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Abstract: The combined application of two or more metals in homogeneous catalysis can lead to synergistic
effects; however, the phenomenological basis for these observations often goes undetermined. The hetero-
bimetallic catalytic binuclear elimination reaction, a system involving both mononuclear and dinuclear
intermediates, has been repeatedly suggested as a possible mechanism. In the present contribution, the
simultaneous application of Rhs(CO)12 and HRe(CO)s as precursors in the hydroformylation reaction leads
to a very strong synergistic rate effect. In situ spectroscopic measurements confirm the presence of both
mononuclear and dinuclear intermediates such as RCORh(CO), and RhRe(CO)y in the active system.
Moreover, kinetic analysis confirms interconversion of these intermediates as well as their statistical
correlation with organic product formation. Specifically, the rate of hydrogen activation by RhRe(CO)s is
exactly equal to the rate of aldehyde formation from binuclear elimination between HRe(CO)s and RCORh-
(C0O), at all reaction conditions studied. Thus the catalytic events involving mononuclear species and those
involving dinuclear species are synchronized. In the present experiments, the new topology is orders of
magnitude more efficient than the corresponding unicyclic rhodium system.

Introduction respects, the organorhodium precursors and chemistry used in
current large-scale industrial rhodium-catalyzed hydroformyla-
tions do not significantly differ from the original patents and
reports on unmodified and modified systefns.

The Heck-Breslow mechanism for hydroformylation, con-
sisting of a unicyclic reaction system of mononuclear intermedi-
ates, was first proposed for the unmodified cobalt system.
According to the originally proposed mechanism, the formation
of a crucial mononuclear hydride species is followed by alkene
coordination andz-complex formation, insertion and alkyl
formation, CO insertion, oxidative addition of hydrogen, and
then hydrogenolysis of the Ca&C bond as shown in Scheme 1.
All steps were considered reversible, with the exception of the
hydrogenolysis. Subsequently, studies of high-temperature
unmodified cobalt-catalyzed hydroformylation showed that the
last step can be reversibie.

With regard to other related systems, a deuteroformylation
with a bidentate phosphine-modified rhodium system at ca. 34
°C indicated very little reversibility for the initial step involving

The catalytic hydroformylation reaction, consisting of the
addition of carbon monoxide and hydrogen to alkenes to form
aldehyde (and their corresponding alcohols) was discovered by
Roelen in 1938:2 Today, this reaction is the fifth largest
homogeneously catalyzed reaction worldwide with more than
6.6 x 10° tonnes of products produced per annti@obalt and
rhodium are the principal metals used, particularly for the
industrial processes. The metals are used in both their unmodi-
fied as well as phosphine modified forrhit.is widely accepted
that rhodium is by far the most active metal for the transforma-
tion of alkenes to aldehydé&sThe use of phosphine modified
rhodium for the hydroformylation reaction was extensively
explored with monodentate ligands in Sir Geoffrey Wilkinson’s
group® Since then, an enormous number of other phosphine
modified rhodium systems have been developed to enhance
activity and to better control regio- and stereochemical aspects,
especially for fine chemicals and pharmaceutiéais. many

* National University of Singapore. metal hydride attack on alked& and a bidentate phosphine-
* Institute of Chemical and Engineering Sciences.
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Scheme 1. Heck—Breslow Cobalt-Catalyzed Hydroformylatiom
Mechanism
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modified Pt=Sn hydroformylation system indicated that the last
step (hydrogenolysis) was essentially irreversible at@G@nd
but reversible at 98C.11b

A similar Heck—Breslow type mechanism was then proposed
for the unmodified rhodium-catalyzed hydroformylattéand
the modified rhodium-catalyzed hydroformylati&hin the past

numerous studies for more than 2 decade® Importantly, it

has been pointed out that mononuclear hydride complexes might
have particular affinity for free coordination sites on other metal
complexes, leading to bimolecular reaction and simultaneous
product formatiorf%

The existence of a HeekBreslow (ll) mechanism, e.g., a
catalytic binuclear elimination reaction, has considerable im-
portance. First, it changes the frequent assumption that “homo-
geneous catalysis” automatically implies a unicyclic reaction
mechanism. Second, the bimetallic case provides a sophisticated
mechanistic basis for synergism, one that does not rely on cluster
catalysis®® Third, the bimetallic case changes the frequent
working assumption that in order to modify an existing
homogeneous catalytic system, a new ligand should be designed
and tested. Fourth, both homometallic and hetero-bimetallic
systems have the potential for highly nonlinear kinetics, in
particular, linear-quadratic and linear-bilinear kinefi$3° In
the rate-limiting cases, the reactions of two homometallic
complexes or two hetero-bimetallic complexes in the product
formation step introduce quadratic and bilinear terms, respec-
tively. Thus both forms provide unique opportunities for better
metal utilization, especially when the frequently used but rather
scarce precious metals Pd, Ru, Rh, Os, Ir, and Pt are involved.

Recently, detailed in situ spectroscopic studies of both
homometallic and hetero-bimetallic rhodium catalyzed hydro-
formylations showing anomalous behavior have been per-
formed?® Statistically significant product formation was shown
to correlate with the bimolecular events [HRh(GIRCORh-

two decades, with the increased use of in situ spectroscopic(co),] and [HMNn(COY|[RCORN(CO})], but crucial dinuclear

studies, both rhodium tetracarbonyl hydride HRh(&®and
acyl rhodium tetracarbonyl RCORh(Cf{)ave been observed
for unmodified rhodium systeri8.Detailed kinetic modeling
has repeatedly shown that the hydrogenolysis of the ®bond
in RCORN(CQ) s the rate-limiting step® These latter findings
are consistent with a unicyclic reaction mechanism, where all
intermediates are unmodifiedononuclearhodium complexes.

A second, significantly different mechanism was also pro-
posed by Heck and Breslow for the cobalt-catalyzed hydro-
formylation? This second mechanism consists of the simulta-

neous presence of both mononuclear and dinuclear intermediates,

where the bimolecular reaction of HCo(C@nd RCOCo(CQ)
leads to Cg(CO) and aldehyde (eq 1).

RCOCO0(CO) + HCo(CO), — RCHO + Co,(CO), (1)

Subsequent studies with unmodified cobalt failed to support
significant product formation from such a mechaniSnin
addition, initial in situ spectroscopic studies with unmodified
rhodium and cyclohexene failed to support any statistically
significant product formation from such a mechani$rmterest
in homometallic and hetero-bimetallic stoichiometric binuclear
elimination and in the possible existence of the catalytic
binuclear elimination reaction (CBER) has been the focus of

(12) Marko, L.Aspects Homogeneous CataB74 2, 3—55.
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Iridium; D. Reidel Publishing Company: Dordrecht, Holland, 1985.
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intermediates were not observed during reaction. The simulta-
neous observation of both mononuclear and dinuclear intermedi-
ates, as well as detailed kinetics supporting their simultaneous
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J. Organomet. Chen1978 150(1), C9-C10. (e) Martin, Bruce; Warner.
D. K; Norton, J. RJ. Am. Chem. S0d986 108(1), 33—39. (f) Hoxmeier,
R. J.; Blickensderfer, J. R.; Kaez, H. Dhorg. Chem.1979 18, 3453~
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involvement in the same reaction mechanism, would lend rather
conclusive support to the concept of a catalytic binuclear
elimination reaction. In turn, this would help to change some a

frequent working assumptions in homogeneous catalysis and A
promote the search for and development of CBER type
mechanisms for other organic syntheses.

In the present rhodium and rhenium hetero-bimetallic system, b
both mononuclear and dinuclear intermediates are observed by
in situ infrared spectroscopy during hydroformylation of cy-
clopentene. The hydroformylation kinetics correlate with not
only the bimolecular event [HRe(CE)RCORN(CO)] but also
the hydrogen activation by the observed species RhRe(CO)
The observable product formation arises from the existence of
both a unicyclic rhodium catalytic cycle and a hetero-bimetallic
rhodium—rhenium CBER. The observable rate constant for the
rate-limiting step of the CBER was significantly greater than
the observable rate constant for the unicyclic reaction mecha-
nism. Thus the addition of less expensive rhenium, and the
presence of a CBER mechanism, has dramatically increased the
utilization of the scarce precious metal rhodium. f

Absorbance

Results T T T T T
2400 2200 2000 1800 1600
Signal Processing and BTEM AnalysisIndividual catalytic

runs (22) were carried out in batch mode with in situ FTIR Wavenumber (cm™)

measurements according to the procedure described in theFigure 1. BTEM spectral estimates of the organic and organometallic
Experimental and Numerical Aspects section. The resulting 763 solutes present during the active catalytic hydroformylation experiments:
in situ FTIR absqrpance speptra were first subjected to singylarE"é)g):f‘(g)oc);zéé?;%gﬂg?;?g;;g%:th,g(e(_:Qxd) RCORN(CQ), (¢) RhiRe-
value decomposition (SVBjin order to determine the associ-

ated basis vectors (see Supporting Information for details). Then x10™ x1073

band-target entropy minimization (BTE/)was applied to the

SVD results in order to recover pure component spectral € :ﬁgﬁg{’)’;z

estimates of the constituents present. BTEM was able to recoverg e Rcoah<<§0)4 . o4
good spectral estimates of the solveiitexane and the dissolved £ v RhRe(CO), o =
CO, as well as the moisture in the sample chamber. In addition, -2 ¢ RCHO el '%
as shown in Figure 1, BTEM recovered the pure component £ .10*"'“%*""*“*'3 g
organic and organometallic solutes present during the hydro- 8 'l ’,c" 2
formylations. The recovered pure component spectra include s .: Fad 1. &
the reagents used, namely JRBO),,, cyclopentene, and HRe- g "‘"mgf‘m-mﬂuuuz %
(CO)k. In addition, two further organometallic species were % ’,,0' 8
identified, RCORh(CQ) and RhRe(CQ) and one organic o | 'ﬂ,x;v#wmwmwwwwwq
species cyclopentane carboxaldehyde. The organorhodium speQ Ty o

cies RCORh(CQ)was first identified in 1989 under hydro- ‘43477*\*7”‘?*’*—**—*

formylation conditions? and RhRe(CQ)was recently synthe- 50 100 150 200 250 308

sized and characterized under @OAIl spectral estimates Time (min)
possess excellent signal-to-noise ratios. The spectral estimateg;, .o » Time-dependent mole fractions of the organometallic solutes
of the isolatable species such as cyclopenteng(GD).,, HRe- and organic product cyclopentane carboxaldehyde. In this standard experi-

(CO), and cyclopentane carboxaldehyde are in excellent ment, the initial reaction conditions were 42.49 mg of@l0);2, 20uL of
agreement with authentic references. Further analysis of the/Re(CO} 5.5 mL of cyclopentene in 300 mL of hexane with 4.0 MPa

. . . CO and 1.0 MPa K The experiment was isothermal at 289.7 K, and due
spectroscopic data did not provide any support for the presencey the large gas-phase volume, the total pressure change in the system was
of observable quantities of RICO)e,%° HRh(CO),'* or Re- less than 2% during this 300 min experiment. Only ca. 15% conversion of
(CO)0.30 the alkene occurs during this experiment.

In Situ Concentration Profiles. After obtaining the pure  moles of solute species and their time-dependent mole fractions
component spectral estimates via BTEM, the time-dependentwere obtained by algebraic optimization techniques (see Ex-
perimental and Numerical Aspects section for details). The

(26) Golub, G. H.; Van Loan, C. RMatrix Computations3rd ed.; Johns Hopkins - concentration profiles of the organometallic solutes and the
University Press: Baltimore, MD, 1996.

(27) (a) Chew, W.; Widjaja, E.; Garland, Mrganometallic2002 21, 1882~ organic product for a typical bimetallic hydroformylation
iggg- (b) Widjaja, E.; Li, C.; Garland, MOrganometallic2003 21, 1991~ experiment at 289.7 K are shown in Figure 2. Due to the

(28) Li, C.; Guo, L.: Garland, MOrganometallics2004 23, 5275-5279. multivariate methods used, the concentration profiles show little

(29) Chini, P.Chem. Commuril967, 440-1. ; ; ; ; ;

(30) Cotton, F. A.; Liehr, A. O.: Wilkinson, GJ. Inorg. Nucl. Chem1956 2, if any scatter, in spite of the very low organometallic loadings
141-148. used, and the small signal intensities involved. The concentra-
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tions of the organometallic precursors&0);, and HRe(CQ) x10°

decline rapidly, and the concentrations of the other observable 4.5 ‘ ‘ ‘ ‘

organometallics RCORh(C@and RhRe(CQ)increase rapidly — @ Fin,(C0);5=0mg, HRE(CO)s=35 ul o

after the reactions start. A significant portion of the transient 41 | xRN, (CO),,=49.03mg,HRe(CO);=0 UL . ek

behavior is finished in ca. 50 min, and the organometallic solutes 4| | ®~ Fin(©0),3=89.87mg HRe(CO)g=5.4ul A

have achieved their asymptotic limits/concentrations within ca. @~ A Any(C0);,=42.49mg HRe(CO)=20 ul A

100 min. At ca. 100 min, almost all R{CO), precursor has S 3| A ,

disappeared, and only mononuclear and dinuclear species @ Ve

remain. © 25/ ra 1
Measurable quantities of the hydroformylation product, g A/"

cyclopentane carboxaldehyde, were already observed in the first o 2 A e

10 min. Thereafter, the rate of product formation is essentially Li Va - "

constant. Only a small induction period is seen at the start of 8 15 el . " 1

the experiment. At 10 min, 1.99 10~ mol of cyclopentane < 1l e . |

carboxaldehyde has been produced. Since the total loading of A _-"

the precursors resulted in 2.5110~4 mol of metal, nearly one 05! A 4 - " |

turnover of the system has already occurred at 10 min at this . A'_ - " - 4*”*,,”rr*'**

low hydroformylation temperature of 289.7 K. O.gli!;'u—ﬁ_#flﬂ%%%’iiiiioaoiffai—oooﬂ
The absence of observable ROy is a strong indication 0 50 100 150 =200 250 300

that radical mechanisms involving rhenium are not significant Reaction Time (min)

or even absent in this-hexane solution, since REO)y is Figure 3. Effect of changing rhenium concentrations on rate of hydro-

K t dilv f f | heni b | formylation: a comparison of the time-dependent mole fractions of the
nown 1o readily 1orm irom mononucléar rhenium caroonyl  organic product cyclopentane carboxaldehyde from 4 of the 22 hydro-

radicals?°¢ In addition, independent hydroformylation experi- formylation experiments. The other initial reaction conditions were the same,
ments conducted with both E(@O)lz and RQ(CO)lo as namely, 5.5 mL of cyclopentene in 300 mL of hexane with 4.0 MPa CO
catalytic precursors showed no measurable formation of HRe-2"d 1.0 MPa Hat 289.7 K
(CO) or RhRe(COy,

Precatalytic Steps.lt is known that the precatalytic kinetics
of unmodified rhodium-catalyzed hydroformylation are governe
by the need to form the specidfRhy(CO)4} followed by
hydrogen activatiod® In addition, it is known that the induction
period for simple alkene hydroformylation using JRBO)2 is
ca. 4 h atconditions similar to those used in this studyn the

of the remaining elementary steps are lost. The reasons for the
d efficiency of metal hydride attack diRhy(CO);4} may include
the particular affinity mononuclear hydride complexes have for
free coordination sites on other complexgs.
Hydroformylation Rates. Figure 3 shows the time-dependent
concentrations of cyclopentane carboxaldehyde formed in four

present bimetallic hydroformylations, the conversion ofRh representative hydroformylation experiments all conducted at

(CO)2 to RCORN(CO) occurred much more rapidly, i.e., ca. 289.7 K, 4.0 .MPa.CO, .and L0 MP?‘Z”rhe mqnometallic
15 h. hydroformylations, involving only rhenium or rhodium, are used

The formation of RCORh(CQ)was modeled using eq 2 as the basg cases. The results of the s'tz.andard exp'eriment (Exp
where all concentrations are expressed in mole fractions. 5) are alsomclud_ed,as well as one additional expgrlmental Exp
Regression of the initial data provided rate constéats (3.0 6 (see Table 1 in the Experimental and Numerical Aspects
+ 0.5) x 102 min~t andk, = (6.2 + 1.5) x 10* min~%, where s_ectlon for details). Again, the concentrapon profiles show very
the errors are listed as twice the standard deviation, i.e., theltl€ Scatter. The rates of hydroformylations were (2:8.4)

95% confidence limit. This result indicates that the attack of < 10* 1.28 x 107, 6.87 x 10°°, and 1.41x 10°° mol
HRe(CO} on{Rhy(CO).4} is ca. 200 times more effective than fraction/min, with pure rhenium, pure rhodium, Exp 6 (HRe-
the reaction of molecular hydrogen witRhy(CO).4}. The first (CO) = 5.4uL), and Exp 5(HRe(CQ)= 20.0uL), respec-
term ki is consistent with a previous manganeskodium tively. The turnover frequencies (TOFs) based on rhlodlum acyl
hydroformylation of cyclopentene at 289.7 K where the value Were 0-03+ 0.01, 0.11+ 0.01, and 0.25= 0.02 min= when
ki = (4.0 + 0.8) x 10?2 min~! was obtaineds® the |n|t|§l loadings of HRe(CQ)were 0, 5.4, and 20.@.L,
respectively. These results clearly show that pure rhenium has

d[RCORh(CO)]/dt = k;[Rh,(CO),,J[CO]H,] + essentially no catalytic activity, but that bimetallic rhodium and

2 rhenium experiments are much more active than the pure

ko[RN,(CO),,l[COITHRe(CO)] (2) rhodium hydroformylations.

The dramatic and synergistic effect of rhenium on the
Ihydroformylations can be further demonstrated. In Figure 3,
when the rhenium to rhodium ratios were 0.75:1 (HRe(£>9)

5.4 ul) and 2.58:1 (HRe(CQ)= 20.0uL), respectively, the
rates of hydroformylation were ca. 5.5 and 12 times greater than

The equilibration of tetranuclear carbonyl complexes with
open polyhedra has been invoked on previous occasions in orde
to rationalize the kinetics of metal carbonyl cluster transforma-
tions32 In the present case, the subsequent attack of metal

hydride is much more rapid and effective than the attack of . . "
4 P that for the pure rhodium experiment. Thus the addition of

molecular hydrogen. Since these two steps are the rate-limiting imatel imol ts of rheni bonvl hvdrid
steps for the formation of the acyl species, subsequent detajls2PPTOXIMalEly equimolar amounts of rneénium carbonyl hyaride
(inactive in its pure form) promoted the already excellent activity

(31) Garland, M.Organometallics1993 12, 535-543. of rhodium by ca. 1 order of magnitude.

(32) (a) Bor, G.; Dietler, U. K.; Pino, P.; Poe, A. Organomet. Chen1978 i i ; +
154, 301-415. (b) Ungvary, F.. Marko, Linorg. Chim. Actal97q, 4, A _S|m|Iar series pf experlme_nts were _conducted at fl_xed
324-326. rhenium concentrations but variable rhodium concentrations.

13330 J. AM. CHEM. SOC. = VOL. 129, NO. 43, 2007
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E_able_ 1-S Egpe;in;]entgl DeSIilgnlzordthtfe in SlitU_ Spefctéosclomc and differential equation describing total aldehyde formation. The
inetic Study of the Bimetallic Hydroformylation of Cyclopentene : : : _
Starting with Rha(CO)1 and HRe(CO)s Precursors reaction orders for hydrogenolysis are known from the litera

turel® This leaves three unknowns, namely the two rate

ep  HRE(CO),  RN(CO)p  CP. CO,  Hy temp, constants and the reaction order in CO for the binuclear

no. ul mg mL  MPa MPa K remarks

elimination.
1 0 0 55 4.0 1.0 289.7 blank
2 20.0 0 55 2.0 20 2943 pureHRe(GQ) .
3 35.0 0 55 4.0 1.0 289.7 pure HRe(GQ) Mota = K[RCORN(CO)J[H,]J[CO] =+
4 0 49.03 55 40 10 289.7 pureRBO), X
5 200 4249 55 40 10 289.7 standard exp k,[RCORN(CO)J[HRe(COX][CO]™ (3)
6 5.4 3987 55 40 10 2897 HReGO)
variation . . .
7 15.0 3937 55 40 10 289.7 The _expenme_ntal design for this study (1) covered a range
) 40.0 39.90 55 40 1.0 289.7 of rhodium, rhenium, alkene, CO, and hydrogen concentrations;
9 20.0 933 55 40 10 2897 REBO): (2) the rates of total aldehyde formation were measured at a
variation variety of conditions; and (3) the corresponding organometallic
10 200 2138 55 40 10 2897 . o .
11 200 6959 55 40 10 2897 concentrations were measured in 3|.tu. Accordingly, eq 3 can
12 20.0 37.89 3.0 40 10 289.7 cyclopentene be properly regressed. Mole fractions were used for the
variation concentrations of all solutes. A nonlinear regression of data

13 20.0 40.40 150 4.0 1.0 2897

i = i 1 =
. 500 3717 55 30 10 2897 CO variation measured at 289.7 K providdéd = 0.33+ 0.04 mirm?, k4

15 20.0 37.42 55 50 10 2897 llO.i 12 mi.n‘l, andx = —1..601 0.04. The valge oks i§ .

16  20.0 39.42 55 6.0 1.0 289.7 consistent with the pure rhodium experiment carried out in this

17 20.0 38.14 55 40 05 289.7 ;Mariation study 0.30+ 0.03 mirr! as well as the previously reported value

18 200 3867 55 40 15 2897 of 0.3144 0.08 mim %250 The reaction order for the binuclear

19 200 3807 55 40 20 2897 Rl ' e X

20 20.0 4002 55 40 1.0 2826 temperature elimination suggests coordinative unsaturation on one and
variation possibly both organometallics, and the rate constant has reason-

21 19.0 40.43 55 4.0 1.0 294.0

able confidence limits. These parameters indicate that ca. 80%
22 185 3770 55 40 1.0 2985

of the product formation in the standard experiment (Exp 5)
arises from a catalytic binuclear elimination reaction.

x10° The terms in eq 3 can be rearrangedkd€0] Yk, CO] 16
7 +F‘m - (Co)‘ 503 mé ‘ ‘ to compare the attack of either molecular hydrogen or HRe-
6l | v Hh4(00;12=9.1323 mg, HRe(CO),=20 uL. (CO) on RCORN(CQ). At the mean carbon monoxide partial
¢ Rh,(CO),,=21.38 mg HRe(CO),=20 uL pressures used in this study, HRe(g@)ca. 1200 times more
T gl | @ PRn(C0),;=4249 mgHRE(CO)=20 - effective than molecular hydrogen as a reactant for aldehyde
2 ~— m RAh,(CO),,=69.59 mg,HRe(CO);=20 uL - . formation! This represents a dramatically improved utilization
£ 4l s oo * of rhodium. As further clarification, it can be noted that the
é . " .o 5 mean mole fractions of molecular hydrogen and HRe)
S 3l L this study are on the order of 1and 10 mole fractions,
B - «®’ o respectively, yet the binuclear elimination is the main contributor
) .-'..-' “.0" to product formation.
< Jute® ® ot L Interconnected Unicyclic and CBER Mechanisms.The
1 ..: i .,n" vy Y hydroformylation kinetics indicates that two pathways are
¥ .0 *‘,’,, yyvvvvyyvyy R available for aldehyde formation. These are a classic mono-
odiﬂ—!i;g; D o aaaRa i ; : ; i ;
D 50 100 150 200 250 300 nyclear meghgnlsm and a r'hodlulrrrmenlum blmetalll'c Catalyt|p
Reaction Time (min) binuclear elimination reaction. Since some of the intermediates

) . . . in both mechanisms are the same, the two mechanisms are
Figure 4. Effect of changing rhodium concentrations on rate of hydro- . . .
formylation: a comparison of the time-dependent mole fractions of the Coupled. The combined mechanisms are shown in Scheme 2.
organic product cyclopentane carboxaldehyde from 5 of the 22 hydro- The elementary steps andj3 are crucial for the existence of
formylation experiments. The other initial reaction conditions were the same, the CBER mechanism. The step provides activation of
gﬁ?i%‘ a'gamgac:fgg? F:fntene in 300 mL.of hexane with 4.0 MPa CO 0.0y hydrogen and cleaves the hetero-bimetallic intermedi-

ate back to mononuclear intermediates, andAhstep is the

This series showed regular increases in hydroformylation ratesbinuclear elimination between mononuclear intermediates to
with increasing rhodium concentrations (Figure 4). Particular give a dinuclear intermediate and organic product formation.
noteworthy is the fact that the rate of hydroformylation with Hydrogen Activation by RhRe(CO)s. The basic features of
9.33 mg of Rl(CO) in the presence of HRe(C®js more the proposed reaction topology in Scheme 2 can be further
than twice the rate of hydroformylation with 49.03 mg ofJRh  investigated and confirmed by analyzing the kinetics of hydro-
(CO)2 alone. gen activation by RhRe(C@)As shown by eq 3, the overall

Hydroformylation Kinetics. Since the hydroformylation  hydroformylation rates can be partitioned into the contribution
rates show a dependence in both rhodium and rhenium, it isfrom the rhodium cycle and the RiRe CBER. In turn,
assumed that two simultaneous mechanisms occur for productcorrespondence should exist between the rate effRWCBER
formation. These are the hydrogenolysis of the acyl rhodium hydroformylation and hydrogen activation by RhRe(gQhe
tetracarbonyl RCORh(C®)and the bimolecular reaction of  ordinary differential equation relating the variables involved is
RCORN(CO) and HRe(CQ). Equation 3 is the ordinary given in eq 4, where the first term on the right-hand side
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Scheme 2. Proposed Reaction Topology for Inter-connected Unicyclic and CBER Mechanisms?
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represents the rate of hydroformylation from the-#te CBER
and the second term is the rate of hydrogen activation by RhRe- " B S
(CO). At pseudo-steady state, the concentration of RhRe{CO) praaaaaanaanane
is constant as indicated by the data in Figure 2 and hence the

a2 = |

rate of change of RhRe(C®)s zero. The corresponding . Bxp7
algebraic equation can then be solved for one unknown, namely '“*'::*‘j EESEESESEAESSEAESEE..
I(5- A

d[RhRe(COy]/dt = k,[RCORh(CO)][HRe(CO)][CO]* —
k[RhRe(COY[H,J[CO] *~ 0 (4)

Ly B 5 B B ERRE i & B S EEEEEEEEEEREEEEN

AAAAAAA AAAAAAAAAAAAAAAAAAA
3

Concentration (arbitrary unit)

The same type of analysis can be performed for the pseudo " Exp 11
steady state concentrations of HRe(e@phd even RCORh- ‘rnﬂ*i‘.imw“
(CO). The resulting mathematical expressions have only one A."“
unknown, namelyks. Therefore, it is sufficient to model only ‘ ‘ ‘ ‘
one pseudo-steady-state concentration in order to describe the 0 50 100 Ti 150 200 250 800
pseudo steady state behavior. ime (min)

Pseudo-steady-state data for the organometallics can beFlgure 5. Concentrations of the rhenium organometallics HRe @)

. . . . . ) and RhRe(CQ)(a) for four representative bimetallic catalytic hydroformy-
obtained for all the bimetallic hydroformylations in the interval |ations: Exp 5, Exp 7, Exp 10, and Exp 11. After the rapid initial transient
of ca. 106-300 min. Figure 5 shows the time-dependent behavior, a pseudo-steady state for the organometallics can be identified in
concentrations of the rhenium organometallics HRe@y ~ the interval of ca. 108300 min.

RhRe(COjy for four representative experiments. Indeed, very )

little variation in the concentrations is observed in the period ©" RNRe(COYRhRe(COjis exactly equal to the rate of CBER

100-300 min. hydroformylation. The transformations of the observed mono-
Regression of the data provided a value for the observable metallic and dinuclear organometallics are synchronized, and

rate constanks of 3.81 + 0.07 mirr’. The high confidence together they are responsible for hydroformylation.

limits for the rate constant strongly suggest that the present A comparison can be made between the rate of hydrogen

hydroformylation results arise from a combined classic mono- activation on RCORh(CQ)and the rate of hydrogenation

nuclear rhodium mechanism and a CBER mechanism as shownractivation on RhRe(CQ)using the productkslRCORh(CO)]-

in Scheme 2. Indeed, the hydrogen activation kinetics confirms [H2][CO] ! andks[RhRe(COy][H][CO] tin egs 3 and 4. It is

that the dinuclear species RhRe(@@nd RhRe(CQ) are found that the rate of hydrogen activation due to the second

essential for product formation. The rate of hydrogen activation term is ca. 4 times greater than the first term, which is consistent

13332 J. AM. CHEM. SOC. = VOL. 129, NO. 43, 2007



Mono-/Dinuclear Events in Homogeneous Catalysis

ARTICLES

with the fact that ca. 80% of product formation came from

CBER at the mean reaction conditions used in this study.
The complex RhRe(CQ)kxhibits an unusually high rate of

hydrogen activation. Indeed, the observable rate con&gast

~ 38 min! under the mean CO partial pressure of 4.0 MPa

compares very favorably with many complexes used as catalys

precursors in catalytic hydrogenation. For example, the observ-

able rate constant of the benchmark Vaska complex IrCI(CO)-
(PPh); is ca. 420 mint under zero CO partial pressui€The
difficulty of activating molecular hydrogen in the presence of
CO has been noted befote.The ability of some hetero-
bimetallic complexes to readily activate molecular hydrogen at

techniques used. In particular, band-target entropy minimization
allowed outstanding spectral recovery of the observable organic
and organometallic species present. Many of the organometallics
observed were in fact nonisolatable intermediates in the
catalysis, particularly RCORh(C@and RhRe(CQ) In addition,

tthe algebraic system identification techniques permitted excellent
quantitative information. Indeed, the resulting time-dependent
concentration profiles are very smooth, even for the organo-
metallic species, whose mean concentrations were on the order
of 30 ppm. In turn, this high quality in situ spectroscopic analysis
then permitted detailed kinetic modeling of the induction period,
the catalysis, and hydrogen activation. These phenomena could

ambient temperature has also been noted before and attributedbe numerically decoupled and separately analyzed.

to the polarization of the hydrogen bond during cleavage, thus
lowering the activation energy:*®The observable rate constant
Kobsafor RhRe(COJ is comparable téopsg= 66 min* observed
with RhCo(CO} which also activates molecular hydrogen
readily in the presence of C&The facile hydrogen activation
kinetics of RhRe(CQ)play a significant role in the present rapid
CBER kinetics.

Isotopic Labeling. Triply labeled cyclopentane carboxalde-
hyde CHCH,CH,CHDCH — **CDO instead of cyclopentene

|

In the present study, the addition of HRe(GQ)p the
unmodified rhodium-catalyzed hydroformylation resulted in a
dramatic increase in the rate of aldehyde formation. The in situ
spectroscopic measurements showed that the presence of HRe-
(CO)s, RCORN(CO), and RhRe(CQ)were correlated with the
system activity. Detailed modeling showed that there were two
contributions to aldehyde formation, namely hydrogenolysis of
RCORhO(CO) and the bimolecular reaction of HRe(GGnd
RCORhN(CO). Thus, at this level of analysis, the catalytic system

was used in an experiment conducted at otherwise standarc@PPears to consist of a classic unmodified mononuclear rhodium

conditions, hence, in the presence of;0);,, HRe(CO},

mechanism together with a HeeBreslow || mechanism.

carbon monoxide, and hydrogen at 289.7 K. As expected, the Moreover, the rate of hydrogen activation of RhRe(e@as

dinuclear species RhRe(CQ)as rapidly formed under these

synchronizedvith the rate of aldehyde formation arising from

conditions. No experimental evidence was obtained for decar- bimolecular reaction of HRe(C©and RCOR(CQ) This result

boxylation or hydroformylation reversibility in th5 h experi-

provides conclusive evidence for the simultaneous existence of

ments. Specifically, there was no spectroscopic evidence for both mononuclear and dinuclear organometallics in a single

(1) the removal/exchange of the deuterium on the carbonyl,
i.e., transformation of CKCH,CH,CHDCH — *¥CDO to
I — |

CH,CH,CH,CHDCH — *CHO and hence a shift of the
I —

carbonyl vibration from 1722 cm, (2) the decarbonylation of
CH,CH,CH,CHDCH — **CDO followed by recarbonylation
L -

CH,CH,CH,CHDCH 2cDO
Lo = <
CH,CH,CH,CHDCH — 'CHO and hence a shift of the
Lo " °

carbony! vibration from 1722 cm to 1733 cn1?, and (3) the
formation of alkene; i.e., no new signals at ca. 1640 tm
appeared. Furthermore, no significant changes in the metal
carbonyl vibrations of RI{CO);2, HRe(CO}, and RhRe(CQ)

to form or

were observed. Taken together, the results suggest that neithe

significant decarbonylation nor hydroformylation reversibility
exists in this system at 289.7 K. This result is consistent with
other hydroformylation studies using (1) cobalt where little
reversibility of the hydroformylation reaction was observed at
elevated temperatures, i.e., 42873 K0 and (2) P+ Sn systems
where essentially irreversible hydroformylation occurs at@G9
and reversibility is observed at 9&.11

Discussion

In large part, the detailed results of the present study were
only made possible due to the special signal processing

(33) Vaska, L.; Diluzio, J. WJ. Am. Chem. S0d.962, 84, 679-680.

(34) Pino, PANN. N.Y. Acad. Scil983 415 111-28.

(35) James, BHomogeneous Hydrogenatiowiley: New York, 1973.

(36) Oro, L.; Sola, E. Mechanistic aspects of dihydrogen activation and catalysis
by dinuclear complexes. IiRRecent Adances in Hydride Chemistry
Peruzzini, M., Poli, R., Eds.; Elsevier: Amsterdam, 2001; pp-2327.

(37) Garland, M.; Pino, POrganometallics199Q 9, 1943-1949.

homogeneous catalytic mechanism. In other words, this syn-
chronization of events confirms the existence of a Heck
Breslow Il or catalytic binuclear elimination mechanism. The
concentrations of HRe(C@)RCORh(CO), and RhRe(CQ)are

all coupled and interdependent, and these three species act in a
concerted and collective manner to give rise to product
formation.

The ratio of the observable rate constants from the CBER
and unicyclic mechanisms is ca. 1200 at the mean conditions
of this study. Thus the catalytic binuclear elimination reaction
mechanism is extraordinarily more efficient than the classic
Iunicyclic mechanism with respect to the utilization of rhodium,
the metal of choice for catalytic hydroformylation. Catalytic
pinuclear elimination is the phenomenological basis for the
observed synergism of the bimetallic system.

There are broader implications that should be explored in
the future. Hetero-bimetallic catalytic binuclear elimination
represents a new and possibly rather general synthetic option.
Indeed, it differs with the widely used approach of organic ligand
design/modification in order to achieve new metal-mediated
synthetic avenues. Hetero-bimetallic CBER might be developed
for already known systems, by the addition of an appropriate
second metal complex. Furthermore, the bilinear term provides
the potential for achieving greater utilization of the (precious)
metals used. Thus, it might be possible to significantly reduce
the amount of precious metal used or, if preferred, achieve a
significantly higher volumetric rate of product formation for
the same loading of precious metal (bilinear advantage). From
a topological viewpoint, hetero-bimetallic CBERs should be
stable and not exhibit instabilities or bifurcati#hHence the
nonlinearity of such systems does not appear to present practical
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difficulties to implementation. Finally, there are numerous are used throughout for kinetic analyses, and all standard deviations
reasons to assume that hetero-bimetallic CBERSs present entirelyare given with 95% confidence levels.

new opportunities for controlling selectivity. By modifying one The experimental design for this study is provided in Table 1. Each
or both metals with appropriate ligands, new regio- and possibly €xperimentinvolved 300 mL af-hexane. The range of concentrations

stereoselectivity patterns should arise. covered by this experimental design wagecoy = 1.72 x 1075—
1.28 x 10_4; XRhy(COY, — 5.40 x 10°%-4.01 x 10_5; Xcp = 1.49 x

Conclusions 1072-7.40 x 1072 Xco = 7.55 x 1072-1.42 x 107 x4 = 4.90 x
1073-1.91 x 1072 the temperature wab = 282.6-298.5 K. Blank

Hetero-blmetalllp Catal_ytlc . binuclear . ellmlngtlon . (Heek experiments were performed with cyclopentene, hydrogen, and carbon
Breslow Il mechanism) exists in the rhodittthenium bimetal- monoxide as reagents, but without the addition of any organometallic

lic hydroformylation of cyclopentene. This is demonstrated by precursors. Monometallic hydroformylation experiments were per-
(1) the in situ observation of both mononuclear and hetero- formed with (i) HRe(CQ) as precursor but not R€O), and (i) Rhy-
bimetallic intermediates, (2) the synchronized kinetics for the (CO), as precursor but not HRe(C®)The standard bimetallic
transformation of mononuclear and dinuclear intermediates, (3) hydroformylation experiments were conducted with approximately the
the statistical correspondence of both the mononuclear andaverage reagent concentrations used in this study. The remaining
dinuclear intermediates with product formation, and (4) the rapid €xperiments involved variations in the nominal rhenium and rhodium
hydrogen activation kinetics on RhRe(GOMoreover, this concentrations, cyclopentene concentration_s, parti_al pressures of the
mechanism is orders of magnitude more efficient than the gaseous reactants, and temperature. All 22 bimetallic experiments were

. . . . . e started in the same manner by adding in rapid succession HRg(CO)
corresponding unicyclic rhodium catalysis. This finding should

. . (in n-hexane) and then hydrogen to a solution containing cyclopentene
{oromott: the sgarch {cr)]r CBER mechanisms applicable to other ., Rh(CO) under CO. Since both HRe(COand hydrogen can be
ypes of organic syntheses.

added in ca. 90 s, and since the characteristic time for the disappearance
Experimental and Numerical Aspects qf Rhy(CO). is on the order _of 1 h, the sequence (_Jf agldition plays
little role. The general experimental procedure for in situ studies of
The hydroformylations were performed with puriss cyclopentene hydroformylations can be found elsewhé¥e.
(99.9% Fluka), carbon monoxide (99.97% Saxol), hydrogen (99._999% The FTIR spectra covered the interval 155500 cnt® with data
Saxol), RR(CO)- (98% Strem), HRe(C@)(99% Strem), and puriss  jntervals of 0.2 cmt. The resulting absorbance matrix with dimension
n-hexane (99.6% Fluka). The alkene, gases, and solvent were exten-763 x 4751 was used directly. Band-target entropy minimiz&fioras
sively pU”f'e_d prior to use according to previously used procedtifes,  ysed to obtain all pure component spectra, and a set of algebraic system
and all solution preparations and transfers were made under Schlenkigentification algorithms were used to determine the absorptivities of
techniques?  Triply 1I3abeled cyclopentane  carboxaldehyde  the organic and organometallic species present as well as their moles
CH,CH,CH,CHDCH — “CDO was made by deuteroformylation of  and mole fractiond! The solventn-hexane was used as an internal
Cyc|0pentene witht3CO using RMCO)lZ as precursor followed by Standard, and its abSOrpth|ty was measured mdependently.

purification. .
All hydroformylation experiments were performed in a closed batch Acknowledgment. The authors would like to thank IBM

reactor system, and mass transfer concerns were addressed (seg'ngapore and the Institute for High Performance Computing
Supporting Information for detaildy. The duration of a typical (IHPC Singapore) for the use of the high-performance compu-
hydroformylation reaction was ca. 5 h, and ca. 15% conversion of tational resources used in this study and Dr, Keith J. Carpenter,
cyclopentene was achieved in the standard experiment. Only cyclo- Director of ICES, for his support.

pentane carboxaldehyde could be detected as product. Mole fractions . . . . .
Supporting Information Available: Detailed signal process-

(38) (a) Chan, Y. Y. Homogeneous Catalytic Binuclear Elimination Reactions ing, experimental aspects, and experimental design with mole

in CFSTRs. Application of Feinberg’s and Horiuti's Theorems. B. Eng. i ial i i i
Thesis, National University of Singapore, 1999. (b) Feinberg, M. in numbers. This material is available free of charge via the Internet

Mathematical Models of Chemical Reactiorirdi, P., Toth, J., Eds.; at http://pubs.acs.org.
Manchester University Press: Manchester, 1989; Chapter 4.
(39) Shriver, D. F.; Drezdzon, M. AThe Manipulation of Air-Sensité JA073339V

CompoundsWiley: New York, 1986.
(40) Garland, M. Transport Effects in Homogeneous CatalysiEnkyclopedia
of Catalysis Horvath, I. T., Ed.; Wiley: 2002. (41) Widjaja, E.; Li, C.; Garland, MJ. Catal.2004 223 278-289.

13334 J. AM. CHEM. SOC. = VOL. 129, NO. 43, 2007



