.
Experiments (26) suggest that this is due to the solubility of
COyp in the solvent system.

Effect of Concentration and CO Pressures on the Ruthenium
Carbonyl-Trimethylamine WGSR System. As shown in Figure 1, the
Ruj(CO) 1p/NMe3 WGSR system demonstrates a nearly first-order rate
dependence on CO pressure at 0.5 mM Ru3(C0);j concentration.
(Throughout this discussion, the total ruthenium carbonyl concen-
tration is expressed as moles Ruj(C0)jo added per liter of solu-
tion; this should not be construed to be the actual solution con-
centration of the trimer under operating conditions.) Here the
initial rates of H, production are 14.6 mmol Hp/hr at 415 psi CO
and 46.0 mmol Hy/hr at 1200 psi. Thus, within experimental un-
certainty, a threefold increase in CO pressure leads to a three-
fold increase in rate.

Ford and co-workers (7) have reported a first-order rate
dependence on CO pressure in the Ru3(CO)12/KOH system and as-—
cribed this effect to CO participation in a rate-limiting elimi-
nation of hydrogen from a cluster species. This explanation does
not fit our observations, because if loss of H, were rate-limit-
ing, the use of KOH and NMej as bases would be expected to lead
to comparable rates for the WGSR. A comparison of activities
(Laine (9): 2.3 mol H, per mol Ru3(CO);, per hr using KOH/MeOH
at 10 mM Ru3(CO)12, 808 psi CO, 1359; Slegeir (26):
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5000 mol H, per mol Ru, (CO) o per hr using NMe /THF at 0.02 mM,
765 psi CO, 125°) shows that the activity is greater by more than
three orders of magnitude when trimethylamine is used as base.

We believe there is a better explanation for this activity depen-
dence on CO pressure in the Ru3(CO)12/NMe3 system.

TABLE I

Rate Dependence on CO Pressure at 0.10 mM Ru3(CO)12

PCO’ psi mmol H2 % conversion tHz
350 86 43 8600
690 90 24 9000
760 82 18 8200

Conditions: 0.010 mmol Ru,(CO),,, 20 g 25% aq. NMe3, diluted to
100 mL with THF, 100°, 18 hr, 6.31 L reactor, tg, =
mol Hz/mol &13(00) 12

As shown in Table I, at 0.1 mM Ru (co) concentration, CO
pressure has little if any effect on act1v1%y. On the other hand,
at fixed pressure, the concentration of ruthenium carbonyl has a
dramatic effect on activity (see Figure 2). At 0.1 mM Ru (CO)
ruthenium carbonyl is very active for the WGSR, small decreases
in catalyst concentration lead to substantial increases in activ-
ity, and no activity dependenee on CO pressure is observed. At
concentrations of 0.5 mM or more, less activity is observed,
changes in concentration cause smaller effects in activity and
rate dependence on pressure is manifested. Diffusion effects
have been shown to be unimportant (26).

It is proposed that the rate dependence on concentration and
pressure involves cluster dissociation and that the monomeric
species, Ru(CO)., is responsible for the high activity of this
system. Dissociation is well known for ruthenium carbonyl
clusters (25,27-31). Piacenti and co-workers (31) have demon-
strated that at temperatures above 80° and CO pressures greater
than 150 psi, monomeric ruthenium carbonyl is observed in sig-
nificant quantities due to the equilibrium,

Ru3(C0)12 + 3C0 ‘—_03Ru(CO)5. 7
1 2

Thus, increases in CO pressure favor cluster dissociation and the
formation of larger quantities of 2. High dilution should also
favor the formation of 2, resulting in greater Ru(CO)5 to cluster
ratios and greater WGSR : activity.

Assuming the WGSR has a first-order dependence on Ru(CO)
concentration and that only trimeric and monomeric species are
present, it can be shown that rate « P (gg), in accord with
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Figure 1. Rate of H, production as a function of CO pressure at 0.50mM added
Rus(CO),, concentration; 0.0507 mmol Rus(CO),,, 5 ¢ NMe,, 15 g H,O, solution
diluted to 100 mL with THF, 100°C; (®) 1200 psi CO, (W) 415 psi CO
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Figure 2. H, production as a function of added Rus(CO),; concentration; 5 g

NMe;, 15 g H,0, solution diluted to 100 mL with THF, 415 psi CO, 100°C, 5 h.

The abscissa reflects the Ru carbonyl concentration based on initial catalyst load-
ings; clearly it does not reflect true [Rus(CO);s].
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exper iments at 0.5 mM Ru3(CO)12. However, if tetrameric species
are in equilibrium with 2, then rate « P 1.5, The isolation of
H4Ruy(CO)19 from acidified reaction nixtGPes supports the exis-
tence of tetrameric species at higher ruthenium concentrations.
Expeﬁ??Fnts at 2.07 mM Ruj(CO);p concentration indicate that rate
GPCO *~, suggesting that clusters larger than the trimer may

exist.

Effect of Solvent and Base on the Ruthenium Carbonyl/Tri-
methylamine System. Solvent plays an important role in the rate

of hydrogen production. The ideal solvents are tetrahydrofuran,
diglyme, and dimethoxyethane. Alcohols are only slightly less
effective. Apparently the solvent must be miscible with water,
promote ion formation, and be capable of weakly coordinating with
the coordinately unsaturated species formed in the course of the
reaction.

Small amounts of hydrocarbons added to the normal tetra-
hydrofuran or diglyme solvent system result in improved WGSR
activity, but larger quantities inhibit the reaction (Table II).

- When l-butene or l-hexene is used, hydroformylation competes with

the WGSR (4), but the rate of this process is small compared with
the rate of Hy production. With pentane, no olefin or aldehyde
products could be detected. Calderazzo (29) has reported that
Ru(CO) 5 is the principal product when the acetylacetonate of
ruthenium is treated with synthesis gas in heptane,

Ru(acac), + CO + H, he‘l’;g‘;e Ru(C0) 5, (8
(200 atm) 51%
Table II

Effect of Hydrocarbon Additions on WGSR Activity

0.10 mM[RuiSFO)lZ] 0.50 mM[Ru3(CO)12]
Hydrocarbon (g) tHz Hydrocarbon (g) ty,
none 9300 none 4900
1-butene (5.2) 11700 1-butene (5.2) 5280
pentane (10) 10700 1-hexene (7.7) 6800
pentane (18) 7300 pentane (13) 6440

1-butene (15.5) 5080
pentane (65) <25

Conditions: solution prepared from 20 g 25% aq. NMej, hydro-
carbon and sufficient THF or diglyme to bring solution volume
to 100 mL, 100°, 10 hr; experiments employing 0.10 mmol Ru3(CO) ,
charged with 700 psi CO and those at 0.050 mmol charged with
750 psi. The experiment with 65 g pentane had no ether solvent
present.
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while James (32) has shown that the trimer is the principal pro-
duct when essentially the same reaction is carried out in
methanol,

MeOH
—_ 0),,.
Ru(acac)3 + CO + H, 140-160° Ru3(C )12 9

(300 atm) 76%

It is thought that small additions of hydrocarbon solvents tend

to enhance the formation of Ru(CO)., whereas larger concentrations
seriously decrease the dielectric constant of the solvent so that
the formation of ionic species in solution is suppressed.

The base has a very important effect on the efficiency of
ruthenium carbonyl for the WGSR (see Table III). Amines were
found to provide much better activity than Bronsted bases, and
trimethylamine appears to be the base of choice, affording rates
more than two orders of magnitude greater than those of Bronsted
bases.

Table III

Effect of Base on the Ruthenium Carbonyl-Catalyzed
Water Gas Shift Reaction

Base Amt Base,g Amt Hzo,g tHz
NMej 5 15 5740
NEt3 5 15 860
NBuj 5 15 540
N-Me Pyrrolidine 5 15 2400
NHMe,) 5 15 2200
Pyridine 4 16 ~ 300
NHj3 6 15 420
NajCO3 3 20 < 50
LiyCO3 2 20 < 50
Me(NOH 0.2 20 < 50
Bu,yNOH 0.03 20 < 50
None 0.0 20 < 50

Conditions: 0.05 mmol Ru3(CO)12, 92 mmol l-butene, base and
water diluted to 100 mL with diglyme, 750 psi CO, 100°, 10 hr,
0.31 L reactor.

The nucleophilic reaction of hydroxide with carbonyl ligands
of transition metal complexes,

0

- —_ P - —

M=C=0 + OH —»M—C( €% Nu (10)
o
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is a well-known reaction (33), frequently employed in the prepara-
tion of metal hydride complexes (34). However, Bronsted bases

are involved in a number of reactions which lower the nucleophile
concentration:

CO + OH —>Hcoz" (6)
co, + OH —»Hco3' (11)
- - 2—
HCO,” + OH —C0," + H,0 (12)

Because of these side reactions, we have not been able to main-
tain the apparent pH above 10.0 for any significant period of
time; therefore the maximum sustainable hydroxide nucleophile
concentration in an experiment of several hours is about
1.0 x 1074 M

Amines hydrolyze,

NR, + HZO‘___’HNR3+ + OH , (13)

to provide hydroxide concentrations comparable to those of weaker
Bronsted bases (0.5 M NMej is pH 12.2; 0.5 M NayCO3 is pH 12.13

at room temperature in water). Thus amines may participate in
the WGSR via hydroxide attack on carbonyl ligands, as is evident
in the rhodium carbonyl system (26). However, direct amine attack
on carbonyl ligands is known. Edgell (35,36) has reported that
primary and secondary amines react with iron pentacarbonyl to
form zwitterionic metallocarboxamides, 3, which in the presence
of traces of water are rapidly hydrolyzed (presumably by nucleo-
philic attack by water on the activated carbonyl carbon) to the
hydride anion:

+ i - H,0 -
2
Fe(CO)5 + RZNH > Rzlil— —Fe(CO)l‘ -—bHFe(CO)4 (14)
s

Nesmeyanov has provided interesting examples of apparent intra-
molecular nucleophilic attack by amine on carbonyl ligands (37).
Angelici (38,39) has demonstrated that amine attack on cationic
metal carbonyl complexes is a general reaction resulting in the
formation of carbamoyl complexes:

Mcot + NHRZ.—_;.’M—E—NHR ~—L>M-ﬁ-NR (15)

2

Ammonia, primary and secondary amines are known to undergo
side reactions under WGSR conditions:
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Cco + HNRZ——D HCONR,, (16)
o, + HNR, — HOCONR,, a7
CO., + 2HNR,~— R_NCONR (18)

2 2 2 2

These reactions serve to deplete the available nucleophile con-
centration. Furthermore, the formation of a relatively stable
carbamoyl complex may serve to lower both the metal carbonyl and
the nucleophile concentrations.

Angelici and Brink (40) have found that in the reactions of
amine with trans-M(CO) (PPhMe.,).t (M = Mn or Re), the rate of
carbamoyl formation follows the order, n~butylamine > cyclohexyl-
amine > isopropylamine > sec-butylamine >> tert-butylamine,
implying a strong steric effect in carbamoyl formation. A similar
order has been observed in the rate of reaction of organic esters
with amines to form amides (41). The data in Table III indicate
that a steric effect may be operative in the Ru3(CO)12/NR3—cata—
lyzed WGSR, since with tertiary amines the rate follows the order,
NMe, > MeNC,H_, > NEt3 > NBu3, which does not reflect the basicity
of these amines.

Angelici (38) has correlated the reactivity of metal carbonyl
complexes toward amines with C-0 stretching force constants.
Application of his empirical rule to the WGSR indicates that on
electronic grounds, Ru(CO)s and Ru3(CO)71p should be comparably
subject to carbonyl nucleophilic attack. In light of the steric
effect observed in nucleophilic attack by amines, mononuclear
species are thought to be more effective than cluster species in
the ruthenium carbonyl-amine catalyzed WGSR. When the nucleo-
phile is the much more sterically compact hydroxide group, there
may be little steric bias in the base attack step.

The use of amines allows much higher nucleophile concentra-
tions than those achievable with Bronsted bases. We have used
solutions as concentrated as 6 M MejN. This vast difference in
available nucleophile concentration partially explains the huge
increase in rate afforded by NMej over the rate with Bronsted
bases. Very large concentrations of hydroxide may promote the
base attack step but can decrease the rate of the WGSR due to
inhibition of the protonation of the metal hydride species.

Additional Comments Regarding the Ruthenium Carbonyl-Tri-
methylamine WGSR System. A potential mechanistic pathway for a
WGSR system involves the production of formate, followed by its
catalytic decomposition:

CO + OH ——»Hcoz', (6)
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Hco2 + H20 —’Hz + Co2 + OH . (19)

Ruthenium carbonyl decomposes the formate ion in basic media, but
at a rate slower than the rate of the WGSR. At 100° and

0.10 mM Ru3(CO)12, under 3 atm Ny, the rate of decomposition of
trimethyl ammonium formate to Hy and COp is 0.6 mmol/hr. Under

5 atm CO the rate is slower (<0.1 mmol/hr), but the overall rate
of Hy production is >0.4 mmol/hr. At this low CO pressure, the
rate of H, production directly from CO and Hy0 is more than three
times that from formate decomposition. Furthermore, since in-
creases in CO pressure result in improved H, production rates

(10 mmol/hr at 50 atm CO), while apparently inhibiting the rate
of formate decomposition, it may be concluded that formate decom—
position has little mechanistic significance in the WGSR activity
of Ru3(CO)12/NMe3.

On the basis of this discussion, we propose that the
Ru3(C0)17/NMe3-catalyzed WGSR follows the mechanism shown in
Figure 3. A similar mechanism, involving nucleophilic attack by
hydroxide instead of amine, has been proposed by Pettit and co-
workers (4) for the Fe(CO)s/base system.

The dihydride 6, once formed should eliminate H, readily; it
decomposes rapidly at 0° (42) or above 20° under 300 atm Hy, (27).
This should be contrasted with the stability and, presumably, the
catalytic activity of the cluster hydride, H4Ru,(CO)j5. Kaesz
(43) has indicated the cluster species 1 and 8 are in

H
2
R|.13(CO)]_Z?HL‘R;“(CO)l2 (20)
1

— o~

equilibrium and may be interconverted. Conditions as mild as
1 atm Hy at 80° allow the quantitative conversion of 1 to 8 (44).
Furthermore, H4Ru;(C0) 19 is reported to be stable under a 1:1
mixture of CO and Hy at 100° (45). If an important step in the
ruthenium carbonyl-catalyzed WGSR involved elimination of Hyp from
8, hydrogen pressure should tend to inhibit the WGSR; if elimina-
tion of H, occurred with the monomer 6, little inhibition of the
WGSR should be observed. The effect of hydrogen pressure on the
rate of Hy production was tested by carrying out a WGSR at
0.10 mM Ru3(C0)1p with an initial pressure of 310 psi H,
(CO:HZ = 2); the rate of Hy production was identical to that in
the absence of added H,.

By judicious adjustment of conditions, the rate of the
Ru3(CO)12/NMe3-catalyzed WGSR could be significantly improved.
As mentioned earlier, those factors which favor formation of
Ru(CO)5 —- decreases in concentration and increases in CO pres-
sure -- favor higher turnover numbers in the WGSR. Increases in
amine concentration and in temperature also improve the rates of
Hy production. Thus, at 155°, 0.0082 mM Ru3(C0)12 and 1080 psi



Publication Date: May 5, 1981 | doi: 10.1021/bk-1981-0152.ch021

21. SLEGEIR ET AL. Homogeneous Water Gas Shift 335

initial CO pressure, the net hydrogen turnover number is 270,000
over a 10 hr period. This corresponds to a rate of 7.5 mol Hy per
mol Ru, (CO) o per sec, an improvement of nearly three orders of
magnitude over the rate in any other reported homogeneous system.

The Group VI Metal Carbonyl System

The Group VI metal carbonyls demonstrate good activity in the
WGSR, but differ significantly from ruthenium carbonyl in several
ways. Tables IV and V summarize some WGSR experiments with chro-
mium and tungsten carbonyls in a tetrahydrofuran-water solvent
system.

TABLE IV
Cr(CO)6 as WGSR Catalyst in THF/HZO
Base (mmol) g HZO mmol H2 tHz
Kp(CO)3, (12) 7.5 9.5 0.95
NMes, (85) 15 2.4 0.24
None 20 <0.01 <0.001

Conditions: 10.0 mmol Cr(CO)g, solution phase diluted to 100 mL
with tetrahydrofuran, 600 psi CO charge at room temperature,
150° for 20 hr, 0.31 L reactor, ty, = mol Hy/mol cat.

TABLE V
W(CO)6 as WGSR Catalyst in THF/HZO
Base (mmol) FCO, psi mmol H2 tH2
NapCO3 (2.4) 800 6.0 4.2
NapCO3 (2.4) 110 8.0 5.4
NMejg (114) 790 4.0 3.0

Conditions: 1.45 mmol W(CO)¢, 20 g H,O diluted to 100 mL with
tetrahydrofuran, 150° for 80 hr, 0.31 L reactor.

With Cr(CO)g, base clearly promotes the WGSR. However, unlike
ruthenium carbonyl, chromium and tungsten carbonyls demonstrate
less activity with trimethylamine than with carbonate as base.

Darensbourg and Darensbourg (46) have associated the reactiv-
ity of carbonyl ligands toward nucleophiles with C-0 stretching
force constants. This is reasonable since the higher the force
constant, the greater the positive charge on the carbonyl carbon.
The C-O stretching force constants of a variety of metal carbonyl
complexes have been compiled (26). Those of the Group VI metal
carbonyls (16.4 to 16.5 mdyn/R, depending on investigator) do
not differ significantly (47). The force constants of the axial
carbonyls of Ru(CO)5 and Ru3(C0)q7 (17.1 (ax), 16.6 (eq) and
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17.0 (ax), 16.3 (eq), respectively) are considerably higher, in-
dicating a greater tendency for nucleophilic attack.

King and King (11) reported considerably higher WGSR activity
for the Group VI metal carbonyls in methanol-water than we observe
in tetrahydrofuran-water. Table VI summarizes some experiments
with tungsten carbonyl in methanol-water, and shows results with
W(CO)6/KOH comparable with those reported by the King group.
Methanol-water as solvent is preferable to THF-water, apparently
because of the pronounced tendency of sodium formate solutions
to "salt-out" tetrahydrofuran, and thus lead to a two-phase reac-
tion solution.

Table VI

W(CO)6 as WGSR Catalyst in MeOH/HZO

Base (mmol) PCO’ psi mmol H2 tH2
KOH (24) 200 30 170
NaO,CH (48) 200 40 220
KoCO3 (24) 130 44 250
KoCO5 (24) 200 31 170
K,CO3 (24) 800 18 95

Conditions: 0.18 mmol W(CO)6, 2.5 mL Hp0 diluted to 100 mL with
methanol, 20 hr, 0.31 L reactor.

We found little difference between the activities of this
catalyst with K,CO3 and with KOH. However, a pronounced depen-
dence on pressure was seen: for a six-fold decrease in CO pres-
sure, the activity increased by a factor of 2.5. This tendency
is in marked contrast to the activity increase with increasing
CO pressure observed with ruthenium carbonyl.

This activity dependence on CO pressure could be attributed
to a dissociative-type mechanism, i.e., one that necessitates
loss of a carbonyl ligand as a kinetically limiting step:

M(C0) ( ——# M(C0) 5 + CO. (21)

Coordinately unsaturated species are highly reactive (48) and are
usually present as solvates in the presence of ligating solvent
molecules.

The possible intermediacy of the formate ion (eqs. 6 and 18)
in the WGSR has been considered (2,6,10), but its involvement has
not been clearly demonstrated. The Group VI metal carbonyl com-
plexes are effective in the decomposition of formic acid (as
sodium formate), as shown in Table VII. Some heterogeneity is
observed in those reactions carried out under nitrogen pressure,
but in no case was CO detected. The similarity in rates for WGSR
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and formate decomposition and the inverse rate dependence on CO
pressure have prompted us to propose the mechanism shown in
Figure 4 for the Group VI metal carbonyls.

Table VII

The Activity of the Group VI Metal Carbonyls
in Decomposition of Formic Acid as Formate

Metal Carbonyl PCO’ psi mmol H2 mmol 002 tHZ

W(CO)¢ 200 40 13 220
W(Co) ¢ 0 43 3 240
Mo(CO0) ¢ 0 41 2.5 220
Cr(Co)g 0 43 <0.5 240

Conditions: 0.18 mmol metal carbonyl, 2.5 mL Hzo, 97.5 mL MeOH,
155°, 20 hr, 0.31 L reactor; O psi CO implies 250 psi N,.

To test the validity of this mechanism, chromium carbonyl
(1.0 g) was photolyzed under Ar at ambient temperature in a solu-
tion of methanol and hexamethylphosphoramide in the apparatus
shown in Figure 5. The lamp was turned off periodically to check
for the disappearance of slightly soluble Cr(CO)g. Several
photolyzing cycles were necessary to effect nearly complete con-
version to the solvent-stabilized coordinately unsaturated species
(equivalent to 9 in Figure 4),

cr(coy %co + (CO) (Cr-S. (22)

At this point, only CO and Ar were present in the gas phase.

Most of the CO was swept from the system by purging with argon.
After allowing the system to cool to about 30°, a solution of
[EtAN]+[OZCH]' in methanol-water was added. After about a minute,
small streams of bubbles were vigorously evolved from the solu-
tion. The gases were collected and were found to contain prin-
cipally Ar and Hy, with a small quantity of COZ'

Conclusions

It now appears that at least two mechanisms exist for the
base-promoted homogeneous water gas shift reaction, differing
in the method of hydride formation. The "associative mechanism",
first proposed by Pettit and co-workers (1,4), involves nucleo-
philic attack on a carbonyl ligand and it has two variations.
One involves hydroxide attack, leading to the formation of a
metallocarboxylic acid (species 11 in Figure 6), and is evident
in the Fe(CO)s/base—catalyzed system (1). The other involves the
formation of a readily hydrolyzable, zwitterionic metallocarboxa-
mide, 12, in accord with the work of Edgell (35,36) and is evident

in the Ru3(CO)12/NMe3 system.
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The group VI metals preferentially follow a 'dissociative
mechanism" in which loss of CO precedes formation of the cata-
lytically active coordinately unsaturated species. The key in-
termediate, the formato complex, 13, is very similar to surface
formate intermediates observed during the course of the hetero-
geneous WGSR (49,50) and thus the Group VI metal carbonyl WGSR
may be one of the best homogeneous models of heterogeneous reac-
tions. Furthermore, this system further demonstrates the impor-
tance of oxygen-bound species in catalytic reactions of carbon
monoxide (51); intermediate 13 may be regarded as a formyl com-
plex of a metal oxide. The role of bound formate in the WGSR and
other catalytic reactions is being further investigated.
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