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Abstract

The hydroformylation of cyclooctene was studied using,®&®);> as precursor im-hexane solvent in the temperature range 293-308 K
and Pt of 4.0-8.0 MPa, using quantitative in situ infrared spectroscopy. During the course of reaction, the degradatig(iCofR3to the
intermediate RCORh(CQ)was observed, with accompanying formation of cyclooctane carboxaldehyde. The limited conversia(GDRRh
to RCORA(CO) was shown to be equilibrium-controlled. Some ketone was also formed. Spectral deconvolution was performed with ban
target entropy minimization (BTEM). The reaction kinetics for product formation, in terms of the observable organometallics, were rate
k1[RCORN(CO}][CO] ~1[H ] + k2[RCORh(CO)][Rh4(CO)12]%-29H]%-5[CO]Y . This can be rewritten as ratek1[RCOR(COY][CO] 1 x
[H2] 4+ ko[RCORh(CO)][HRh(CO)][CO]X. The hydride HRh(CQ)could be identified by BTEM but not accurately quantified. This unusual
linear-quadratic expression in rhodium species represents the kinetic form for a simultaneous interconnected unicycle catalytic mechanism a
homometallic catalytic binuclear elimination reaction (CBER). The second term accounted for ca. 40% of the observed product formation at
mean reaction conditions used in this study. The implications and opportunities presented by homometallic CBER are discussed. In partict
a form of modified homometallic CBER is proposed that will permit greater utilization of the nonlinear kinetics.
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1. Introduction droformylation of unfunctionalized alkenes has revealed that
although the rates are substantially different between classes,
One of the most widely studied transition metal homoge-the turnover frequencies (TOFs), based on the instantaneous
neous catalyzed reactiofis 2], the hydroformylation reaction concentrations of the observable acyl intermediate are for the
provides a versatile route for the synthesis of a vast array afost part very similaf14-17] This indicates a wide variabil-
bulk and specialty chemical3]. The primary transition metals ity in the conversion of precursor to intermediates. In addition, a
used are cobalt], rhodium[5], and platinuni6]. fair number of anomalies in activity or selectivity patterns have
Because of the versatility of this reaction, a very wide rangebeen observed; for example, (1) in the case of ethylene, the
of unfunctionalized and functionalized alkenes have been usegbrresponding ketone is frequently formgd,19} (2) in the
as substrate$/]. In the case of unfunctionalized rhodium- case of cyclohexene, unusually high CO pressures are needed
catalyzed hydroformylation, comparisons of activity (reactionto form the acyl complex; (3) for some cycloalkenes, there is
rates) have been studied in detail for various classes of unmod\'yery low equilibrium-controlled precursor conversidi6]; and
fied alkene substrat¢8—13], and significant variation has been (4) in the case of methylene cyclopropane, ring cleavage oc-
found. In situ studies of the unmodified rhodium-catalyzed hy'curs[20].
The observation of anomalous substrate behaviors, even
" Corresponding author. Fax: +65 6 779 1936. within a homologous series of substrates, is not restricted to
E-mail addresschemvg@nus.edu.gyl. Garland). the hydroformylation reaction alone. Indeed, other well-studied
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catalytic reactions, such as hydrogenation, have numerous doghould be nonnegligible. However, no statistical evidence of a
umented examplg&1]. The primary issue to emphasize is that homometallic CBER could be found. It is worth mentioning
further study of the origins of these anomalous observations igat no spectroscopic evidence for the presence of observable
infrequently pursued. The eventual clarification of the underly-quantities of HRh(CQ) could be obtained in that study, most
ing mechanisms behind the anomalous observations of activitjkely due to the lack of appropriate signal processing tools at
and selectivity may provide rich scientific opportunities. that time.

The study of binuclear elimination, and even catalytic bin- The development of band-target entropy minimization
uclear elimination, has been gaining interest over the past fe{BTEM) [45-50]and associated algebraic tof#d] has made
decades. These studies have been driven in part by the needitgossible to conduct more detailed in situ studies. Recently
explain anomalous activity and selectivity patterns. Presentlyye obtained strong evidence fbimetallic CBER Kkinetics in
there are ca. 14 well-defined homometallic stoichiometric binthe rhodium-catalyzed hydroformylation of 3,3-dimethyl-but-
uclear elimination reactiongéble 1. Of course, the existence 1-ene and cyclopentene promoted with HMn(€Q$2,53]
of homometallic stoichiometric binuclear elimination reactionsThis prompted renewed interest in anomalous homometal-
raises the issue of related catalytic possibilities. Such a mech#c rhodium hydroformylation. Because the rhodium-catalyzed
nism would provide the basis for a catalytic binuclear elimina-hydroformylation of cyclooctene is also known to exhibit
tion reaction (CBER). equilibrium-controlled precursor conversion, we have reinves-

The cobalt-mediated hydroformylation reaction representéigated the rhodium-catalyzed hydroformylation of cyclooctene
the best example of both stoichiometric and catalytic investiin an attempt to better understand the kineftie. The present
gations. The reaction of acyl cobalt tetracarbonyls with cobalPaper reports this effort and our conclusion that a significant
tetracarbonyl hydride was first reported by Heck and Breslowtomometallic CBER is present.

[25], then extensively investigated by the Vesprem grfaés- )

28]. Both groups suggested that a catalytic analog to stoichio?- Experimental

metric CBER may be present in addition to a unicyclic topology ) _

during cobalt-catalyzed hydroformylations. The possible pres?-1: General information
ence of CBER was further suggested by in situ spectroscopy
of the cobalt-catalyzed hydroformylatigal]. In 1983, Mir-

bach conducted an in situ infrared IR study of the homogeneo

cobalt-catalyzed hydroformylation of 1-octene and found tha{’JSing standard Schienk techniqy®s]. The argon was further

o : purified before use by passing it through a deoxy and zeolite
ﬁf@ggﬁégff the product formation arose from a hOmOmetafgolumn. Purified carbon monoxide (research grade, 99.97%,

Saxol; Singapore) and purified hydrogen (99.9995%, Saxol;

Based on studies of the elimination mechanism of Osmlunéingapore) were also further purified through deoxy and ze-

alkyls and osmium hydrides, Norton suggested that binuclear,. ) . .
LT T olite columns before being used in the hydroformylation ex-
elimination is probably much more common than has been re:

: . . : eriments. Purified nitrogen (99.9995%, Saxol; Singapore) was
QI'ZEd’ because .Of the ex_traordmary ability of metal hydrides t(gsed to purge the Perkin—Elmer 2000 Fourier transform infrared
fill vacant coordination sites on other met§®]. He also ar-

(FTIR) spectrometer system.

gued that binuclear elimination is probably involved to some o .
extent in the cobalt-catalyzed oxo reaction. In his later work on Rhu(CO)2 (98%) was purchased from Strem Chemicals

the relative nucleophilicity of metal hydrides, Norton further in and was used without further purification. The cyclooctene
b - 0 .
dicated that binuclear elimination could be the terminal step i (99.9%, Chemsampco) was dehydrated with &alffore use

. ; hnd stored under argon in a refrigerator. After dehydrating, no
catalytic hydroformylationi37]. other species could be detected by GC (HP6890; HP-FFAP

In addition, _|n the studies of_ a surface-tethered Slhca'polyethylene glycol TPA capillary column, 16@; flame ion-
supported rhodium hydroformylation of styrene, Collman etization detector, 250C).The puriss-quality:-hexane (99.6%:

aI..[43] found a n0|_'1I|near rate dependence gf the hydroformy-Fluka) was distilled from sodium-potassium alloy under argon
lation of styrene with the surface concentration of the rhodlumfor ca. 5 h to remove trace water and oxygen

catalyst species. Accordingly, these authors discussed the pos-
sibility of dinuclear reductive elimination as the site-site inter-, 5 Apparatus
action[43].

An in situ spectroscopic attempt to identify a homometal- | sjtu kinetic studies were performed in a 1.5-L stainless-
lic CBER in the unmodified homogeneous rhodium-catalyzedtee| (SS316) autoclavfax = 22.5 MPa; Buchi—Uster), con-
hydroformylation reaction was conducted in 19@@]. Inthat  nected to a high-pressure IR flow cell. The system is the same
study, cyclohexene was used as a substrate, because the knoy§that used in earlier studigisi—17] and a schematic diagram

equilibrium-controlled precursor conversion would result inof the experimental setup has been provided previddsly
only ca. 10% conversion of R{CO);» at 6.0 MPa CO partial

pressure. Thus the catalytic system should contain consideralfes. In situ spectroscopic and kinetic studies

guantities of HRh(CQ)in equilibrium with Ry (CO);2 in ad-

dition to the RCOR(CQ)present, and hence the probability A total of 16 kinetic experiments in 5 sets were performed.
of binuclear elimination between HRh(C£gnd RCORh(CQ) In each set, one experimental parameter was systematically

All solution preparations and transfers were carried out un-
u(1er purified argon (99.9995%, Saxol; Singapore) atmosphere
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Table 1
Presently known homometallic stoichiometric binuclear elimination reactions
No Reaction Reference
1 2HCo(CO) — C0oy(CO) + Ha [22,23]
2 2HMn(CO) — Mn2(CO)g + Ha2 [24]
3 RCOCO0(CO) + HCo(COY — Cop(CO)g + RCHO [25-27]
4 RC0o(CO) + HCo(CO) — C0y(CO) + RH [28]
5 20s(CO)Hy — Hy05(CO)g + Ha [29-31]
6 205s(CO)(H)CH3 — HOS(CO}Os(CO}CHz + CHy [29-31]
7 0Os(CO)H5 + Os(CO}(CHg) — HOS(COY}Os(COYCHz + CHy [29-31]
8 0Os(CO)}H5 + OS(COY(H)CH3 — H20(CO)g + CHy [29-31]
9 RMN(CO) + HMn(CO); — Mny(CO)g + RCHO [32-34]
10 2HRh(CO)(PPh), — Rhp(CO)(PPh)s + Ho + 2CO [35]
11 2HIr(CO)(PPR)3 — Iro(COR(PPh)4 + Ho + 2PPhy [36]
12 EtRe(CO3§ + HRe(CO} — EtCHO+ Rey(CO)y [37]
13 EtHFe(CO) 4+ CH3CH,C(=0)FePPR(CO); — CH3CH,CHO + EtFe,PPhy(CO), [38]
14 (#°-C5Hs5)Mo(CO)H + (7°-C5H5)Mo(CO)R—> (°-CsHs)2M02(CO)s + RCHO+ CO [39,40]
Table 2 and then added to the autoclave. After equilibration, IR spectra

Experimental design for the BCO), catalyzed hydroformylation of cyclo-  of the cyclooctene C@thexane solution in the high-pressure
octene cell were recorded. A solution of ca. 100 mg of /RBO), » dis-
Experiment CO  Hp Cyclooctene Rhy(CO), Temperature sglved in 50 mL ofn-hexane was prepared, transferred to the

(MPa) (MPa) (mL) (mg) (K) high-pressure reservoir under argon, pressurized with CO, and
Standard 4.0 20 10 1001 2980 then added to the autoclave. After equilibration, IR spectra of
co 20 20 10 999 2980 the Rhy(CO)1o/cyclooctene/CGi-hexane solution in the high-
variation 3.0 20 10 999 2980 .

50 20 10 1032 2980 pressure cell were recorded. After this, 2.0 MPa of hydrogen
b variati 20 10 10 1052 2080 was added to initiate the synthesis.

2 variation H H H H .
40 20 10 1040 2680 The in situ spectra were obtained every 15 min during each

40 40 10 982 2980 6-h experiment in the range of 1000-2500crwith a resolu-
tion of 4 cn L. A total of 320 spectra were obtained for further

Cyclooctene 4.0 20 5 10Q7 2980 . : :
variation 4.0 20 15 1009 2980 spectroscopic and k!netlc ana}lyzgs. . .
4.0 20 20 088 2980 Two relevant reviews on in situ IR spectroscopic studies
of general catalytic systenj56] and in situ IR spectroscopic
Riu(COy2 4.0 20 10 505 2980 studies of the hydroformylation reacti¢®7] have recently ap-
variation 4.0 20 10 1987 2980
40 20 10 2553 2980 peared.
Temperature 4.0 20 10 1002 2930 . .
variation 40 20 10 1001 3030 2.4. Transport considerations
4.0 20 10 1016 3080

The primary transport issues to consider in a homogeneous

. . - . . catalytic reaction being monitored by in situ spectroscopy are
varied while the remaining variables were kept essentially con - . X : .
1) the mixing times in the continuous-stirred tank reactor

stant. The detailed experimental design for this study is g'Ve'%'CSTR) and recycling system, (2) the rate of gas—liquid mass

in Table 2 The experimental design qf the experiments In'trans:fercompared with the rate of reaction, and (3) the extent of
volved 300 mL of solvent and the following intervals: t‘?”,]Pera'reaction occurring outside the CSTR and inside the recycle loop
ture, 293-308 KiPy,, 1.0-4.0 MPaPco, 2.0-5.0 MPa; initial  j o ' the composition difference between outlet and inlet). A re-
alkene, 5-20 mL; and initial RICCO)2, 50.5-2553 mg. view of these issues and the associated calculations have been
All of the experiments were performed in a similar manner.,rqvided previously58]. The mixing time in the CSTR and re-
A typical procedure for the standard experiment was as folgycling loop was on the order of a few minutes. The experimen-
lows. First, background spectra of the IR sample chamber WeIRly measured overall mass transfer coefficieitsg, for hy-
recorded. Then 150 mL of-hexane was transferred under ar- drogen and carbon monoxide intehexane at 200 rpm were ap-
gon to the autoclave. Under 0.2 MPa CO pressure, IR spectigoximately 0.1 and 0.06°$, respectively. Taking into account
of then-hexane in the high-pressure cell were recorded. The tathe gas solubility at the mean reaction conditions, the maxi-
tal system pressure was raised to 4.0 MPa CO, and the stirrgdum rates of mass transfer were cax 30~2 mol fractiorys.
and high-pressure membrane pump were started. After equilBecause the maximum observed rate of hydroformylation in
bration, IR spectra of the C@/exane solution in the high- this study was ca..8 x 10~7 mol fractiorys, all hydroformy-
pressure cell were recorded. A solution of 10 mL of cyclooctendation experiments exhibited product formation rates belonging
dissolved in 50 mL ofi-hexane was prepared, transferred toto the category H of Hatta classifications—infinitely slow re-
the high-pressure reservoir under argon, pressurized with C@gction compared with gas-liquid mass transfer. Saturation at
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Fig. 1. A singular value decomposition of the in situ spectroscopic data show- Wavenumber (cm'1)

ing the 1st, 2nd, 4th, 7th, 12th, 19th, 50th significant vectors and the 320th

vector. The labeled extrema are those which were used to recover the pufdd. 2. The recovered pure component spectra of the organic and organometal-
organometallic component spectra as well as alkene and aldehyde by BTENIC species using BTEM: (a) R{CO)12, (b) RCORN(CO), (c) HRh(CO},

The reaction conditions arco = 2.0-50 MPa, P4, = 1.0-40 MPa, cy- (d) cyclooctene, (e) cyclooctane carboxaldehyde, and (f) ketone. The reaction

clooctene= 5-20 mL, Rh(CO);» = 50.5-255.3 mg in 300 mki-hexane at ~ conditions arePco = 2.0-50 MPa, Py, = 1.0-40 MPa, cyclooctene= 5-
208 K. 20 mL, Riy(CO) 2 = 50.5-255.3 mg in 300 mk-hexane at 298 K.

the beginning of a run was achieved on the order of a fewhe singular value decomposition of the spectroscopic ma-
minutes. The mixing issues together with the initial gas—liquidtrix As2ox3401. These vectors contain the chemically impor-
mass transfer issue indicate that transport effects influence thant spectral features for the pure component speEita. 2

first few minutes of reaction. The residence time in the recycleshows the correspondingly recovered pure component spectra
loop was on the order 2 min. The concentrations of the reagentsbtained from the BTEM analysis (solvent hexane, atmospheric
dissolved CO, H, and cyclooctene varied by1% along the moisture, and C@and dissolved CO are omitted).

recycling loop during this period. Accordingly, the concentra-  Fig. 2 shows that the reconstructed pure component spec-
tions of these components as well as the organometallics at thea are consistent with those obtained in the numerous previous
spectrometer are only differentially removed from the concenin situ FTIR spectroscopic studies of the unmodified rhodium-
trations within the CSTR, and thus the measurements are trulyatalyzed hydroformylation of alkeng$4—17,44-51] These

in situ. studies have shown that the rhodium precursors are transformed
under reaction conditions to generate observable quantities of a
2.5. Computations mononuclear acyl complex, namely RCORh(GQyith char-

acteristic features at 1698, 2020, 2039, 2065, and 211Tcm
The newly developed algorithms of BTEM for spectral de-To date, approximately 20 acyl rhodium tetracarbonyl com-
convolution and algebraic system identification for catalyticplexes have been observed in gifi0], but evidence for ob-
reaction modeling were used to analyze the in situ IR spectrgervable quantities of other intermediates has been exception-

[45-51] ally difficult to obtain. The most obvious coordinately satu-
rated 18e-mononuclear species expected under hydroformyla-

3. Results tion conditions are the hydride HRh(C{Jp9,60]and the alkyl
RRh(CO}. Spectroscopic evidence of the existence of the for-

3.1. Spectroscopic aspects mer under syngas has developed over the years, and outstanding

spectra of both HRh(CQ@J2002.8(vw), 2041.6(vs), 2071.8(m),
The 320 in situ FTIR spectra in this experimental study2123.6(vw) cn'] and DRh(CO) were obtained recent[#8].
were analyzed over the spectral interval 1550-2230%with However, analyzes of spectra from active unmodified hydro-
data intervals of 0.2 cmt. Fig. 1 shows notable vectors from formylations have not conclusively indicated observable quan-
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Table 3
Percentage of integrated absorbance for each component compared to the total
original experimental data
a Component Integrated intensity
of each component (%)
§ Moisture 2749
s n-hexane 3%5
s Dissolved CO 358
2 Rh4(CO)12 2.26
CgH15CHO 209
b Cyclooctene B9
RCORh(CO) 0.50
Ketone 044
HRh(CO), 0.08
Rhg(CO)16 a
Total 9898

1600 1700 1800 1900 2000 2100 2200
@ Negligible contribution. Pure component spectrum not recoverable but pres-

Wavenumber (cm'1) ence verified by TTFA.

Fig. 3. The target and projected pure component spectra of HR(C&)tar- ; : . . PR
get vector and (b) projected vector. The reaction conditions /&tg = viously [62], the presence of conjugated dienes in rhodium

2.0-50 MPa, P1y, = 1.0-40 MPa, Cyclooctene= 5-20 mL, RR(CO)y, = f:aFaIyzed hydroformy!atlons often results in a new character-
50.5-255.3 mg in 300 mk-hexane at 298 K. istic metal—carbonyl vibration at ca. 1992 th A weak local
extremum at 1992 crmt was observed in th&T vectors of this

tities of HRh(CO) until now. The spectrum of HRh(C@was study, but pure component spectral recovery was unsuccessful.
recoverable in the present study. ) . o

The resolved spectrum is a little distorted, although the pri=-2- Representative experiments and kinetics
mary bands at ca. 2042, 2071, and 2123 ¢mould be recov- . . - .
ered. Some random signals associated with measurement noit e;]hz nlzfl ez)g)derf'g:en:zczrgg?ec%r‘?vzg'gﬁt zggsg:sémr;'cﬁxir;
are observed. In a_ddit_ion, target factor a_maly_sis (TFA) was formationyln what ?ollows to save space, we SL?mmar?ze the
performed to provide independent confirmation of HRn(40) results of. the equilibrium' conversion ana present only the
A pure component spectrum of HRh(C(@btained from a non- . L . . -
catalytic experiment in this laboratory was used as the targe%rg Sg:julr: t?]een;s motrtt-]iﬁlr ﬁlrf‘g:r‘iz'tig:e remaining results can be
vector and was projected onto 50 vectors of thé matrix. PP g '
Fig. 3shows the target and projected pure component spectrg.2 1. The rhodium variation experiments
These results indegd confirm the presence of the compor_1ent A 'i'h.e set of experiments associated with the variations in
very low concentration. The projected vector has a good S'gnahwodium were all conducted with the initial conditions of

to-noise ratio ot-25:1. . , 4.0 MPa CO, 2.0 MPa hydrogen, and 10 mL cyclooctene in
In most investigations of hydroformylation reactions, thez,, 1, hexane at 298 K. The initial amounts of rhodium

corr_esponding alde_hyde is by far the predpminant overall orbrecursor RI(CO), were 52.6, 102.1, 199.8, and 253.3 mg.
ganic product, particularly when rhodium is used. However,

sometimes ketone and even polyketone formation is nonneg » 1 1. precursor conversionFig. 4 shows the mole frac-
ligible [18,19] In the present experiments, ketone formationtions of the catalyst precursor and the one and only quantifi-
occurred as confirmed by the spectral feature at 1720'cm  gpje mononuclear intermediate, RCORN(G,®}s a function of

Table 3gives the contributions of each component 1o thetime, The time series show very little scatter in the mole fraction
spectral absorbance, as well as the total percentage of signgta. As seen in this figure, the precursor and RCORWCO)
recovery. The contribution of moisture to the total signal in thisrapidly achieved a more-or-less steady-state situation in ca. 30
1999 experimental dataset was a very significant 27.49%. Ouhin, The percent conversion for these four experiments was ca.
later studies show significantly less moisture in the FTIR spec20.9, 12.0, 7.6, and 6.3%ig. 4indicates that the formation of
tra. Such a large contribution of moisture, with its sharp andRCORh(CO) and disappearance of RIEO).» are consistent
nonstationary bands, puts considerable restrictions on the spagith a good mass balance on rhodium. A small increase in the
tral recovery and total percentage of signal that can be modelegdoncentration of RI(CO)1» and a small decrease in the concen-
Despite this difficulty, however, ca. 99% of the signal could betration of RCORh(CQ)occurred over time due to consumption
modeled. The total signal associated with the organometallicsf the substrate.
was only ca. 2.8%.

In the interest of completeness, it should be mentioned tha.2.1.2. Aldehyde Fig. 5shows the mole fractions of the alde-
the presence of trace amounts of conjugated 1,3-cyclooctadieihgde product as a function of time. Again, the time series show
in the cyclooctene substrate cannot be excluded. (Conjugategry little scatter in the mole fraction data. A small induction
dienes are common impurities in cycloalkenes.) As shown preperiod occurred in the first 30 min of each series. The rates
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1.8e-4 0.005
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Fig. 4. Time series data for the primary quantifiable organorhodium species Time (Seconds)

present during the rhodium variation set of experiments. The data points with

line represent RCORh(C@)while those without line represent RICO); 5. Fig. 5. Time series data for the organic produgtgsCHO present during the
The remaining reaction conditions are held constanVagene= 10 mL, rhodium variation set of experiments. The remaining reaction conditions are
Pco=4.0 MPa, Py, = 2.0 MPa, at 298 K. held constant aVkene= 10 ML, Pco = 4.0 MPa, Py, = 2.0 MPa, at 298 K.

of reaction for these four experiments were cat ¢ 107, rates linear in the total concentration of intermediates. The ob-
1.8 x 107,23 x 10/, and 26 x 10~/ mol fractiorys. served nonlinear aspects of TOF indicate the possible contribu-
tion of a CBER to the final product formation.

3.2.1.3. Turnover frequencyFig. 6 shows the TOFs for alde- _ )

hyde formation based on the instantaneous mole fractions ¢-3- Analysis of precursor conversion

RCORhO(COQO) in each experiment as a function of REO),» . i

loading and as a function of time. These time series data demon- The precursor R{(CON2 Sho“"?‘ be equmbrated with the,
strate increased scatter due to the fact that two independewCIrIOle SPECIes HRh_(CQ) and this species ShOUId be equi-
experimental observations are needed for each data point. RER2rated with its coordinately unsaturated hydride, HRh(€.0)
gression of the data for each run provided the values TOF'S derived previousiy16], a steady-state assumption can be
(52.60 mg)= (6.20+ 0.16) x 10-3 s-1, TOF (102.10 mg)=  IMPosed on the concentration of HRh(G) terms of its dis-
(6.85-+0.10) x 103 51, TOF (199.80 mg)= (7.50+ 0.09) x appearance dug to alkene coordination and its formatlon due
103 s, and TOF (253.30 mgy: (7.93+ 0.57) x 103 51, to hydrogenolys_s _of the acyl complex. This resu!ts in an ex-
where the errors were listed as twice the standard deviation (i.er.)’res's!on foreq.wI|br|um—controlledprecursor' formation in un-
95% confidence limit). Clearly, TOF is not a constant; it in- modified rhodlum-catalyze_d hydroformylations of the form in
creases with increased loading of RBO).. Eqg. (1), where the subscript denotes steady-state concentra-

Previous studies of unmodified rhodium-catalyzed hyolro_t|ons. In the hydroformylation of cyclohexene, the experimen-

formylations of 3,3-dimethyl-but-1-ene have repeatedly showr‘@”y determined relationship was that of H@) [16], whe_re
that TOF is a function of temperature, hydrogen pressure, an hy(CO)r2l, [CO], [Ho], and [R] represent the mole.fract|0ns
carbon monoxide pressufg5,52] The present results clearly Of precursors, dissolved gases, and substrate used:

show that TOF is also dependent on rhodium loading. This i$RCORh(CO)]ss = cb[Rh4(CO)12]g-525[CO][H2]—0-5[R/]1,

not expected for a unicycle catalytic mechanism, which has Q)
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0.010 e . . :
exists in this system. In principle, the bimolecular reaction of

RCORhO(CO3 with molecular hydrogen is not the only mech-
—8— Rh,(C0),,=52.60mg anism available for the hydrogenolysis of RCORh(¢.OJhe
—=— Rh,(C0O),,=102.10mg possibility also exists that some aldehyde formation occurs via
0.009 —A— Rh,(CO),,=199.80mg a bimolecular elimination reaction, similar to that found for the
—v— Rh,(CO),,=253.30mg unmodified cobalt system under stoichiometric conditi@4s,
which is shown by

HCo(CO), + RCOCO(CO} 4 — RCHO+ Coy(CO) 5. (4)

Under the experimental condition, there may exist several ac-
tive species that could be involved in product formation, in-

cluding RCORh(CQy, RCORN(CO), HRh(CO}%, HRh(CO}.

In principle, both hydride rhodium species can react with both
0.007 acyl rhodium species to yield aldehydes,

HRN(CO) 4 + RCORN(CO} 4 — RCHO + Rhy(CO)¥.7.8 (5)

We now state the working hypothesis that the experimental sys-
tem consists of a simultaneous unicyclic reaction mechanism
0.006 and a homometallic CBER. Accordingly, the rate of hydro-
formylation should take the general form

rate= k1 [RCORNh(CO)][CO] 1[H_]
+ ko[RCORO(CO)][HRh(CO)][CO]X. (6)

Because it is difficult to quantify the HRh(C®in the present

study due to its weak signal, the following equation is used

to replace the concentration of saturated HRh@jth
[Rhs(CO)2] Y/4[H2]Y2[CO]*:

0.004 [ \ ‘

0 5000 10000 15000 Rh(CO)12 + 2H, + 4CO < 4HRh(CO}. (7)

Time (Seconds) Thus the new expression for the rate of hydroformylation in
terms of observable organometallics becomes

0.008

TOF (s )

0.005

Fig. 6. The effects of R{{CO),» loadings on the turnover frequencies (TOF) 1
for aldehyde formation. The remaining reaction conditions were held constarfat€= k1[RCORN(CO)][CO]~*[H2]
at Valkene= 10 mL, Pco = 4.0 MPa, Py, = 2.0 MPa, at 298 K. + ko[RCORO(CO)][Rh4(CO)2])Y4[H2]1Y?[CO]Y. (8)

[RCORN(CO)]ss Dividing through by the acyl rhodium tetracarbonyl concentra-

— ®[Rh4(COY-123COT-1H1-0-3[R/109. 2 tion provides the following working expression for the apparent
[Rha(COlss] _ - H R @  TOF of aldehyde formation:
In the present experimental study for the hydroformylation

of cyclooctene, a multilinear regression was performed for thd OFtotal = k1[COJ™H[H2] + k2[Rha(CON2]*/*[H2] ¥/2[CO]".
pseudo-steady-state concentration of the acyl rhodium tetracar- ©)

bonyl in terms of the remaining reactants in the system (withagain, the first term presents the classic unicyclic hydroformy-
all experimental runs used). The obtained relationship is giveation mechanism, and the second term is the contribution from
in Eq. (3). The values of the exponents have rather acceptablgye CBER. All of the experimental data at 298 K were used to

statistical bounds, so the data and regression appear to be rathggress the foregoing equation to provide the values
good. The exponents are quite similar to those previously ob-

tained experimentally in the case of cyclohexene and consistefit = (1.600+0.109) x 1072572,
with the hypothesis of equilibrium-controlled precursor conver-i, — (5.603+ 1.143) x 10251,
sion. In particular, the nuclearity difference between precursor

and intermediate is clearly shown by the exponent of 0.23 fof"

2

Rhy(CO)2: y=—(6.275+0.732) x 1071,
0.23+£0.1 (~y1.4+0.2
[RCORRCO)alss= ?[Ru(CO)12l55™ " [CO] To further evaluate the contribution of a CBER, we prepared a
x [Hp]~0-3+02[R/10.7£03, (3)  plot of the TOFs versus [RKCO)2]"/* from the RR(CO)12
series of experiments$-{g. 7). Regression of all of the rhodium
3.4. Analysis of catalytic kinetics series data provided the following result:

<1 <1
TOF analysis of the experimental data associated with the efl OF = 0.00360+ 0.00030 s~ + 0.03806+ 0.00328 s
fect of initial Rhs(CO)12 (Fig. 6) suggests that a possible CBER x [Rha(CO)12]°25, (10)
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0.010

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

0.009 4.2. Equilibrated HRh(CQ)
The existence of a rapidly obtainable equilibrium between
observable quantities of a rhodium carbonyl complex
[Rhs(CO)12] and observable quantities of HRh(CQOgt room
temperature under noncatalytic experiments and relatively
moderate syngas pressures has been firmly establ[gig&d
The catalytic case is more complex. Marko eff@8] observed
- that the rate of hydroformylation of cyclohexene starting with
0.007 - Rhg(CO)6 is proportional to the A6th power of the initial car-
bonyl concentration, that is, [RECO)6]Y®. These data sug-
gest an equilibrium between the hexanuclear rhodium carbonyl
complex precursor and a mononuclear rhodium hydride during
0006 - ‘ ] A v catalysis. Our work starting with RfCO),2 as precursor and
® cycloalkenes as substrates showed that equilibrium-controlled
precursor conversion occurs among the observable tetranuclear
precursor, an unobservable mononuclear hydride, and the ob-
servable mononuclear rhodium acyl carbofif]. The rate
of cyclohexene hydroformylation starting with REO);» was
proportional to the 24th power of the initial carbonyl con-
centration, that is, [RICO)12]Y/4. This was then shown to
be a more general phenomenon, because equilibrium precursor
0.004 T T T T conversion was also seen with other cyclic alkenes, including
0.06 0.07 0.08 0.09 0.10 011 cyclooctend20]. Rhodium carbonyl hydride was not observ-
[Rh4(CO)451" able in either of the aforementioned spectroscopic studies.
In the present study, the development of BTEM made it
Fig. 7. The dependence of the instantaneous values of TOF on the instantaneqaessible to detect HRh(C@)Although equilibrium-controlled
valluis c(j)_f observable B_(CO)Tlﬁ for the set of EXp_erimentdS_ with vawri]nglldnomi- precursor conversion is seen in this system, and although
nal rhodium concentration. e remaining reaction conditions are he COHSt(:H'EIRh(Co)l must be in equilibrium exchange Wlth the preCUrSOf,
At Valkene=10 ML, Peo =4.0 MPa, Ay, =20 MPa at 298 K. it was not possible to experimentally quantify the equilibrium.

) _Again this was due to the weak signals involved and, more im-
where the errors are presented as twice the standard deV'at'CBbrtantly, the unusually high atmospheric moisture content in
This indicates that the contributions of catalytic binuclear elim-i,o spectra and the resulting difficulties in obtaining good con-
ination are 36.7, 42.7, 47.7, and 48.6% at initials80h2  centration profiles. Accordingly, it was necessary to model the
loadings of 52.60, 102.10, 199.80, and 253.30 mg, respectivelyqyilibrium concentrations of HRh(C@)n terms of the more
The lowest points irFig. 7 represent the first measurements in 5ccyrate measurements of the instantaneous concentrations of

0.008 -

>
4 4 <44«

TOF(s™)

0.005

each run and, as such, they represent outliers. Rhy(CO)».
4. Discussion 4.3. Kinetics and evidence for homometallic CBER
4.1. Spectroscopic considerations The classic unicyclic unmodified rhodium catalytic cycle

must exist during the hydroformylation of cyclooctene as it

The in situ spectroscopic measurements and analyzes resdibes during the hydroformylations of other alkenes that have
in relatively good pure component spectra and concentratiobeen modeled successfulli4—16] Accordingly, the observa-
profiles for the organic substrate cyclooctene, the primary orble rate of hydroformylation must have a linear term in the total
ganic product cyclooctane carboxaldehyde, the organic ketoreoncentration of rhodium intermediates. Indeed, this is exper-
side product, the organometallic precursoy0);2, and the  imentally verified by the ternt;[RCORh(CO)][CO][H2].
primary organometallic intermediate RCORh(GOI addi- However, a second catalytic mechanism is operating simultane-
tion, using BTEM and TFA made it possible to confirm the ously, arising from the attack of HRh(C£dn the primary ob-
presence of observable quantities of HRh(€@)ring catal- servable rhodium intermediate RCORh(G@)r, more appro-
ysis, but the signals were too weak to obtain accurate corpriately, the coordinately unsaturated species RCORKJCO)
centration profiles as a function of time. The unusually highThis generates a second term in the rate expression involving
atmospheric moisture content in these spectra was a significatite product [RCORh(CQ)[HRh(CQO)]. This term is quadratic
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Scheme 1. Proposed reaction mechanism for the simultaneous interconnected unicyclic and homometallic CBER hydroformylation reactioes. IRGEPERi
and RCORh(CQ), represented in bold type, are the observable organometallics under reaction conditions.

in rhodium. This second term accounts for the contribution ofRhy(CQO);2 as precursor in the hydroformylation of cyclohex-
the homometallic CBER. ene [16]. The hydroformylation kinetics are consistent only
The topology of this interconnected catalytic rhodium sys-with a unicyclic catalytic reaction topology. Under this work-
tem, consisting of both a unicyclic mechanism and homometaling assumption, a pseudo-steady-state hypothesis was posited
lic CBER involving rhodium alone, and giving rise to linear- for the concentration of HRh(C@)and Eq.(3) was derived.
guadratic kinetics, is shown iBcheme 1 The crucial equation for the pseudo-steady-state hypothesis is
It is possible, perhaps even probable, that the binuclear
mechanism exists in many (or most) other hydroformylationglHRh(CO)3]/dr ~ 0
of alkenes, including very reactive-olefins. However, the ex- = K[RCORNCO)4][CO][H2]
perimentally determined kinetics probably will not indicate the i} 1/4 1/2
presence of a statistically significant quadratic term in most ~ — ki [Rha(CO12] " [H2] ™ "[alkeng. (11)
of these systems due to the ultra-low steady-state concentrgiy the present contribution, the system has simultaneously one
tions of HRh(CO) and hence low probability for CBER. In ynjcylic and one homo-bimetallic CBER reaction topology. Un-
this study with cyclooctene, the quadratic term is statisticallyger this circumstance, there exists an extra term in the pseudo

verifiable. It arises in large part due to the relatively high CON-steady state hypothesis, namely that arising from the CBER
centrations of HRh(CQ)present throughout the entire reaction contribution. The resulting equation is

period due to equilibrated conversion with the large pool of
Rhy(CO)2 available. d[HRh(CO)3]/dr ~ 0

. -1
4.4. Clarification of equilibrium-controlled precursor a k'[RCORHCO)“][le] [1H22]
conversion — kil [Rh4(CO)12]"*[H2]"/?[alkeng
_ _ _ + kii [RCORNCO)41[RNa(CO) 121 [Ho1*/?[COI .
Equilibrium-controlled precursor conversion was first exper- (12)
imentally observed and successfully modeled for the case of
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Table 4

Comparison of unicyclic TOF for previous rhodium hydroformylations

Substrate Metals used TRk (min—1 Reaction topologies present Reference
3,3-Dimethyl-but-1-ene Rh 0.#1 Unicyclic [15]
Cyclohexene Rh 0.185 Unicyclic [16]

Styrene Rh 0.056, 0.0%6 Unicyclic [17]
3,3-Dimethyl-but-1-ene Rh, Mn 0.0%9 Unicyclic and hetero-bimetallic CBER [43]
Cyclopentene Rh, Mn 0.£2 Unicyclic and hetero-bimetallic CBER [44]
Cyclooctene Rh 0.71 Unicyclic [20]

& At 293 K, 2.0 MPa CO, 2.0 MPa #in n-hexane.

b At 293 K, 6.0 MPa CO, 2.0 MPa 4#iin n-hexane.

¢ Minor and major region-selective cycles at 298 K, 5.0 MPa CO, 0.5 MpPmk-hexane.
d At 298 K, 2.0 MPa CO, 1.0 MPa iin n-hexane.

€ At 289.7 K, 2.0 MPa CO, 2.0 MPaHn n-hexane.

f At 298 K, 4.0 MPa CO, 2.0 MPa #lin n-hexane.

Therefore, in the case of a mixed unicyclic and CBER topol-exact value of the exponent. If the regression were performed
ogy, the corrected expression for equilibrium precursor controbnce again with an exponent equal to 0.2, then we would ob-
is given by Eq(13). Comparison with Eq(1), which is strictly  tain a TOF, equal to 00027+ 0.0003 s (i.e., 0.16 min?),

valid only for a unicyclic topology, shows that the anticipatedwhich is more consistent with other systems. This reemphasizes
observable orders for CO and alkene should remain the samtie foregoing argument about parametric sensitivity. Finally, an
but that the orders of RKCO);2 and H shift. As the CBER hy-  extensive comparison between the TOF in this study and that
droformylation contribution becomes very large compared withobtained previouslj20] is unnecessary, because the latter value
the unicyclic hydroformylation contribution, E¢L3) becomes of TOF was only a rough first approximation (determined from
proportional to just the product [alkene][CQ]. In the present set single experimental run).

of experiments, the contribution of the CBER is at most only

ca. 40% of the total aldehyde formation: 4.6. Other types of systems exhibiting nonlinear or quadratic
terms
[RCORNCO)4]ss
= ki [Rh4(CO)12]§/54[H2]‘1/2[alkene}[CO] Itis important to mention that a few other homogeneous cat-
o Y, -1/2 aIy'ut; systems are known_ to exhibit rates of reaction that are
/ (ki + kiii [Rha(CO)12]g5 [H2l ~4). (13)  nonlinear or even quadratic in metal loading. The most studied
systems involve ring-opening reactions of epoxides. For exam-
4.5. Comparison of unicyclic TOF to previous rhodium ple, the asymmetric ring opening of epoxides with trimethyl
hydroformylations azide catalyzed by (Salen)&rcomplexes exhibited rates that

are second order in chromiuf®4]. The proposed catalytic

The detailed kinetics of a few unmodified rhodium hy- mechanism is in fact a monometallic CBER, because it involves
droformylation reactions (i.e., involving full rate expressionsmononuclear species and dinuclear species, in which the key
based on observable intermediates) have been determingtkp is the intermolecular reaction of two chromium complexes
using simultaneous in situ spectroscopic measuremdats. with Salen, epoxide and azide ligands. As far as we know, no
ble 4 lists the unicyclic TOFs determined from these studiesdetailed kinetic and mechanistic follow-up study has been pub-
As Table 4 shows, the unicycle TOFs vary over a narrow lished to date.
range, regardless of the substrate used. In all of these stud- Detailed kinetic and mechanistic studies of related ring-
ies, the functional form of the unicyclic TOF was the same,opening reactions of epoxides using zirconium complexes and
namely [COT 1[H,][alkenef. In a previous comparative study zinc complexes have appeared, however. Zirconium complexes
with rhodium at ca. 6< 10™° mol fraction, involving ho-  of the C3-symmetric ligand )-(S,S,S)-triisopropanolamine
mologous series of alkenes (i.e., cycloalkene, terminal lineaas precursors have been shown to promote the stereoselective
alkenes, internal terminal alkenes, and methylene cycloalkareaction of cyclohexene oxide and trimethyl azide, with a re-
nes), it was observed that all of the observed TOFs weraction order of ca. 0.5 in total zirconium observi@&®]. The
ca. 0.04-0.20 min* measured at 293 K, 2.0 MPa CO, and mechanism of this reaction is believed to involve a catalytic
2.0 MPa R in n-hexane. In addition, cyclooctene exhibited the cycle with exclusively dimeric zirconium intermediates. In the
highest TOF, at ca. 0.20 min [20]. The present contribution case of zinc-diiminate-catalyzed copolymerization of cyclohex-
is consistent with an elevated TOF for cyclooctene. ene oxide and C§ a reaction order of 1.0-1.8 in zinc was

The issue of parametric sensitivity must be raised. First, reebserved66]. The mechanism of this reaction is believed to
gression of the data given Fig. 7 assumes an exponent equal involve a catalytic cycle with exclusively dimeric zinc inter-
to 0.25 for Rh(CO);2 so that good bounds are obtained for mediates, but the possible existence of a simultaneous catalytic
the rate coefficients. But this might impose a small bias, beeycle with exclusively mononuclear zinc intermediates was also
cause the value of the unicyclic TOF is highly dependent on theonsidered.
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P - -
recursor cular hydrogen activation on RML proves difficult. At the same

time, another hydride species, HKjlwith ligand L, is also

present in solution, but this species does not readily undergo

reaction with substrate. The homometallic CBER would dom-
Substrate inate the catalytic kinetics, because sgmlominates, and a

HML
' higher-order utilization of the metal would be achieved. (It is
implicitly understood that the hydrogen activation [stdpnust
@ be efficient.) To avoid ligand exchange, L, lor both may be
+H,

(or should be) nondissociating.

A gqualifying statement needs to be made regarding the gen-
eralized kinetics oSchemes 1 and. Z'he kinetic polynomial
HML' governing a homometallic CBER would by itself have a linear-

B

quadratic form. The quadratic term controls the kinetics when
the mononuclear species are predominant and the dinuclear
species are minor, and thus the rate-determining step is bimole-
cular elimination. At very high metal loadings and low rates

a shift in species distribution is possible to predominantly din-

uclear species with mononuclear species as minor species. In
this limit, hydrogen activation is rate-controlling, and the linear
kinetic term dominates.

LM-ML'

RML

\

Scheme_‘ 2._ Prqposed reaction topology for homometallic CBER with purely The present study has identified a catalytic system that
quadratic kinetics. exhibits linear-quadratic kinetics. These linear quadratic ki-
netics arise from a simultaneous unicyclic mechanism and a
4.7. Metal utilization and synthetic efficiency homometallic CBER. The homometallic CBER contributes a
significant amount (40%) of the reaction product. Identifying
In the present contribution, the quadratic effects to the overthe mechanistic reasons for system activity required detailed
all rate of product formation increases only slowly as the nomzng quantitative in situ spectroscopic measurements. The im-
inal metal concentration is increased. This is due to the faGh|ications of CBER include a rationale for nonlinear kinetic
the precursor is tetranuclear and its conversion is equilibriumaffects that differs from those in many previously proposed

controlled. Such a situation is particularly disadvantageousmechanisms. This study has also provided further insight into
Systems with mononuclear precursors controlled by equilibaquilibrium-controlled precursor conversion.

rium conversion will show significantly more pronounced rate
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5. Conclusion

\H

4_.8. _Generating a homometallic CBER with purely quadratic Plots of RCORh(CQ)versus time, RCHO versus time, and
kinetics TOF versus time for the experimental series involving CO vari-

ation, hydrogen variation, cyclooctene, and temperature are

Itis interesting to consider the possibilities and prerequisites,aijaple free of charge &01:10.1016/j.jcat.2005.09.033
for a homometallic CBER that would exhibit purely quadratic

kinetics in organometallic species. Restricting ourselves to cat|-Q eferences

alytic reactions involving hydride species, we canimage a situa-

tion similar to that Shc_)v_vn ”S(,:hem? 1As shown mS(,:heme 2 [1] C.D. Frohning, C.W. Kohlpaintner, in: B. Cornils, W.A. Herrmann (Eds.),
the metal, M, is modified .Wlth a ligand, L, and this modified Applied Homogeneous Catalysis with Organometallic Compounds: A
hydride, HML, can react with substrate. However, further mole-  Comprehensive Handbook, vol. 1, Wiley—-VCH, Weinheim, 1996, chap. 2.


http://dx.doi.org/10.1016/j.jcat.2005.09.033

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

[2] P.C.J. Kamer, J.N.H. Peek, P.W.N.M. van Leeuwen, in: B. Heaton (Ed.)[36] J. Schwartz, J. Cannon, J. Am. Chem. Soc. 96 (1974) 4721.
Mechanism in Homogeneous Catalysis, Wiley—VCH, Weinheim, 2005,[37] B. Martin, D.K. Warner, J. Norton, J. Am. Chem. Soc. 108 (1986) 33.

p. 231. [38] J.C. Barborak, K. Cann, Organometallics 1 (1982) 1726.
[3] J. Falbe, New Syntheses with Carbon Monoxide, Springer, New York,[39] W.D. Jones, R.G. Bergmann, J. Am. Chem. Soc. 79 (1979) 5447.
1980. [40] W.D. Jones, J. Huggins, R.G. Bergman, J. Am. Chem. Soc. 103 (1981)
[4] H. Adkins, G. Kresk, J. Am. Chem. Soc. 70 (1948) 383. 4415.
[5] G. Schiller, Ger. Pat. 953,605, 1956. [41] N.H. Alemdaroglu, J.L.M. Penninger, E. Oltay, Monatsh. Chem. 107
[6] E.L. Jenner, R.V. Lindsey, US Patent 2,876,254, 1959. (1976) 1153.
[7] P. Pino, F. Piacenti, M. Bianchi, in: L. Wender, P. Pino (Eds.), Org. Synth.[42] M.F. Mirbach, J. Organomet. Chem. 265 (1984) 205.
Met. Carbonyls, vol. 2, Wiley, New York, 1977, pp. 233-296. [43] J.P. Collman, J. Belmont, J. Brauman, J. Am. Chem. Soc. 105 (1983) 7288.
[8] J. Palagyi, G. Palyi, L. Marko, J. Organomet. Chem. 14 (1968) 238. [44] J. Feng, M. Garland, Organometallics 18 (1999) 1542.
[9] G. Csontos, B. Heil, L. Marko, Ann. N.Y. Acad. Sci. 239 (1974) 47. [45] M. Garland, in: B. Heaton (Ed.), Mechanism in Homogeneous Catalysis,
[10] A. Sisak, F. Ungvary, L. Marko, Organometallics 2 (1983) 1244. Wiley—VCH, Weinheim, 2005, p. 151.
[11] L. Marko, F. Ungvary, J. Organomet. Chem. 432 (1992) 1. [46] W. Chew, E. Widjaja, M. Garland, Organometallics 21 (2002) 1882.
[12] F. Ungvary, Coord. Chem. Rev. 170 (1998) 245. [47] E. Widjaja, C. Li, M. Garland, Organometallics 21 (2002) 1991.
[13] F. Ungvary, Coord. Chem. Rev. 218 (2001) 1. [48] C. Li, E. Widjaja, W. Chew, M. Garland, Angew. Chem. Int. Ed. 20 (2002)
[14] M. Garland, G. Bor, Inorg. Chem. 28 (1989) 410. 3785.
[15] M. Garland, P. Pino, Organometallics 10 (1990) 1693. [49] C. Li, E. Widjaja, M. Garland, J. Catal. 213 (2003) 126.
[16] C. Fyhr, M. Garland, Organometallics 12 (1993) 1753. [50] E. Widjaja, C. Li, W. Chew, M. Garland, Anal. Chem. 75 (2003) 4499—
[17] J. Feng, M. Garland, Organometallics 18 (1999) 417. 4507.
[18] G. Consiglio, B. Studer, F. Oldani, P. Pino, J. Mol. Catal. 58 (1990) L9. [51] E. Widjaja, C. Li, M. Garland, J. Catal. 223 (2004) 278.
[19] C. Li, L. Guo, M. Garland, Organometallics 23 (2004) 2201. [52] C. Li, E. Widjaja, M. Garland, J. Am. Chem. Soc. 18 (2003) 5540.
[20] G. Liu, R. Volken, M. Garland, Organometallics 17 (1999) 3429. [53] C. Li, E. Widjaja, M. Garland, Organometallics 23 (2004) 4131.
[21] J.A. Osborn, F. Ardine, J. Young, G. Wilkinson, J. Chem. Soc. Am. 12[54] G. Liu, Kinetics and mechanism study of homogeneous hydroformylation,
(1966) 1711. M. Eng. Thesis, National University of Singapore, 1999.
[22] K.H. von Brandes, H.B. Jonassen, Z. Anorg. Allg. Chem. 343 (1966) 215[55] D.F. Shriver, M.A. Drezdzon, The Manipulation of Air-Sensitive Com-
[23] F. Ungvary, L. Marko, J. Organomet. Chem. 20 (1969) 205. pounds, Wiley, New York, 1986.
[24] B.H. Byers, T.L. Brown, J. Am. Chem. Soc. 99 (1977) 2528. [56] A. Haynes, in: B. Heaton (Ed.), Mechanism in Homogeneous Catalysis,
[25] D.S. Breslow, R.F. Heck, Chem. Ind. (London) (1960) 467. Wiley—VCH, Weinheim, 2005, p. 107.
[26] F. Ungvary, L. Marko, Organometallics 2 (1983) 1608. [57] L. Damoense, M. Datt, M. Green, C. Steenkamp, Coord. Chem. Rev. 248
[27] I. Kovacs, F. Ungvary, L. Marko, Organometallics 5 (1986) 209-215. (2004) 2393.
[28] C. Hoff, F. Ungvary, R.B. King, L. Marko, J. Am. Chem. Soc. 107 (1985) [58] M. Garland, in: I.T. Horvath (Ed.), Transport Effects in Homogeneous
666. Catalysis, Encyclopedia of Catalysis, Wiley, New York, 2002.
[29] J. Norton, W. Carter, J. Kelland, S. Okrasinski, Adv. Chem. Ser. 167[59] R. Whyman, In Situ Spectroscopic Studies in Homogeneous Catalysis,
(1978) 170. Adv. Chem. Ser., Homogeneous Transition Met. Catal. React. 230 (1992)
[30] J. Norton, Acc. Chem. Res. 12 (1979) 139. 19-31.
[31] R.T. Edidin, K. Hennessy, A. Moody, S. Okrasinski, J. Norton, New J. [60] J.L. Vidal, W.E. Walker, Inorg. Chem. 20 (1981) 249.
Chem. 12 (1988) 475. [61] E.R. Malinowski, Factor Analysis in Chemistry, Wiley, New York, 1991.
[32] M.J. Nappa, R. Santi, S. Diefenbach, J. Halpern, J. Am. Chem. Soc. 10{62] G. Liu, M. Garland, J. Organomet. Chem. 608 (2000) 76.
(1982) 619. [63] G. Csontos, B. Heil, L. Marko, Ann. NY Acad. Sci. 239 (1974) 47.
[33] M.J. Nappa, R. Santi, J. Halpern, Organometallics 4 (1985) 34. [64] K.B. Hansen, J.L. Leighton, E.N. Jacobsen, J. Am. Chem. Soc. 118 (1996)
[34] I. Kovacs, C.D. Hoff, F. Ungvary, L. Marko, Organometallics 4 (1985) 10924.
1347. [65] B.W. McCleland, W.A. Nugent, M.G. Finn, J. Org. Chem. 63 (1998) 6656.

[35] C.K. Brown, D. Georglou, G. Wilkinson, J. Chem. Soc. A (1971) 3120- [66] D.R. Moore, M. Cheng, E.B. Lobkovsky, G.W. Coates, J. Am. Chem.
3127. Soc. 125 (2003) 11911.



	Experimental evidence for a significant homometallic catalytic binuclear elimination reaction: Linear-quadratic kinetics  in the rhodium catalyzed hydroformylation of cyclooctene
	Introduction
	Experimental
	General information
	Apparatus
	In situ spectroscopic and kinetic studies
	Transport considerations
	Computations

	Results
	Spectroscopic aspects
	Representative experiments and kinetics
	The rhodium variation experiments
	Precursor conversion
	Aldehyde
	Turnover frequency


	Analysis of precursor conversion
	Analysis of catalytic kinetics

	Discussion
	Spectroscopic considerations
	Equilibrated HRh(CO)4
	Kinetics and evidence for homometallic CBER
	Clarification of equilibrium-controlled precursor conversion
	Comparison of unicyclic TOF to previous rhodium hydroformylations
	Other types of systems exhibiting nonlinear or quadratic terms
	Metal utilization and synthetic efficiency
	Generating a homometallic CBER with purely quadratic kinetics

	Conclusion
	Acknowledgments
	Supporting information
	References


