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Abstract

The hydroformylation of cyclooctene was studied using Rh4(CO)12 as precursor inn-hexane solvent in the temperature range 293–30
andP T of 4.0–8.0 MPa, using quantitative in situ infrared spectroscopy. During the course of reaction, the degradation of Rh4(CO)12 to the
intermediate RCORh(CO)4 was observed, with accompanying formation of cyclooctane carboxaldehyde. The limited conversion of Rh4(CO)12
to RCORh(CO)4 was shown to be equilibrium-controlled. Some ketone was also formed. Spectral deconvolution was performed wi
target entropy minimization (BTEM). The reaction kinetics for product formation, in terms of the observable organometallics, were=
k1[RCORh(CO)4][CO]−1[H2] + k2[RCORh(CO)4][Rh4(CO)12]0.25[H2]0.5[CO]Y . This can be rewritten as rate= k1[RCORh(CO)4][CO]−1 ×
[H2] + k2[RCORh(CO)4][HRh(CO)4][CO]X. The hydride HRh(CO)4 could be identified by BTEM but not accurately quantified. This unus
linear-quadratic expression in rhodium species represents the kinetic form for a simultaneous interconnected unicycle catalytic mecha
homometallic catalytic binuclear elimination reaction (CBER). The second term accounted for ca. 40% of the observed product forma
mean reaction conditions used in this study. The implications and opportunities presented by homometallic CBER are discussed. In
a form of modified homometallic CBER is proposed that will permit greater utilization of the nonlinear kinetics.
 2005 Elsevier Inc. All rights reserved.

Keywords:Catalytic binuclear elimination reaction; Linear-quadratic kinetics; Rhodium-catalyzed hydroformylation; In situ quantitative FTIR spectroscopy
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1. Introduction

One of the most widely studied transition metal homo
neous catalyzed reactions[1,2], the hydroformylation reaction
provides a versatile route for the synthesis of a vast arra
bulk and specialty chemicals[3]. The primary transition metal
used are cobalt[4], rhodium[5], and platinum[6].

Because of the versatility of this reaction, a very wide ra
of unfunctionalized and functionalized alkenes have been
as substrates[7]. In the case of unfunctionalized rhodium
catalyzed hydroformylation, comparisons of activity (react
rates) have been studied in detail for various classes of unm
fied alkene substrates[8–13], and significant variation has bee
found. In situ studies of the unmodified rhodium-catalyzed

* Corresponding author. Fax: +65 6 779 1936.
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droformylation of unfunctionalized alkenes has revealed
although the rates are substantially different between cla
the turnover frequencies (TOFs), based on the instantan
concentrations of the observable acyl intermediate are fo
most part very similar[14–17]. This indicates a wide variabil
ity in the conversion of precursor to intermediates. In additio
fair number of anomalies in activity or selectivity patterns ha
been observed; for example, (1) in the case of ethylene
corresponding ketone is frequently formed[18,19]; (2) in the
case of cyclohexene, unusually high CO pressures are ne
to form the acyl complex; (3) for some cycloalkenes, ther
very low equilibrium-controlled precursor conversion[16]; and
(4) in the case of methylene cyclopropane, ring cleavage
curs[20].

The observation of anomalous substrate behaviors,
within a homologous series of substrates, is not restricte
the hydroformylation reaction alone. Indeed, other well-stud

http://www.elsevier.com/locate/jcat
mailto:chemvg@nus.edu.sg
http://dx.doi.org/10.1016/j.jcat.2005.09.033


68 G. Liu et al. / Journal of Catalysis 237 (2006) 67–78

do
at
s

rly
tivi

in-
fe
ed

ntl
bin
e
ns
ch
na-

nt
sti
ba
low

hio
gy

res
op

ou
tha
eta

ium
lea
re

s t

me
on

in-
p in

ca
e

my
ium
po

er-

tal-
zed

kno
in

l
rab

ity

of a
ng
vable
st
s at

ion

ntly

ut-

etal-
zed
bit
es-
ne

t
ant

un-
here
r
olite
7%,
xol;
ze-

ex-
was
red

als
ene

, no
FAP

;
on

ss-
-
ame
m

ed.
ically
catalytic reactions, such as hydrogenation, have numerous
umented examples[21]. The primary issue to emphasize is th
further study of the origins of these anomalous observation
infrequently pursued. The eventual clarification of the unde
ing mechanisms behind the anomalous observations of ac
and selectivity may provide rich scientific opportunities.

The study of binuclear elimination, and even catalytic b
uclear elimination, has been gaining interest over the past
decades. These studies have been driven in part by the ne
explain anomalous activity and selectivity patterns. Prese
there are ca. 14 well-defined homometallic stoichiometric
uclear elimination reactions (Table 1). Of course, the existenc
of homometallic stoichiometric binuclear elimination reactio
raises the issue of related catalytic possibilities. Such a me
nism would provide the basis for a catalytic binuclear elimi
tion reaction (CBER).

The cobalt-mediated hydroformylation reaction represe
the best example of both stoichiometric and catalytic inve
gations. The reaction of acyl cobalt tetracarbonyls with co
tetracarbonyl hydride was first reported by Heck and Bres
[25], then extensively investigated by the Vesprem group[26–
28]. Both groups suggested that a catalytic analog to stoic
metric CBER may be present in addition to a unicyclic topolo
during cobalt-catalyzed hydroformylations. The possible p
ence of CBER was further suggested by in situ spectrosc
of the cobalt-catalyzed hydroformylation[41]. In 1983, Mir-
bach conducted an in situ infrared IR study of the homogene
cobalt-catalyzed hydroformylation of 1-octene and found
perhaps 4% of the product formation arose from a homom
lic CBER [42].

Based on studies of the elimination mechanism of osm
alkyls and osmium hydrides, Norton suggested that binuc
elimination is probably much more common than has been
alized, because of the extraordinary ability of metal hydride
fill vacant coordination sites on other metals[30]. He also ar-
gued that binuclear elimination is probably involved to so
extent in the cobalt-catalyzed oxo reaction. In his later work
the relative nucleophilicity of metal hydrides, Norton further
dicated that binuclear elimination could be the terminal ste
catalytic hydroformylation[37].

In addition, in the studies of a surface-tethered sili
supported rhodium hydroformylation of styrene, Collman
al. [43] found a nonlinear rate dependence of the hydrofor
lation of styrene with the surface concentration of the rhod
catalyst species. Accordingly, these authors discussed the
sibility of dinuclear reductive elimination as the site–site int
action[43].

An in situ spectroscopic attempt to identify a homome
lic CBER in the unmodified homogeneous rhodium-cataly
hydroformylation reaction was conducted in 1999[44]. In that
study, cyclohexene was used as a substrate, because the
equilibrium-controlled precursor conversion would result
only ca. 10% conversion of Rh4(CO)12 at 6.0 MPa CO partia
pressure. Thus the catalytic system should contain conside
quantities of HRh(CO)4 in equilibrium with Rh4(CO)12 in ad-
dition to the RCORh(CO)4 present, and hence the probabil
of binuclear elimination between HRh(CO)4 and RCORh(CO)4
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should be nonnegligible. However, no statistical evidence
homometallic CBER could be found. It is worth mentioni
that no spectroscopic evidence for the presence of obser
quantities of HRh(CO)4 could be obtained in that study, mo
likely due to the lack of appropriate signal processing tool
that time.

The development of band-target entropy minimizat
(BTEM) [45–50]and associated algebraic tools[51] has made
it possible to conduct more detailed in situ studies. Rece
we obtained strong evidence forbimetallic CBER kinetics in
the rhodium-catalyzed hydroformylation of 3,3-dimethyl-b
1-ene and cyclopentene promoted with HMn(CO)5 [52,53].
This prompted renewed interest in anomalous homom
lic rhodium hydroformylation. Because the rhodium-cataly
hydroformylation of cyclooctene is also known to exhi
equilibrium-controlled precursor conversion, we have reinv
tigated the rhodium-catalyzed hydroformylation of cycloocte
in an attempt to better understand the kinetics[54]. The presen
paper reports this effort and our conclusion that a signific
homometallic CBER is present.

2. Experimental

2.1. General information

All solution preparations and transfers were carried out
der purified argon (99.9995%, Saxol; Singapore) atmosp
using standard Schlenk techniques[55]. The argon was furthe
purified before use by passing it through a deoxy and ze
column. Purified carbon monoxide (research grade, 99.9
Saxol; Singapore) and purified hydrogen (99.9995%, Sa
Singapore) were also further purified through deoxy and
olite columns before being used in the hydroformylation
periments. Purified nitrogen (99.9995%, Saxol; Singapore)
used to purge the Perkin–Elmer 2000 Fourier transform infra
(FTIR) spectrometer system.

Rh4(CO)12 (98%) was purchased from Strem Chemic
and was used without further purification. The cyclooct
(99.9%, Chemsampco) was dehydrated with CaH2 before use
and stored under argon in a refrigerator. After dehydrating
other species could be detected by GC (HP6890; HP-F
polyethylene glycol TPA capillary column, 100◦C; flame ion-
ization detector, 250◦C).The puriss-qualityn-hexane (99.6%
Fluka) was distilled from sodium-potassium alloy under arg
for ca. 5 h to remove trace water and oxygen.

2.2. Apparatus

In situ kinetic studies were performed in a 1.5-L stainle
steel (SS316) autoclave (Pmax= 22.5 MPa; Buchi–Uster), con
nected to a high-pressure IR flow cell. The system is the s
as that used in earlier studies[14–17], and a schematic diagra
of the experimental setup has been provided previously[17].

2.3. In situ spectroscopic and kinetic studies

A total of 16 kinetic experiments in 5 sets were perform
In each set, one experimental parameter was systemat
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Table 1
Presently known homometallic stoichiometric binuclear elimination reactions

No Reaction Reference

1 2HCo(CO)4 → Co2(CO)8 + H2 [22,23]
2 2HMn(CO)5 → Mn2(CO)10 + H2 [24]
3 RCOCo(CO)4 + HCo(CO)4 → Co2(CO)8 + RCHO [25–27]
4 RCo(CO)4 + HCo(CO)4 → Co2(CO)8 + RH [28]
5 2Os(CO)4H2 → H2Os2(CO)8 + H2 [29–31]
6 2Os(CO)4(H)CH3 → HOs(CO)4Os(CO)4CH3 + CH4 [29–31]
7 Os(CO)4H2 + Os(CO)4(CH3)2 → HOs(CO)4Os(CO)4CH3 + CH4 [29–31]
8 Os(CO)4H2 + Os(CO)4(H)CH3 → H2Os2(CO)8 + CH4 [29–31]
9 RMn(CO)5 + HMn(CO)5 → Mn2(CO)9 + RCHO [32–34]

10 2HRh(CO)2(PPh3)2 → Rh2(CO)2(PPh3)2 + H2 + 2CO [35]
11 2HIr(CO)(PPh3)3 → Ir2(CO)2(PPh3)4 + H2 + 2PPh3 [36]
12 EtRe(CO)5 + HRe(CO)5 → EtCHO+ Re2(CO)9 [37]
13 EtHFe(CO)4 + CH3CH2C(=O)FePPh3(CO)3 → CH3CH2CHO+ EtFe2PPh3(CO)7 [38]
14 (η5-C5H5)Mo(CO)3H + (η5-C5H5)Mo(CO)3R→ (η5-C5H5)2Mo2(CO)4 + RCHO+ CO [39,40]
-
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Table 2
Experimental design for the Rh4(CO)12 catalyzed hydroformylation of cyclo
octene

Experiment CO
(MPa)

H2
(MPa)

Cyclooctene
(mL)

Rh4(CO)12
(mg)

Temperature
(K)

Standard
CO
variation

4.0 2.0 10 100.1 298.0
2.0 2.0 10 99.9 298.0
3.0 2.0 10 99.9 298.0
5.0 2.0 10 103.2 298.0

H2 variation 4.0 1.0 10 105.2 298.0
4.0 3.0 10 104.0 298.0
4.0 4.0 10 98.2 298.0

Cyclooctene
variation

4.0 2.0 5 100.7 298.0
4.0 2.0 15 100.9 298.0
4.0 2.0 20 98.8 298.0

Rh4(CO)12
variation

4.0 2.0 10 50.5 298.0
4.0 2.0 10 198.7 298.0
4.0 2.0 10 255.3 298.0

Temperature
variation

4.0 2.0 10 100.2 293.0
4.0 2.0 10 100.1 303.0
4.0 2.0 10 101.6 308.0

varied while the remaining variables were kept essentially c
stant. The detailed experimental design for this study is g
in Table 2. The experimental design of the experiments
volved 300 mL of solvent and the following intervals: tempe
ture, 293–308 K;PH2, 1.0–4.0 MPa;PCO, 2.0–5.0 MPa; initial
alkene, 5–20 mL; and initial Rh4(CO)12, 50.5–255.3 mg.

All of the experiments were performed in a similar mann
A typical procedure for the standard experiment was as
lows. First, background spectra of the IR sample chamber w
recorded. Then 150 mL ofn-hexane was transferred under
gon to the autoclave. Under 0.2 MPa CO pressure, IR spe
of then-hexane in the high-pressure cell were recorded. The
tal system pressure was raised to 4.0 MPa CO, and the s
and high-pressure membrane pump were started. After eq
bration, IR spectra of the CO/n-hexane solution in the high
pressure cell were recorded. A solution of 10 mL of cyclooct
dissolved in 50 mL ofn-hexane was prepared, transferred
the high-pressure reservoir under argon, pressurized with
-
n

.
-
re

ra
-
er
li-

e

,

and then added to the autoclave. After equilibration, IR spe
of the cyclooctene CO/n-hexane solution in the high-pressu
cell were recorded. A solution of ca. 100 mg of Rh4(CO)12 dis-
solved in 50 mL ofn-hexane was prepared, transferred to
high-pressure reservoir under argon, pressurized with CO
then added to the autoclave. After equilibration, IR spectr
the Rh4(CO)12/cyclooctene/CO/n-hexane solution in the high
pressure cell were recorded. After this, 2.0 MPa of hydro
was added to initiate the synthesis.

The in situ spectra were obtained every 15 min during e
6-h experiment in the range of 1000–2500 cm−1 with a resolu-
tion of 4 cm−1. A total of 320 spectra were obtained for furth
spectroscopic and kinetic analyzes.

Two relevant reviews on in situ IR spectroscopic stud
of general catalytic systems[56] and in situ IR spectroscopi
studies of the hydroformylation reaction[57] have recently ap
peared.

2.4. Transport considerations

The primary transport issues to consider in a homogen
catalytic reaction being monitored by in situ spectroscopy
(1) the mixing times in the continuous-stirred tank reac
(CSTR) and recycling system, (2) the rate of gas–liquid m
transfer compared with the rate of reaction, and (3) the exte
reaction occurring outside the CSTR and inside the recycle
(i.e., the composition difference between outlet and inlet). A
view of these issues and the associated calculations have
provided previously[58]. The mixing time in the CSTR and re
cycling loop was on the order of a few minutes. The experim
tally measured overall mass transfer coefficients,KLa, for hy-
drogen and carbon monoxide inton-hexane at 200 rpm were a
proximately 0.1 and 0.06 s−1, respectively. Taking into accoun
the gas solubility at the mean reaction conditions, the m
mum rates of mass transfer were ca. 3× 10−3 mol fraction/s.
Because the maximum observed rate of hydroformylation
this study was ca. 3.5 × 10−7 mol fraction/s, all hydroformy-
lation experiments exhibited product formation rates belong
to the category H of Hatta classifications—infinitely slow
action compared with gas–liquid mass transfer. Saturatio
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Fig. 1. A singular value decomposition of the in situ spectroscopic data s
ing the 1st, 2nd, 4th, 7th, 12th, 19th, 50th significant vectors and the 3
vector. The labeled extrema are those which were used to recover the
organometallic component spectra as well as alkene and aldehyde by B
The reaction conditions arePCO = 2.0–5.0 MPa, PH2 = 1.0–4.0 MPa, cy-
clooctene= 5–20 mL, Rh4(CO)12 = 50.5–255.3 mg in 300 mLn-hexane at
298 K.

the beginning of a run was achieved on the order of a
minutes. The mixing issues together with the initial gas–liq
mass transfer issue indicate that transport effects influenc
first few minutes of reaction. The residence time in the recy
loop was on the order 2 min. The concentrations of the reag
dissolved CO, H2, and cyclooctene varied by<1% along the
recycling loop during this period. Accordingly, the concent
tions of these components as well as the organometallics a
spectrometer are only differentially removed from the conc
trations within the CSTR, and thus the measurements are
in situ.

2.5. Computations

The newly developed algorithms of BTEM for spectral d
convolution and algebraic system identification for cataly
reaction modeling were used to analyze the in situ IR spe
[45–51].

3. Results

3.1. Spectroscopic aspects

The 320 in situ FTIR spectra in this experimental stu
were analyzed over the spectral interval 1550–2230 cm−1 with
data intervals of 0.2 cm−1. Fig. 1 shows notable vectors from
-
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Fig. 2. The recovered pure component spectra of the organic and organo
lic species using BTEM: (a) Rh4(CO)12, (b) RCORh(CO)4, (c) HRh(CO)4,
(d) cyclooctene, (e) cyclooctane carboxaldehyde, and (f) ketone. The rea
conditions arePCO = 2.0–5.0 MPa,PH2 = 1.0–4.0 MPa, cyclooctene= 5–
20 mL, Rh4(CO)12 = 50.5–255.3 mg in 300 mLn-hexane at 298 K.

the singular value decomposition of the spectroscopic
trix A320×3401. These vectors contain the chemically imp
tant spectral features for the pure component spectra.Fig. 2
shows the correspondingly recovered pure component sp
obtained from the BTEM analysis (solvent hexane, atmosph
moisture, and CO2 and dissolved CO are omitted).

Fig. 2 shows that the reconstructed pure component s
tra are consistent with those obtained in the numerous prev
in situ FTIR spectroscopic studies of the unmodified rhodiu
catalyzed hydroformylation of alkenes[14–17,44–51]. These
studies have shown that the rhodium precursors are transfo
under reaction conditions to generate observable quantities
mononuclear acyl complex, namely RCORh(CO)4, with char-
acteristic features at 1698, 2020, 2039, 2065, and 2111 c−1.
To date, approximately 20 acyl rhodium tetracarbonyl co
plexes have been observed in situ[20], but evidence for ob
servable quantities of other intermediates has been excep
ally difficult to obtain. The most obvious coordinately sa
rated 18e-mononuclear species expected under hydroform
tion conditions are the hydride HRh(CO)4 [59,60]and the alkyl
RRh(CO)4. Spectroscopic evidence of the existence of the
mer under syngas has developed over the years, and outsta
spectra of both HRh(CO)4 [2002.8(vw), 2041.6(vs), 2071.8(m
2123.6(vw) cm−1] and DRh(CO)4 were obtained recently[48].
However, analyzes of spectra from active unmodified hyd
formylations have not conclusively indicated observable qu
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Fig. 3. The target and projected pure component spectra of HRh(CO)4: (a) tar-
get vector and (b) projected vector. The reaction conditions arePCO =
2.0–5.0 MPa,PH2 = 1.0–4.0 MPa, Cyclooctene= 5–20 mL, Rh4(CO)12 =
50.5–255.3 mg in 300 mLn-hexane at 298 K.

tities of HRh(CO)4 until now. The spectrum of HRh(CO)4 was
recoverable in the present study.

The resolved spectrum is a little distorted, although the
mary bands at ca. 2042, 2071, and 2123 cm−1 could be recov-
ered. Some random signals associated with measurement
are observed. In addition, target factor analysis (TFA)[61] was
performed to provide independent confirmation of HRh(CO4.
A pure component spectrum of HRh(CO)4 obtained from a non
catalytic experiment in this laboratory was used as the ta
vector and was projected onto 50 vectors of theV T matrix.
Fig. 3 shows the target and projected pure component spe
These results indeed confirm the presence of the compone
very low concentration. The projected vector has a good sig
to-noise ratio of>25:1.

In most investigations of hydroformylation reactions, t
corresponding aldehyde is by far the predominant overal
ganic product, particularly when rhodium is used. Howev
sometimes ketone and even polyketone formation is non
ligible [18,19]. In the present experiments, ketone format
occurred as confirmed by the spectral feature at 1720 cm−1.

Table 3gives the contributions of each component to
spectral absorbance, as well as the total percentage of s
recovery. The contribution of moisture to the total signal in t
1999 experimental dataset was a very significant 27.49%.
later studies show significantly less moisture in the FTIR sp
tra. Such a large contribution of moisture, with its sharp
nonstationary bands, puts considerable restrictions on the
tral recovery and total percentage of signal that can be mod
Despite this difficulty, however, ca. 99% of the signal could
modeled. The total signal associated with the organometa
was only ca. 2.8%.

In the interest of completeness, it should be mentioned
the presence of trace amounts of conjugated 1,3-cyclooctad
in the cyclooctene substrate cannot be excluded. (Conjug
dienes are common impurities in cycloalkenes.) As shown
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Table 3
Percentage of integrated absorbance for each component compared to th
original experimental data

Component Integrated intensity
of each component (%

Moisture 27.49
n-hexane 33.65
Dissolved CO 31.58
Rh4(CO)12 2.26
C8H15CHO 2.09
Cyclooctene 0.89
RCORh(CO)4 0.50
Ketone 0.44
HRh(CO)4 0.08
Rh6(CO)16

a

Total 98.98

a Negligible contribution. Pure component spectrum not recoverable but
ence verified by TTFA.

viously [62], the presence of conjugated dienes in rhodiu
catalyzed hydroformylations often results in a new charac
istic metal–carbonyl vibration at ca. 1992 cm−1. A weak local
extremum at 1992 cm−1 was observed in theV T vectors of this
study, but pure component spectral recovery was unsucces

3.2. Representative experiments and kinetics

The 16 experiments provided 5 distinct subsets, which w
then analyzed for precursor conversion and organic pro
formation. In what follows, to save space, we summarize
results of the equilibrium conversion and present only
rhodium series in their entirety. The remaining results can
found in the supporting information.

3.2.1. The rhodium variation experiments
The set of experiments associated with the variation

rhodium were all conducted with the initial conditions
4.0 MPa CO, 2.0 MPa hydrogen, and 10 mL cyclooctene
300 mL n-hexane at 298 K. The initial amounts of rhodiu
precursor Rh4(CO)12 were 52.6, 102.1, 199.8, and 253.3 mg

3.2.1.1. Precursor conversionFig. 4 shows the mole frac
tions of the catalyst precursor and the one and only quan
able mononuclear intermediate, RCORh(CO)4, as a function of
time. The time series show very little scatter in the mole frac
data. As seen in this figure, the precursor and RCORh(C4
rapidly achieved a more-or-less steady-state situation in ca
min. The percent conversion for these four experiments wa
20.9, 12.0, 7.6, and 6.3%.Fig. 4 indicates that the formation o
RCORh(CO)4 and disappearance of Rh4(CO)12 are consisten
with a good mass balance on rhodium. A small increase in
concentration of Rh4(CO)12 and a small decrease in the conce
tration of RCORh(CO)4 occurred over time due to consumpti
of the substrate.

3.2.1.2. Aldehyde Fig. 5shows the mole fractions of the ald
hyde product as a function of time. Again, the time series s
very little scatter in the mole fraction data. A small inducti
period occurred in the first 30 min of each series. The r
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Fig. 4. Time series data for the primary quantifiable organorhodium sp
present during the rhodium variation set of experiments. The data points
line represent RCORh(CO)4, while those without line represent Rh4(CO)12.
The remaining reaction conditions are held constant atValkene= 10 mL,
PCO = 4.0 MPa,PH2 = 2.0 MPa, at 298 K.

of reaction for these four experiments were ca. 1.4 × 10−7,
1.8× 10−7, 2.3× 10−7, and 2.6× 10−7 mol fraction/s.

3.2.1.3. Turnover frequencyFig. 6shows the TOFs for alde
hyde formation based on the instantaneous mole fraction
RCORh(CO)4 in each experiment as a function of Rh4(CO)12
loading and as a function of time. These time series data de
strate increased scatter due to the fact that two indepen
experimental observations are needed for each data point
gression of the data for each run provided the values T
(52.60 mg)= (6.20± 0.16) × 10−3 s−1, TOF (102.10 mg)=
(6.85± 0.10)× 10−3 s−1, TOF (199.80 mg)= (7.50± 0.09)×
10−3 s−1, and TOF (253.30 mg)= (7.93± 0.57) × 10−3 s−1,
where the errors were listed as twice the standard deviation
95% confidence limit). Clearly, TOF is not a constant; it
creases with increased loading of Rh4(CO)12.

Previous studies of unmodified rhodium-catalyzed hyd
formylations of 3,3-dimethyl-but-1-ene have repeatedly sho
that TOF is a function of temperature, hydrogen pressure,
carbon monoxide pressure[15,52]. The present results clear
show that TOF is also dependent on rhodium loading. Th
not expected for a unicycle catalytic mechanism, which
s
h
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nt
e-
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-
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Fig. 5. Time series data for the organic product C8H15CHO present during the
rhodium variation set of experiments. The remaining reaction conditions
held constant atValkene= 10 mL,PCO = 4.0 MPa,PH2 = 2.0 MPa, at 298 K.

rates linear in the total concentration of intermediates. The
served nonlinear aspects of TOF indicate the possible cont
tion of a CBER to the final product formation.

3.3. Analysis of precursor conversion

The precursor Rh4(CO)12 should be equilibrated with th
hydride species HRh(CO)4, and this species should be eq
librated with its coordinately unsaturated hydride, HRh(CO3.
As derived previously[16], a steady-state assumption can
imposed on the concentration of HRh(CO)3 in terms of its dis-
appearance due to alkene coordination and its formation
to hydrogenolysis of the acyl complex. This results in an
pression forequilibrium-controlledprecursor formation in un
modified rhodium-catalyzed hydroformylations of the form
Eq. (1), where the subscript denotes steady-state conce
tions. In the hydroformylation of cyclohexene, the experim
tally determined relationship was that of Eq.(2) [16], where
[Rh4(CO)12], [CO], [H2], and [R′] represent the mole fraction
of precursors, dissolved gases, and substrate used:

[RCORh(CO)4]SS = Φ[Rh4(CO)12]0.25
SS [CO][H2]−0.5[R′]1,

(1)
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Fig. 6. The effects of Rh4(CO)12 loadings on the turnover frequencies (TO
for aldehyde formation. The remaining reaction conditions were held con
atValkene= 10 mL,PCO = 4.0 MPa,PH2 = 2.0 MPa, at 298 K.

[RCORh(CO)4]SS
= Φ[Rh4(CO)12]0.3

SS[CO]1.1[H2]−0.3[R′]0.9. (2)

In the present experimental study for the hydroformylat
of cyclooctene, a multilinear regression was performed for
pseudo-steady-state concentration of the acyl rhodium tetr
bonyl in terms of the remaining reactants in the system (w
all experimental runs used). The obtained relationship is g
in Eq. (3). The values of the exponents have rather accept
statistical bounds, so the data and regression appear to be
good. The exponents are quite similar to those previously
tained experimentally in the case of cyclohexene and consi
with the hypothesis of equilibrium-controlled precursor conv
sion. In particular, the nuclearity difference between precu
and intermediate is clearly shown by the exponent of 0.23
Rh4(CO)12:

[RCORh(CO)4]SS= Φ[Rh4(CO)12]0.23±0.1
SS [CO]1.4±0.2

(3)×[H2]−0.3±0.2[R′]0.7±0.3.

3.4. Analysis of catalytic kinetics

TOF analysis of the experimental data associated with th
fect of initial Rh4(CO)12 (Fig. 6) suggests that a possible CBE
t

e
r-

n
le
her
-
nt

r
r

f-

exists in this system. In principle, the bimolecular reaction
RCORh(CO)3 with molecular hydrogen is not the only mec
anism available for the hydrogenolysis of RCORh(CO)4. The
possibility also exists that some aldehyde formation occurs
a bimolecular elimination reaction, similar to that found for t
unmodified cobalt system under stoichiometric conditions[25],
which is shown by

HCo(CO)4 + RCOCo(CO)3,4 → RCHO+ Co2(CO)7,8. (4)

Under the experimental condition, there may exist severa
tive species that could be involved in product formation,
cluding RCORh(CO)3, RCORh(CO)4, HRh(CO)3, HRh(CO)4.
In principle, both hydride rhodium species can react with b
acyl rhodium species to yield aldehydes,

HRh(CO)3,4 + RCORh(CO)3,4 → RCHO+ Rh2(CO)6,7,8. (5)

We now state the working hypothesis that the experimental
tem consists of a simultaneous unicyclic reaction mechan
and a homometallic CBER. Accordingly, the rate of hyd
formylation should take the general form

rate= k1[RCORh(CO)4][CO]−1[H2]
+ k2[RCORh(CO)4][HRh(CO)4][CO]X. (6)

Because it is difficult to quantify the HRh(CO)4 in the present
study due to its weak signal, the following equation is u
to replace the concentration of saturated HRh(CO)4 with
[Rh4(CO)12]1/4[H2]1/2[CO]1:

Rh4(CO)12 + 2H2 + 4CO↔ 4HRh(CO)4. (7)

Thus the new expression for the rate of hydroformylation
terms of observable organometallics becomes

rate= k1[RCORh(CO)4][CO]−1[H2]
+ k2[RCORh(CO)4][Rh4(CO)12]1/4[H2]1/2[CO]Y . (8)

Dividing through by the acyl rhodium tetracarbonyl concen
tion provides the following working expression for the appar
TOF of aldehyde formation:

TOFtotal = k1[CO]−1[H2] + k2[Rh4(CO)12]1/4[H2]1/2[CO]Y .
(9)

Again, the first term presents the classic unicyclic hydroform
lation mechanism, and the second term is the contribution f
the CBER. All of the experimental data at 298 K were used
regress the foregoing equation to provide the values

k1 = (1.600± 0.109) × 10−2 s−1,

k2 = (5.603± 1.143) × 10−2 s−1,

and

y = −(6.275± 0.732) × 10−1.

To further evaluate the contribution of a CBER, we prepare
plot of the TOFs versus [Rh4(CO)12]1/4 from the Rh4(CO)12
series of experiments (Fig. 7). Regression of all of the rhodium
series data provided the following result:

TOF = 0.00360± 0.00030 s−1 + 0.03806± 0.00328 s−1

(10)×[Rh4(CO)12]0.25,
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Fig. 7. The dependence of the instantaneous values of TOF on the instanta
values of observable Rh4(CO)12 for the set of experiments with varying nom
nal rhodium concentration. The remaining reaction conditions are held con
atValkene= 10 mL,PCO = 4.0 MPa,PH2 = 2.0 MPa at 298 K.

where the errors are presented as twice the standard devi
This indicates that the contributions of catalytic binuclear el
ination are 36.7, 42.7, 47.7, and 48.6% at initial Rh4(CO)12

loadings of 52.60, 102.10, 199.80, and 253.30 mg, respecti
The lowest points inFig. 7 represent the first measurements
each run and, as such, they represent outliers.

4. Discussion

4.1. Spectroscopic considerations

The in situ spectroscopic measurements and analyzes
in relatively good pure component spectra and concentra
profiles for the organic substrate cyclooctene, the primary
ganic product cyclooctane carboxaldehyde, the organic ke
side product, the organometallic precursor Rh4(CO)12, and the
primary organometallic intermediate RCORh(CO)4. In addi-
tion, using BTEM and TFA made it possible to confirm t
presence of observable quantities of HRh(CO)4 during catal-
ysis, but the signals were too weak to obtain accurate
centration profiles as a function of time. The unusually h
atmospheric moisture content in these spectra was a signifi
ous

nt

n.

y.

ult
n
-
e

-

nt

factor contributing to limitations in both pure component sp
tral reconstructions and the concentration profiles.

4.2. Equilibrated HRh(CO)4

The existence of a rapidly obtainable equilibrium betwe
observable quantities of a rhodium carbonyl comp
[Rh4(CO)12] and observable quantities of HRh(CO)4 at room
temperature under noncatalytic experiments and relati
moderate syngas pressures has been firmly established[48].
The catalytic case is more complex. Marko et al.[63] observed
that the rate of hydroformylation of cyclohexene starting w
Rh6(CO)16 is proportional to the 1/6th power of the initial car-
bonyl concentration, that is, [Rh6(CO)16]1/6. These data sug
gest an equilibrium between the hexanuclear rhodium carb
complex precursor and a mononuclear rhodium hydride du
catalysis. Our work starting with Rh4(CO)12 as precursor an
cycloalkenes as substrates showed that equilibrium-contr
precursor conversion occurs among the observable tetranu
precursor, an unobservable mononuclear hydride, and the
servable mononuclear rhodium acyl carbonyl[16]. The rate
of cyclohexene hydroformylation starting with Rh4(CO)12 was
proportional to the 1/4th power of the initial carbonyl con
centration, that is, [Rh4(CO)12]1/4. This was then shown t
be a more general phenomenon, because equilibrium prec
conversion was also seen with other cyclic alkenes, inclu
cyclooctene[20]. Rhodium carbonyl hydride was not obser
able in either of the aforementioned spectroscopic studies.

In the present study, the development of BTEM mad
possible to detect HRh(CO)4. Although equilibrium-controlled
precursor conversion is seen in this system, and altho
HRh(CO)4 must be in equilibrium exchange with the precurs
it was not possible to experimentally quantify the equilibriu
Again this was due to the weak signals involved and, more
portantly, the unusually high atmospheric moisture conten
the spectra and the resulting difficulties in obtaining good c
centration profiles. Accordingly, it was necessary to model
equilibrium concentrations of HRh(CO)4 in terms of the more
accurate measurements of the instantaneous concentratio
Rh4(CO)12.

4.3. Kinetics and evidence for homometallic CBER

The classic unicyclic unmodified rhodium catalytic cyc
must exist during the hydroformylation of cyclooctene as
does during the hydroformylations of other alkenes that h
been modeled successfully[14–16]. Accordingly, the observa
ble rate of hydroformylation must have a linear term in the to
concentration of rhodium intermediates. Indeed, this is ex
imentally verified by the termk1[RCORh(CO)4][CO]−1[H2].
However, a second catalytic mechanism is operating simult
ously, arising from the attack of HRh(CO)4 on the primary ob-
servable rhodium intermediate RCORh(CO)4 [or, more appro-
priately, the coordinately unsaturated species RCORh(CO3].
This generates a second term in the rate expression invo
the product [RCORh(CO)4][HRh(CO)4]. This term is quadratic
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Scheme 1. Proposed reaction mechanism for the simultaneous interconnected unicyclic and homometallic CBER hydroformylation reactions. The species HRh(CO)4
and RCORh(CO)4, represented in bold type, are the observable organometallics under reaction conditions.
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in rhodium. This second term accounts for the contribution
the homometallic CBER.

The topology of this interconnected catalytic rhodium s
tem, consisting of both a unicyclic mechanism and homome
lic CBER involving rhodium alone, and giving rise to linea
quadratic kinetics, is shown inScheme 1.

It is possible, perhaps even probable, that the binuc
mechanism exists in many (or most) other hydroformylati
of alkenes, including very reactiveα-olefins. However, the ex
perimentally determined kinetics probably will not indicate
presence of a statistically significant quadratic term in m
of these systems due to the ultra-low steady-state conce
tions of HRh(CO)4 and hence low probability for CBER. I
this study with cyclooctene, the quadratic term is statistic
verifiable. It arises in large part due to the relatively high c
centrations of HRh(CO)4 present throughout the entire reacti
period due to equilibrated conversion with the large poo
Rh4(CO)12 available.

4.4. Clarification of equilibrium-controlled precursor
conversion

Equilibrium-controlled precursor conversion was first exp
imentally observed and successfully modeled for the cas
f

l-

r

t
a-

-

f

f

Rh4(CO)12 as precursor in the hydroformylation of cyclohe
ene [16]. The hydroformylation kinetics are consistent on
with a unicyclic catalytic reaction topology. Under this wor
ing assumption, a pseudo-steady-state hypothesis was po
for the concentration of HRh(CO)3, and Eq.(3) was derived.
The crucial equation for the pseudo-steady-state hypothes

d[HRh(CO)3]/dt ≈ 0

= ki[RCORh(CO)4][CO]−1[H2]
(11)− kii [Rh4(CO)12]1/4[H2]1/2[alkene].

In the present contribution, the system has simultaneously
unicylic and one homo-bimetallic CBER reaction topology. U
der this circumstance, there exists an extra term in the ps
steady state hypothesis, namely that arising from the CB
contribution. The resulting equation is

d[HRh(CO)3]/dt ≈ 0

= ki[RCORh(CO)4][CO]−1[H2]
− kii [Rh4(CO)12]1/4[H2]1/2[alkene]
+ kiii [RCORh(CO)4][Rh4(CO)12]1/4[H2]1/2[CO]−1.

(12)
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ce
Table 4
Comparison of unicyclic TOF for previous rhodium hydroformylations

Substrate Metals used TOFuni (min−1) Reaction topologies present Referen

3,3-Dimethyl-but-1-ene Rh 0.11a Unicyclic [15]
Cyclohexene Rh 0.135b Unicyclic [16]
Styrene Rh 0.056, 0.076c Unicyclic [17]
3,3-Dimethyl-but-1-ene Rh, Mn 0.079d Unicyclic and hetero-bimetallic CBER [43]
Cyclopentene Rh, Mn 0.12e Unicyclic and hetero-bimetallic CBER [44]
Cyclooctene Rh 0.21f Unicyclic [20]

a At 293 K, 2.0 MPa CO, 2.0 MPa H2 in n-hexane.
b At 293 K, 6.0 MPa CO, 2.0 MPa H2 in n-hexane.
c Minor and major region-selective cycles at 298 K, 5.0 MPa CO, 0.5 MPa H2 in n-hexane.
d At 298 K, 2.0 MPa CO, 1.0 MPa H2 in n-hexane.
e At 289.7 K, 2.0 MPa CO, 2.0 MPa H2 in n-hexane.
f At 298 K, 4.0 MPa CO, 2.0 MPa H2 in n-hexane.
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Therefore, in the case of a mixed unicyclic and CBER top
ogy, the corrected expression for equilibrium precursor con
is given by Eq.(13). Comparison with Eq.(1), which is strictly
valid only for a unicyclic topology, shows that the anticipa
observable orders for CO and alkene should remain the s
but that the orders of Rh4(CO)12 and H2 shift. As the CBER hy-
droformylation contribution becomes very large compared w
the unicyclic hydroformylation contribution, Eq.(13) becomes
proportional to just the product [alkene][CO]. In the present
of experiments, the contribution of the CBER is at most o
ca. 40% of the total aldehyde formation:

[RCORh(CO)4]SS

= kii [Rh4(CO)12]1/4
SS [H2]−1/2[alkene][CO]

(13)/
(
ki + kiii [Rh4(CO)12]1/4

SS [H2]−1/2).

4.5. Comparison of unicyclic TOF to previous rhodium
hydroformylations

The detailed kinetics of a few unmodified rhodium h
droformylation reactions (i.e., involving full rate expressio
based on observable intermediates) have been determ
using simultaneous in situ spectroscopic measurementsTa-
ble 4 lists the unicyclic TOFs determined from these stud
As Table 4 shows, the unicycle TOFs vary over a narr
range, regardless of the substrate used. In all of these
ies, the functional form of the unicyclic TOF was the sam
namely [CO]−1[H2][alkene]0. In a previous comparative stud
with rhodium at ca. 6× 10−5 mol fraction, involving ho-
mologous series of alkenes (i.e., cycloalkene, terminal lin
alkenes, internal terminal alkenes, and methylene cycloa
nes), it was observed that all of the observed TOFs w
ca. 0.04–0.20 min−1 measured at 293 K, 2.0 MPa CO, a
2.0 MPa H2 in n-hexane. In addition, cyclooctene exhibited t
highest TOF, at ca. 0.20 min−1 [20]. The present contributio
is consistent with an elevated TOF for cyclooctene.

The issue of parametric sensitivity must be raised. First
gression of the data given inFig. 7assumes an exponent equ
to 0.25 for Rh4(CO)12 so that good bounds are obtained
the rate coefficients. But this might impose a small bias,
cause the value of the unicyclic TOF is highly dependent on
-
l

e,

t

ed

.

d-
,

r
-

e

-

-
e

exact value of the exponent. If the regression were perfor
once again with an exponent equal to 0.2, then we would
tain a TOFuni equal to 0.0027± 0.0003 s−1 (i.e., 0.16 min−1),
which is more consistent with other systems. This reemphas
the foregoing argument about parametric sensitivity. Finally
extensive comparison between the TOF in this study and
obtained previously[20] is unnecessary, because the latter va
of TOF was only a rough first approximation (determined fr
a single experimental run).

4.6. Other types of systems exhibiting nonlinear or quadra
terms

It is important to mention that a few other homogeneous
alytic systems are known to exhibit rates of reaction that
nonlinear or even quadratic in metal loading. The most stu
systems involve ring-opening reactions of epoxides. For ex
ple, the asymmetric ring opening of epoxides with trimet
azide catalyzed by (Salen)CrIII complexes exhibited rates th
are second order in chromium[64]. The proposed catalyti
mechanism is in fact a monometallic CBER, because it invo
mononuclear species and dinuclear species, in which the
step is the intermolecular reaction of two chromium comple
with Salen, epoxide and azide ligands. As far as we know
detailed kinetic and mechanistic follow-up study has been p
lished to date.

Detailed kinetic and mechanistic studies of related ri
opening reactions of epoxides using zirconium complexes
zinc complexes have appeared, however. Zirconium compl
of the C3-symmetric ligand (+)-(S,S,S)-triisopropanolamine
as precursors have been shown to promote the stereosel
reaction of cyclohexene oxide and trimethyl azide, with a
action order of ca. 0.5 in total zirconium observed[65]. The
mechanism of this reaction is believed to involve a catal
cycle with exclusively dimeric zirconium intermediates. In t
case of zinc-diiminate-catalyzed copolymerization of cycloh
ene oxide and CO2, a reaction order of 1.0–1.8 in zinc w
observed[66]. The mechanism of this reaction is believed
involve a catalytic cycle with exclusively dimeric zinc inte
mediates, but the possible existence of a simultaneous cat
cycle with exclusively mononuclear zinc intermediates was
considered.
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Scheme 2. Proposed reaction topology for homometallic CBER with pu
quadratic kinetics.

4.7. Metal utilization and synthetic efficiency

In the present contribution, the quadratic effects to the o
all rate of product formation increases only slowly as the no
inal metal concentration is increased. This is due to the
the precursor is tetranuclear and its conversion is equilibri
controlled. Such a situation is particularly disadvantage
Systems with mononuclear precursors controlled by equ
rium conversion will show significantly more pronounced r
increases as a function of total metal loading.

Increasing the nominal metal loadings in small-volume s
theses provides a means of using the metal complexes
far more efficient manner. Practical reaction engineering
its to such endeavors would soon be encountered as loa
is increased, including (i) the solubility limits of the precu
sor/intermediates under reaction conditions, (ii) possible g
liquid mass transfer limitations, and (iii) the limited heat tra
fer capacity of the reactor configuration. As the nominal m
loading increased, the contribution of a unicyclic mechan
would decrease.

4.8. Generating a homometallic CBER with purely quadrat
kinetics

It is interesting to consider the possibilities and prerequis
for a homometallic CBER that would exhibit purely quadra
kinetics in organometallic species. Restricting ourselves to
alytic reactions involving hydride species, we can image a si
tion similar to that shown inScheme 1. As shown inScheme 2,
the metal, M, is modified with a ligand, L, and this modifi
hydride, HML, can react with substrate. However, further mo
y

-
-
t
-
.
-

-
a

-
ng

–

l

s

t-
-

-

cular hydrogen activation on RML proves difficult. At the sam
time, another hydride species, HML′, with ligand L′, is also
present in solution, but this species does not readily und
reaction with substrate. The homometallic CBER would do
inate the catalytic kinetics, because stepβ dominates, and a
higher-order utilization of the metal would be achieved. (I
implicitly understood that the hydrogen activation [stepα] must
be efficient.) To avoid ligand exchange, L, L′, or both may be
(or should be) nondissociating.

A qualifying statement needs to be made regarding the
eralized kinetics ofSchemes 1 and 2. The kinetic polynomial
governing a homometallic CBER would by itself have a line
quadratic form. The quadratic term controls the kinetics w
the mononuclear species are predominant and the dinu
species are minor, and thus the rate-determining step is bim
cular elimination. At very high metal loadings and low ratesα,
a shift in species distribution is possible to predominantly d
uclear species with mononuclear species as minor specie
this limit, hydrogen activation is rate-controlling, and the line
kinetic term dominates.

5. Conclusion

The present study has identified a catalytic system
exhibits linear-quadratic kinetics. These linear quadratic
netics arise from a simultaneous unicyclic mechanism an
homometallic CBER. The homometallic CBER contribute
significant amount (40%) of the reaction product. Identify
the mechanistic reasons for system activity required deta
and quantitative in situ spectroscopic measurements. The
plications of CBER include a rationale for nonlinear kine
effects that differs from those in many previously propo
mechanisms. This study has also provided further insight
equilibrium-controlled precursor conversion.
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