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The  (DIOP)rhodium-catalyzed  hydroformylation  of  butadiene  has  been  shown  to  give among  the  highest
selectivities  for formation  of  adipaldehyde,  which  is  useful  for the  synthesis  of  nylon.  Herein,  isomerizing
hydroformylation  is shown  to  be a mechanism  that  is  partially  responsible  for  this  selectivity  and  density
functional  theory  studies  are  used  to reveal  the  detailed  pathway  for the  requisite  alkene  isomerization.
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. Introduction

Transition-metal-catalyzed hydroformylation of olefins is one
f the most important homogeneous processes for industrial pro-
uction of aldehydes [1]. Hydroformylation, also known as the “oxo
rocess” was discovered by Otto Roelen in 1938 and subsequently
ecame a highly efficient and widely utilized industrial process for
he production of oxo chemicals globally [2]. The resulting alde-
ydes and aldehyde-derived compounds such as alcohols, amines,
arboxylic acids, and esters are also equally valuable for the synthe-
is of bulk chemicals [3]. As such, hydroformylation of butadiene
as been suggested as an ideal process for the production of adi-
aldehyde.

Adipaldehyde is a potentially valuable intermediate for produc-
ng adipic acid and hexamethylene diamine (HMDA) which are key

onomers for nylon-6,6 synthesis [4,5]. Currently, nylon-6,6 syn-
hesis relies mainly on two processes [6–12]. First, adipic acid is
ynthesized by the oxidation of KA oil, utilizing harsh oxidizing

gents such as concentrated sulfuric and nitric acids. These strong
cids produce large quantities of N2O gas as a side product, which
s a significant environmental concern [6–8]. The resulting adipic
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acid is subsequently polymerized with hexamethylenediamine
(HMDA) to form nylon-6,6. HMDA is predominantly produced by
Ni-catalyzed hydrocyanation, which requires extremely careful
handling of toxic HCN gas [9–12].

On the basis of the environmental concerns associated with
these processes, hydroformylation has emerged as a desirable
alternative for adipic acid and HMDA synthesis. Interestingly,
both monomers can be synthesized from a common adipaldehyde
intermediate by oxidation and reductive amination. Moreover,
reduction of adipaldehyde to hexane-1,6-diol would produce
a third high-valued monomer for the synthesis of polyesters
(Scheme 1) [1,2,13–15]. Therefore, the efficient synthesis of ali-
paldehyde via hydroformylation of butadiene has significant
potential to become industrially valuable. [16–23]

Several groups have reported the atom-economic synthesis of
adipaldehyde via the hydroformylation of 1,3-butadiene [16–23].
However, the reactions suffer from limited selectivity to the desired
adipaldehyde. For example, the Ohgomori group reported 31%
selectivity of adipaldehyde with a catalyst formed from rhodium(I)
and the commercially available DIOP ligand [13]. In 2011, the
Hofmann group reported that selectivities of up to 50% could
be achieved with rhodium(I) combined with bulky bisphosphite
ligands [17]. More recently, they have utilized isomerizing hydro-

formylation to achieve up to 73% yield of an adipaldehyde bis-acetal
derivative [24]. However, for industrial practicality the selectivity
and activity of the catalysts needs further improvement.
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The hydroformylation of butadiene to produce adipaldehyde
equires two sequential hydroformylation reactions. Ideally, buta-
iene would react with syn-gas via 1,2-addition to produce
ent-4-enal (Scheme 2), which is known to undergo rapid hydro-

ormylation to form adipaldehyde [16,17]. However, the poor
electivity in hydroformylation of butadiene typically arises from
he predominance of 1,4-addition in the first hydroformylation
o produce pent-3-enal (Scheme 2). This product is preferen-
ially hydroformylated to produce undesired branched aldehydes
nd also undergoes hydrogenation. Unfortunately, the formation
f pent-3-enal is usually strongly favored both kinetically and
hermodynamically. For example, dppe-ligated rhodium provides
ent-3-enal with 94% selectivity [16]. Since pent-3-enal can be

ormed with high efficiency, we became curious whether a cata-
yst, or catalysts, could effect the isomerization-hydroformylation
f pent-3-enal to form adipaldehyde (“our approach”, Scheme 2)
25–27]. Such a process would require the development of a cata-
yst that is highly active for isomerization and highly selective for
ydroformylation of the terminal olefin of pent-4-enal.

According to the previous report of the Ohgomori group [16],
here is no indication of this type of kinetically controlled in situ iso-

erization of pent-3-enal to pent-4-enal. Hofmann, however, has
ecently found evidence for such a kinetic pathway with rohodium
hosphite-catalyzed bis-hydroformylation of butadiene [24], which

as been studied extensively (computationally and experimen-
ally). Since the related reaction with the simple DIOP ligand has not
een explored in detail from a mechanistic point of view, though it

Scheme 2. In situ isomerization-
ty of adipaldehyde.

exhibits significant selectivity for adipaldehyde, it was of interest
to study whether phosphine-ligated rhodium can engage in isomer-
izing hydroformylation.

Herein, we report the results of a combined experimental
and computational study of the hydroformylation-isomerization
of butadiene. It is shown that the (DIOP)Rh catalyst does indeed
facilitate conversion of pent-3-enal to adipaldehyde via isomeriz-
ing hydroformylation, albeit to a limited degree. Density functional
theory studies are then used to illuminate the mechanistic features
of the critical olefin isomerization.

2. Experimental

Hydroformylation reactions were conducted using a Parr Series
5000 Multiple Reactor System. 1,3-Butadiene was obtained as a
solution (20 wt.% in toluene) from Sigma-Aldrich. A typical hydro-
formylation of butadiene is performed in the following manner.
Rh(acac)(CO)2 (4.77 mg,  0.0184 mmol), DIOP (46 mg, 0.092 mmol)
and 5 g of butadiene solution (20 wt.% in toluene) were added
to an autoclave in the glove box. The autoclave was  sealed and
removed from the glove box. The autoclave was flushed by syn-
gas (CO/H2 = 1:1) at 5–6 bar pressure. The procedure was  repeated
three times at the same pressure to ensure the complete replace-
20 bar. The solution was  stirred by 1000 rpm while being heated
at 80 ◦C. The heating was  continued for 3 h. After 3 h the auto-
clave was  cooled to room temperature and the pressure was

hydroformylation concept.
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Table  1
Isomerizing hydroformylation of pent-3-enal.

Entry CO/H2 (bar) Temp. (◦C) Conv. (%)b %8 formed

1 6 80 85(5) 7.75
2  10 80 85(5) 6.92
3  20 80 85(5) 6.59
4  37 80 100 8.52
5  20 70 85(5) 4.07
6  20 90 100 2.74
7  20 110 100 2.78
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Reaction conditions: pent-3-enal (19.5 mmol) in toluene, Rh(acac)(CO)2 (0.056 mm
error is due to slight overlap of GC peaks for 3 and n-pentanal.

lowly released into a gas outlet valve inside a fumehood to avoid
xposure to toxic CO. An aliquot was removed for immediate GC
nalysis and the product concentrations were determined from
omparison to calibration curves. Pent-3-enal was produced by
imilar treatment of 15 g of butadiene solution (20 wt.% in toluene)
ith Rh(acac)(CO)2 (14.33 mg,  0.056 mmol) and diphenylphosphi-

oethane (dppe, 22.12 mg,  0.056 mmol) for 4 h and purified by
istillation at 150–160 ◦C. The colorless solution obtained by this
ay was analyzed by GC and the concentration was determined

rom the calibration curve. The solution can be stored under argon
t low temperature (–20 ◦C) for 2-3 days. A 5.5 g solution of pent-3-
nal in toluene (19.52 mmol) was then treated with Rh(acac)(CO)2
14.33 mg,  0.056 mmol), DIOP (55.17 mg,  0.11 mmol) at various
emperatures and pressures outlined in Table 1. After 3 h, an aliquot
150 mg)  was removed from the reaction mixture and added to a
0 mL  volumetric flask followed by 30 mg  of decane and diluted to
0 mL  with toluene. The sample was then analyzed by GC and the
roduct concentrations were calculated from comparison to cal-

bration curves. Gas chromatographic analysis was  performed on
himadzu QP2010 SE gas chromatograph equipped with a mass
elective detector (GC–MS) using helium as carrier gas. A SHRXI-
MS (30 m,  0.25 mm ID, 0.25 um df) capillary column was used. The
e flow rate was kept at 0.92 mL/min. The column temperature was

nitially held at 60 ◦C for 2 min, then ramped at 10 ◦C/min to 200 ◦C
nd held at this temperature for 5 min. Retention times (min) of the
elected products are as follows: 1,3-butadiene (1.62), trans-pent-
-enal (2.71), trans-pent-3-enal (2.52), pent-4-enal (2.43), pentanal
2.55), 2-methylpentanedial (5.87), adipaldehyde (6.95).

. Results and discussion

.1. Benchmarked 1,3-butadiene hydroformylation

We  started our experimental findings by establishing the bench-
ark hydroformylation reaction of 1,3-butadiene with (DIOP)Rh

atalyst as reported by Ohgomori [16]. A toluene solution of buta-
iene, Rh(acac)(CO)2, and DIOP ligand were exposed to syn-gas
CO/H2 = 1:1) in a parallel Parr reactor at elevated tempera-
ure for several hours. The optimized conditions 18.51 mmol
f 1,3-butadiene in 5 mL  toluene, Rh(acac)(CO)2 (0.1 mol%, DIOP

0.5 mol%), 80 ◦C, syn-gas (20 bar), 3 h) resulted in the full con-
umption of 1,3-butadiene with 32% selectivity to adipaldehyde,
ogether with some undesired side products. The major side prod-
cts were pent-3-enal (3) and the hydrogenation product pentanal
IOP (0.11 mmol), syngas (CO:H2) = 1:1.

(6) (Scheme 3). Hydroformylation of 1,3-butadiene can, in principal,
produce a number of products including the desired adipaldehyde
[17], but the catalytic (DIOP)Rh system only generated few of them
(viz. 3, 4, 6 in Scheme 3). This minimal number of byproducts
adds to our belief that proper mechanistic investigation followed
by rational DIOP/condition modification can increase the selectiv-
ity for adipaldehyde (8). Additionally, the factors providing 32%
selectivity of adipaldehyde by DIOP ligand are still unclear, and a
detailed mechanistic study of 1,3-butadiene hydroformylation by
the (DIOP)Rh catalyst is lacking.

3.2. Mechanistic investigation with DIOP ligand

The commonly accepted mechanism for 1,3-butadiene hydro-
formylation by the (DIOP)Rh catalyst was proposed by the
Ohgomori group [16], but needs further support from theoretical
and experimental investigations. The observed product distribu-
tion suggests that the first hydroformylation of 1,3-butadiene takes
place by the incorporation of active catalyst Rh-H via the 1,2-
and 1,4-addition pathways (Scheme 3). The 1,2-addition pathway
yields pent-4-enal (7) via intermediate 2, which is analogous to
the hydroformylation of non-conjugated/isolated terminal olefins.
The subsequent n-selective hydroformylation of the resulting pent-
4-enal (7) provides the desired adipaldehyde (8). Independent
hydroformylation of commercially available pent-4-enal (7) with
(DIOP)Rh catalyst by us, and (bisphosphite)Rh by others [17,18],
supports the linear hydroformylation preference to adipaldehyde
(Scheme 4). Alternatively, the 1,4-addition of Rh-H proceeds via a
stable �3-crotyl complex (1, Scheme 3) and results in pent-3-enal
(3), which upon a second hydroformylation produces dialdehyde
4 or 5 (while both are possible, interestingly only 4 is observed).
Additionally, pentanal (6) formation can be rationalized by direct
hydrogenation of 3 or 7 or via the double bond isomerization of
pent-3-enal (3) to the conjugated pent-2-enal followed by rapid
hydrogenation by the (DIOP)Rh catalyst [28,29].

Finally, we  hypothesized that pent-3-enal (3) could also undergo
double bond isomerization to the non-conjugated pent-4-enal (7),
which is then rapidly hydroformylated to adipaldehyde (Scheme 2).
There is currently no reported evidence in the literature for this
in situ isomerization-hydroformylation of pent-3-enal (3) to adi-

paldehyde (8) with phosphine-ligated rhodium catalysts. This
prompted us to investigate the possibility of the isomerization-
hydroformylation of pent-3-enal to adipaldehyde, which we  now
discuss.
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Scheme 3. (DIOP)Rh-catalyzed 1,3

.3. Isomerization-hydroformylation of Pent-3-enal (3)

To investigate the possibility that adipaldehyde arises from
somerization-hydroformylation, we started with freshly prepared
oluene solutions of pent-3-enal (3) and subjected them to different
ydroformylation conditions.

As depicted in Table 1, a significant amount of adipaldehyde,
 was formed by hydroformylation of pent-3-enal (3) under var-

ous conditions. The effect of the syn-gas (CO/H2 = 1:1) pressure
as explored by varying it from 6 to 37 bar while keeping the

emperature constant (Table 1, entries 1–4). These experiments
emonstrate that the syn-gas pressure has only a minor influ-
nce on the selectivity for adipaldehyde. In contrast, varying the
emperature (entries 5–7) decreases the aldipaldehyde selectivity
ompared to the reaction at 80 ◦C. In all cases pentanal (6) was
he major byproduct that was observed. We  note that it is diffi-
ult to quantitatively determine how much pentanal is produced at
ncomplete conversion, since both pent-3-enal and pentanal have
imilar retention times using our gas chromatographic method.
owever, 1H NMR  spectra of the crude reaction mixture of entry 3

after 3 h) showed the presence of pentanal (6) and adipaldehyde
8) in addition to starting pent-3-enal (3). Similar NMR  spectro-
copic analysis after 24 h showed complete consumption of 3 to
dipaldehyde and pentanal. Importantly, the derivation of sig-
ificant quantities of adipaldehyde from pent-3-enal shows that

somerizing hydroformylation is kinetically competent to occur
uring the hydroformylation of butadiene. Therefore, the forma-
ion of adipaldehyde (8) from hydroformylation of butadiene can
e rationalized by a “normal” 1,2-addition pathway combined with

 1,4-addition hydroformylation-isomerization pathway involving
he thermodynamically unfavorable isomerization of pent-3-enal
3) to pent-4-enal (7) followed by rapid linear selective hydro-
ormylation to 8.
Scheme 4. Hydroformylation of pent-4-enal.
diene hydroformylation products.

3.4. Computational results and discussion

In recent years density functional theory (DFT) calculations
have been used to examine the reaction mechanisms of vari-
ous transition-metal catalyzed isomerizations of alkenes yielding
results in good agreement with experimental studies [30–32]. Thus,
in order to better understand the experimental results presented
above, we undertook a DFT study of the mechanism of isomer-
ization of pent-3-enal (3) to pent-4-enal (7) and pent-2-enal. All
DFT calculations reported in this work were carried out using the
NWChem 6.5 quantum chemical software [33]. Structures were
fully optimized using the M06-L functional [34] with the 6–31g*
basis set on all atoms except Rh, for which the LANL2DZ effec-
tive core potential was used [35]. Harmonic frequency calculations
were carried out to identify the stationary points as minima or tran-
sition states and to estimate the zero-point vibrational energy. To
examine the isomerization of pent-3-enal to its isomers (Scheme 5)
catalyzed by (DIOP)Rh, calculations were carried out for (a) hydride
transfer from the (DIOP)Rh catalyst to pent-3-enal, and (b) �-
hydride elimination of the resulting intermediates to produce the
isomerization products, i.e., the desired pent-4-enal and the unde-
sired pent-2-enal.

In the (DIOP)Rh-catalyzed isomerization mechanism pathway
(Scheme 5), pent-3-enal first coordinates to the Rh center via the
alkene bond. Then, two  possible isomerization pathways can occur
from this reactant complex that differ in the destination of the
hydride transferring from the catalyst to the bound pent-3-enal.
In path a the hydride on the catalyst transfers to the C3 carbon
of pent-3-enal resulting in the Inta intermediate. Then �-hydride
elimination from the C5 carbon chain of pent-3-enal will result in
the desired pent-4-enal. Alternatively, Inta can undergo �-hydride
elimination from the C3 carbon to regenerate pent-3-enal, the
reactant. In path b the hydride on the catalyst transfers to the C4 car-
bon of pent-3-enal to form the Intb intermediate. Then �-hydride
elimination from the C2 carbon of pent-3-enal will result in the
undesired pent-2-enal, while �-hydride elimination from the C4
carbon will reform pent-3-enal, the reactant.

The calculated zero-point energy-corrected electronic energy
profiles for the two  pathways are shown in Fig. 1 and the corre-
sponding structures of the stationary points are presented in Fig. 2.
All reported electronic energies are relative to the reactant complex
R (pent-3-enal coordinated to the (DIOP)Rh catalyst). We  note that
the reactant complex is a saturated 18 valence electron (VE) species

with a trigonal bipyramidal structure. The minimum energy struc-
ture has the anionic hydride in the axial position and pent-3-enal is
coordinated to the Rh center in the equatorial plane. The structure
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f the most stable conformer is shown in Fig. 2 (and the coordinates
re given in the Supporting information).

The green curve (R → TS1a→ Inta→ TS2a→ pent-4-enal) in
ig. 1 represents the energy profile for isomerization of pent-3-
nal to the desired pent-4-enal. The first transition state, TS1a,
orresponds to hydride transfer from Rh to the C3 carbon of pent-3-
nal and has a barrier of �E‡ = 11.7 kcal/mol. This hydride transfer

nvolves the rotation of the coordinated pent-3-enal out of the
quatorial plane. In the TS1a transition state structure (Fig. 2), the
ransferring hydride sits equidistant between the Rh and C3 car-
on, with Rh H and H C3 distances of 1.67 Å. The resulting Inta is
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ig. 1. Calculated zero point-corrected electronic energy profile for isomerization of pent
ed.  All energies are reported in kcal/mol with respect to the stable conformation of pen
olour  in this figure legend, the reader is referred to the web version of this article.)
somerization mechanism.

a 16 VE complex with a distorted square planar geometry (shown
in Fig. 2) and is stabilized relative to the bound pent-3-enal by
10.3 kcal/mol.

As noted above, two �-hydride elimination steps are possible
from Inta. Elimination at the C3 carbon represents a return over the
TS1a barrier to the pent-3-enal reactant. While this route is unpro-
ductive, it is likely important in the reaction kinetics as it ties up

both a (DIOP)Rh catalyst and a substrate molecule. Due to the lower
energy of Inta, the barrier to reform pent-3-enal is 22.0 kcal/mol. If
the hydride transfer instead occurs from the C5 carbon, the desired
pent-4-enal is formed through the transition state TS2a. This bar-
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-3-enal to pent-4-enal in green and isomerization of pent-3-enal to pent-2-enal in
t-3-enal coordinated to the Rh center (R). (For interpretation of the references to
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ig. 2. Stationary point structures for paths a and b from the DFT calculations. First r
ow:  TS1b, Intb, and TS2b. Geometry parameters are shown in Table S1.

ier is higher than that to regenerate pent-3-enal, with a barrier of
0.1 kcal/mol relative to Inta. As with TS1a the structure of TS2a has
he hydride directly between the Rh and C5 atoms with effectively
he same Rh H and H C5 distances in both cases of 1.67 Å.

The red curve (R → TS1b→ Intb→ TS2b→ pent-2-enal) in Fig. 1
epresents the energy profile for isomerization of pent-3-enal to
ndesired pent-2-enal. As described above, TS1b, corresponds to
ydride transfer from Rh to the C4 carbon of pent-3-enal, which
equires the rotation of the coordinated pent-3-enal out of the
quatorial plane, and has a barrier of �E‡ = 11.6 kcal/mol, In TS1b
Fig. 2) the transferring hydride sits equidistant between Rh and
he C4 carbon with Rh H and H C4 distances of 1.67 Å. Similar to
he path a intermediate Inta, Intb is also a 16 VE species with a dis-
orted square planar geometry and is stabilized by 12.6 kcal/mol
elative to R.

As described in Scheme 5, Intb can also undergo two �-hydride
limination steps. Elimination at the C4 carbon leads to the forma-
ion of pent-3-enal (R) via TS1b with a barrier of 24.2 kcal/mol, a
tep that is important in the overall reaction kinetics. If the hydride
ransfer occurs from the C2 carbon, the undesired isomer pent-2-
nal is formed through the transition state TS2b with a barrier of
1.6 kcal/mol. This barrier is higher than the barrier to form Intb
rom R, and thus �-hydride elimination from the Intb is the rate-
imiting step. Further, as with all the other transition states (TS1a,

S2a, and TS1b), in the TS2b structure the transferring hydride has

dentical Rh—H and H C2 distances of 1.67 Å.
To model the solvent effects on the isomerization of pent-3-enal

eaction, solvation model based on density (SMD) single-point cal-
ent-3-enal (R), pent-4-enal, and pent-2-enal. Second row: TS1a, Inta, and TS2a. Third

culations were carried out with toluene as the solvent. [36] The
reaction energy profile is shown in Fig. S1 of the Supporting infor-
mation. The results indicate that toluene solvent has only a minor
effect on the reaction energetics. It does not change the relative
ordering of the barriers with respect to formation of pent-4-enal
and pent-2-enal. The key difference with respect to the gas phase
results shown in Fig. 1 is that in the weakly polar toluene solvent
the barriers are slightly larger, by ∼1.2–4.6 kcal/mol. These small
changes upon incorporating solvation indicate that gas phase cal-
culations represent the relevant processes well.

It is interesting to compare the isomerization pathway of pent-
3-enal to pent-4-enal (Fig. 1, green curve) with that for pent-3-enal
isomerization to pent-2-enal (Fig. 1, red curve). The rate-limiting
step in both cases is the second transition state (TS2a, and TS2b,
respectively) from the intermediate to the pentenal product. The
barriers for these two pathways are similar, 30.1 kcal/mol to
form pent-4-enal compared to 31.6 kcal/mol to form pent-2-enal.
However, both are larger than that for converting the respec-
tive intermediate back to pent-3-enal, 22 kcal/mol for Inta and
24.2 kcal/mol for Intb. Thus, the calculations suggest that the rate-
limiting barrier for pent-4-enal formation is less than that for
pent-2-enal. However, the kinetics should be strongly influenced
by the formation and decomposition of the intermediates Inta and
Intb, which involve substantially lower barriers.
The experimental results indicate that the isomerization of
pent-3-enal in the presence of the (DIOP)Rh catalyst occurs to form
both pent-4-enal and pent-2-enal, with the latter the major prod-
uct. An additional consideration in examining these results is that
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ent-2-enal is the most stable isomer and is thus the thermody-
amically favored isomer. This is enhanced upon binding to the
DIOP)Rh catalyst, which further stabilizes the pent-2-enal iso-

er  compared to the (DIOP)Rh-bound pent-3-enal and pent-4-enal
orms. Moreover, pent-2-enal bound to the (DIOP)Rh catalyst is
tabilized by 13.1 and 13.6 kcal/mol relative to the catalyst-bound
ent-3-enal and pent-4-enal, respectively (Fig. 1). These relative
tabilities are modified compared to the isolated pentenals, where
ent-2-enal is 5.0 and 9.3 kcal/mol more stable than pent-3-enal
nd pent-4-enal, respectively. The (DIOP)Rh-bound pent-2-enal
ppears to be further favored over the other two  isomers due to
avorable interactions of the aldehyde group with a ligand phenyl
ing.

After isomerization, pent-4-enal can undergo a hydroformyla-
ion to form adipaldehyde; this is expected to be rapid but must
ompete with reformation of Inta via TS2a as shown in Fig. 1. In
ontrast, the hydroformylation of pent-2-enal is expected to be
lower. Fig. 1 also indicates that return to the intermediate (Intb
ia TS2b) should be less likely for pent-2-enal due to the substan-
ially larger barrier of 32.1 kcal/mol (compared to the same process
or pent-4-enal). On the other hand, pent-2-enal can also undergo

 hydrogenation reaction to form pentanal side product.

. Conclusions

Isomerization of pent-3-enal to pent-4-enal, leading to adi-
aldehyde formation through subsequent hydroformylation, has
een demonstrated using the (DIOP)Rh catalyst. The thermo-
ynamically favored isomer, pent-2-enal, is also formed and
epresents the major isomerization product; pent-2-enal is iden-
ified through the products of its subsequent and hydrogenation.

hile the yield of pent-4-enal is low, the results support the
otion that its hydroformylation is rapid and thus an isomeriza-
ion catalyst may  be used to direct the branching of butadiene
ydroformylation toward adipaldehyde formation.

A DFT study of the reaction pathways has been carried out to
etter understand the experimental results. The energy profiles
or pent-3-enal isomerization to both pent-2-enal and pent-4-enal
ave been determined. They indicate that the barriers to form the
wo isomers are similar. The lowest barriers are for forming inter-

ediates, that can then lead to pent-2-enal or pent-4-enal, by
ydride transfer from the catalyst to pent-3-enal and its reverse
eaction. Thus, the overall reaction kinetics are expected to depend
ot only on the barriers to isomerization alone, but the equilibria
etween (DIOP)Rh-bound pent-3-enal and these intermediates.
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