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The rhodium-catalyzed hydroformylation of olefins to give
aldehydes is an important and widely investigated homo-

geneously catalyzed reaction.1 With a terminal olefin used as a
substrate, a high molar fraction of n-aldehyde is usually desired.
This goal can be achieved by choosing rhodium complexes
containing rigid bidentate phosphorus ligands which show
reduced conformational flexibility. These ligands include dipho-
sphites based on sterically demanding bisphenols.2 Despite the
fact that a large number of diols and (di)phenol derivatives have
been used to form diphosphites,3 the BIPHEPHOS ligand (see
Chart 1) is still the most prominent member among them,
bearing two seven-membered phosphacycles.4 With this ligand
98�99% n-selectivity is usually seen in terminal olefin hydro-
formylation. Another advantage is its short and rather cheap
synthesis. In contrast, monophosphites induce less regioselec-
tivity, which is usually accompanied by a pronounced substrate
double-bond isomerization; the occurrence of this parallel reac-
tion during hydroformylation has been concluded early from the
formation of unexpected iso-aldehydes from long-chain olefins.5,6

Such activity of the catalyst can be of benefit for the production
of terminal aldehydes via an isomerization�hydroformylation
reaction sequence from internal alkenes, as was shown with
rhodium catalysts modified with fluoroalkyl phosphites, dipho-
sphines, and phosphonites.7 Excellent selectivities to the corre-
sponding n-aldehydes from 2-alkenes have recently been
obtained with a new, structurally less defined rhodium tetrapho-
sphorus ligand catalyst.8 With our synthesis of bidentate O-acyl
phosphites predominant n-regioselective catalysts became avail-
able, showing very high turnover frequencies (>4000 h�1) for the
hydroformylation of internal alkenes.9,10 For these catalysts, the

preference for the a,e-[HRh(CO)2(P
1∩P2)] complex isomer has

been confirmed by high-pressure NMR spectroscopy.11

Here we will present evidence that very high regioselectivity in
both terminal and internal olefin hydroformylation can be
achieved when 1,3,2-dioxaphospholane moieties based on a
sterically highly demanding substituted 1,2-ethanediol, such as
benzpinacol, are part of the ligand structure. Apart from the
excellent catalytic performance, the new motif is accessible in a
two-step synthesis and has therefore the potential for industrial
application.

’RESULTS AND DISCUSSION

First, the new ligand building block 2-chloro-4,40,5,50-tetra-
phenyl-1,3,2-dioxaphosphole (1) was synthesized, which was
easily accessible in nearly quantitative yield from the reaction
of benzpinacol with PCl3 in the presence of triethylamine or N,
N0-dimethylaminobutane in toluene. For details of analyses and
the X-ray molecular structure of this compound, see the Support-
ing Information.

The synthesis of the unsymmetrical ligand 2 involves the
reaction of the monolithium salt of 2,20-dihydroxy-3,30-di-tert-
butyl-5,50-dimethoxybiphenyl with 1 followed by treatment of
the hydroxy phosphite intermediate obtained with 2-chloro-
1,3,2-benzodioxaphosphorin-4-one in the presence of triethyla-
mine (Scheme 1). Two diastereomers are formed, which are
characterized by phosphorus NMR signals centered at 117.0
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ABSTRACT: A new rhodium catalyst is described that gives
99% regioselectivity in linear aldehyde in the hydroformylation
of internal and terminal olefins. High-pressure NMR spectro-
scopic data verify an energetically preferred bis-equatorial mode
of coordination for the bidentate phosphite ligand in the hydride
resting state of the catalyst. Experimental FTIR spectra are
compared with the individual spectra of the e,e and e,a iso-
mers of [HRh(CO)2(P∩P)] calculated from density functional
theory.
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(d, JPP = 50.4 Hz), 144.9 ppm (d, JPP = 50.4 Hz) and 118.3 (d,
JPP = 51.4 Hz) and 145.3 ppm (d, JPP = 51.4 Hz), respectively,
and pronounced spin coupling between the different phosphorus
atoms that we interpret in terms of a through-space interaction.12

For the synthesis of the diphosphites 3 and 4 2 equiv of the
phosphorus chloride 1 was reacted with racemic 1,10-bi(2-
naphthol) or 2,20-dihydroxy-3,30-di-tert-butyl-5,50-dimethoxybi-
phenyl, respectively, leading to an approximately 80% yield after
recrystallization. In the 31P NMR spectrum, both compounds
exhibit single resonances at 140.5 (3) and 145.3 ppm (4).

The new ligands were tested in the rhodium-catalyzed hydro-
formylation of 1-octene and of internal octenes and 2-pentene
(Scheme 2). The reaction temperature was set to 120 �C for
the internal olefinic substrates to favor olefin isomerization. A
comparison with BIPHEPHOS (5) is given (see Table 1). It is
noteworthy that under the conditions used in this study full
chemoselectivity was achieved for all batches.

The diphosphites 2 and 3 form an active rhodium catalyst but
do not induce outstanding regioselectivity with 1-octene used as
the substrate. For the unsymmetrical 2, which does contain an
anhydridic O-acyl moiety derived from salicylic acid, this is in
accord with earlier results obtained for a similar ligand structure.9

An enhanced reaction rate in the presence of this ligand is reflected
in the highest aldehyde yield obtained from internal octenes and
2-pentene, respectively, where themain product is the correspond-
ing n-aldehyde (ratio linear:branched 3.2 and 3.9).

Significantly higher n:iso product aldehyde ratios were ob-
tained with 4, even in comparison to the industrial standard
BIPHEPHOS. Thus, this ratio is 124 (Rh-5: 70.4) from 1-octene
and 99 (Rh-5: 22) from 2-pentene. The reduced reactivity
toward 2-pentene under the standard conditions is obvious
and was confirmed by additional experiments. Thus, a doubled
concentration of the Rh-4 catalyst together with a prolonged
reaction time of 24 h was needed to enhance the yield of hexanals
from 14% to 63%. This was accompanied by a small drop in n-
selectivity from 99.0 to 97.5%. When the ligand 4 to Rh ratio was
increased from 2 to 5, no effect on hexanal yield and regioselec-
tivity could be observed.

Interestingly, the Rh-5 catalyst from the literature worked
similarly with the different internal olefins. Thus, 93.3% n-
nonanal from the octene mixture and 95.8% n-hexanal from
2-pentene were obtained. This points to a similar balanced
kinetic control between olefin isomerization and terminal and
internal hydroformylation for both substrates. With Rh-4, the
selectivity obtained from the octenes is only ∼70% but a higher
aldehyde yield was obtained compared to 2-pentene with the
first-order rate constant kobs = 1.8 � 10�3 min�1. A time-
dependent plot of the molar fractions of the octane isomers
shows that after an initial period of 50 min with ongoing hydro-
formylation the ratio of the individual isomers remains constant
(see Figure 1). The 0.01 fraction determined for 1-octene fits to
the thermodynamic equilibrium value.13 The fraction of 2-octene
(cis + trans) is depleted to 0.38 (equilibrium: 0.45), whereas the
3- and 4-octenes are populated to 0.36 (0.32) and 0.24 (0.22).
2-Octene, therefore, is more reactive in hydroformylation than
the other internal isomers and isomerization is not fast enough
to equilibrate the octenes. Consequently, the initial change of
olefin composition is accompanied by a decrease of n-nonanal
selectivity.

Hydroformylation of 2-pentene proceeds with the first-order
rate constant kobs = 7.2 � 10�4 min�1. The composition of the
substrate mixture changes continuously with the less reactive
trans isomer, accumulating to a 0.78 mol fraction after 4 h.14

This is significantly above the equilibrium value of 0.69 (see

Chart 1. LigandsUsed in This Study: NewDiphosphites 2�4
and 5 (BIPHEPHOS)

Scheme 2. Parallel and Consecutive Isomerization and
Hydroformylation Reactions of 2-Pentene

Scheme 1. Ligand Synthesis, Exemplified for the Unsymmetrical Diphosphite 2
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Figure 2).13 Similar to the the case for the octenes, the terminal
isomer constantly levels at 0.01 (equilibrium: 0.03). The time-
resolved in situ FTIR spectra taken during the reaction prove
the stability of the catalyst and the presence of [HRh(CO)2(4)]
as the only resting state over the full reaction period, a result
which was also verified for the hydroformylation of internal
octenes.

The low 1-pentene concentration observed during catalysis,
together with the high product regioselectivity obtained, proves
that the n-aldehyde is formed in a consecutive reaction. The
major reaction pathway includes cis-2-pentene, which is de-
populated. Furthermore, the high regioselectivity observed
points to a strong tendency of the isopentyl intermediates to
hydride elimination and 1-pentene complex formation.15,16

Such a double-bond shift could proceed even faster with the
octenes, because a chain length dependency in olefin isomer-
ization has recently been rationalized for rhodium diphosphine
catalysts.17 The lower regioselectivity obtained with the inter-
nal octene hydroformylation needs further explanation, and a
detailed kinetic analysis of both reactions, isomerization and

hydroformylation, is required, as has been exemplified for the
n-dodecene isomers.18

The formation of the most efficient hydroformylation catalyst,
Rh-4, was studied by high-pressure NMR spectroscopy under
conditions comparable to those for the catalytic batch routine.
Thus, the catalyst precursor [acacRh(CO)2] was treated with 4
in toluene-d8 under an argon atmosphere and the resulting
solution was then transferred to a modified 10 mm high-pressure
sapphire NMR tube. With the sample placed inside the magnet, a
mixture of CO andH2 (1:1) was supplied to the reaction solution
via capillary at a constant head space pressure of 20 bar. This
was done for the whole time of the experiment to ensure gas
saturation. After heating to 70 �C, the reaction mixture equili-
brated within 30 min.

The spectroscopic data obtained confirm the clean formation
of the rhodium hydride [HRh(CO)2(4)] (see Scheme 3) to-
gether with equimolar amounts of acetylacetone. The hydrido
complex is characterized by a proton resonance at �10.00 ppm
(d, JHRh = 3.4 Hz) and a broadened phosphorus signal at 166.1
ppm (d, JPRh= 235 Hz). The lack of any observable H�P
coupling and the equivalency of both phosphorus nuclei point
to a preference for e,e coordination of the diphosphite, with the
hydride located in an axial position. The spectrum of the hydride
remained unchanged upon cooling to room temperature and
depressurization. IR measurement of the syngas-saturated NMR
sample resulted in bands at ν~(CO) 1985 (w), 2012 (vs) and 2065
(vs) cm�1 (trace A in Figure 4), equal to that observed during
hydroformylation. This agrees with the observation of equivalent
phosphorus atoms by NMR spectroscopy, since two absorptions
around 2020 and 2070 cm�1 are indicative of the bis-equatorial
ligand coordination.19 The resonance at 1985 cm�1 can be
assigned to e,a-[HRh(CO)2(4)]. It is noteworthy that NMR
spectroscopy cannot differentiate between the two hydride iso-
mers at ambient temperature, although the broadened phos-
phorus signal might be due to the respective rotational dynamics.
In order to confirm these results, we also performed quantum
chemical DFT calculations for each of the isomeric e,a and e,e
rhodium hydride complexes (see Figure 3 for e,e- and e,a-[HRh-
(CO)2(4)]). These calculations verify a stabilization by 4 kJ/mol
for the latter isomer at 298 K, which predominates with a content
of 80% in the isomer mixture at room temperature. For the calcu-
lated structures, see Figure 3. With an P�Rh�P angle of 120.7�
the e,e isomer approaches the idealized tbp geometry.

In Figure 4 the overlapping experimental FTIR spectrum is
compared with the theoretical spectra obtained for the individual
rhodium hydride complexes. The calculation shows that all
absorptions of the HRh(CO)2 fragments within the range from
1900 to 2100 cm�1 arise from a simultaneous excitation of
Rh�H and CO stretching vibrations. Despite some frequency
shift, the calculated spectra fit relatively well to the experiment
with strong absorptions at 2010 and 2054 cm�1 and the relative
band intensities obtained for the e,e and the band for the e,a
isomer located at 1981 cm�1. The weak absorptions at 2004 and
2019 cm�1 calculated for the latter isomer are not resolved
experimentally, owing to overlap and the relatively low molar
fraction of this complex.

Isolable rhodium complexes of ligand 4 have been easily
obtained at room temperature in toluene by substitution of
the neutral ligands from [(acac)Rh(CO)2] and [(η3-C3H5)Rh-
(COD-1.5)] with 1 equiv of diphosphite to yield [(acac)-
Rh(4)]21 and [(η3-C3H5)Rh(4)], respectively. The solution
NMR spectroscopic data of the latter complex are consistent with

Table 1. Hydroformylationa of 1-Octene,b n-Octenes,c,d, and
2-Pentenec

yield of nonanal (%)/

n-selectivity (%)

ligand 1-octene n-octenese

yield of hexanal (%)/

n-selectivity (%)

2-pentene f

2 87/92.9 88/76.2 98/79.8

3 93/87.5 28/72.2 83/63.6

4 90/99.2 39/69.8 14/99.0g

5 92/98.6 50/93.3 83/95.8
aConditions: solvent toluene, ligand to rhodium ratio 2, t = 4 h.
bConditions: T = 100 �C, p = 50 bar, precursor [acacRh(CO)2],
[Rh] = 0.3 � 10�3 M. cConditions: T = 120 �C, p = 20 bar (con-
stant), [Rh] = 0.75 � 10�3 M. dA technical internal octene mixture
was used; see the Supporting Information. e [octenes] = 1.62 M.
f [2-pentene] = 2.35 M. gThe same result was obtained with a ratio
4/Rh= 5.

Figure 1. Isomerization/hydroformylation of internal octenes with the
Rh-4 catalyst: time-resolved plot of molar fractions of octenes (left;
initial fraction of 1-octene was 0.03) and C9 aldehyde isomers (right).
For the reaction conditions, see Table 1.
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a rigid and unsymmetrical η3 bonding mode of the allyl ligand.
Each of the allyl Hsyn andHanti protons is separately detectable, as
in [(η3-2-Me-C3H5)Rh(arphos)].

22 Resonances centered at 1.97
(t, 3JHP = 11.7 Hz; Ha1), 2.53 (dd,

3JHP = 13.1 Hz,
3JHP = 9.9 Hz;

Ha2), 3.08 (m, Hs1), 3.79 (m, Hs2) and 4.69 ppm (m, Hm) are
observed. Due to slow intermolecular movement, including
hindered allyl group rotation, an extra data set is observed not
only for the substructures of the ligand backbone but also the
phosphorus atoms, which resonate at 166.4 (dd, JPRh = 326.0 Hz,

2JPP = 58.5 Hz) and 169.1 ppm (dd, JPRh = 320.1 Hz, 2JPP =
58.5 Hz). The coupling constants JPRh are considerably higher
than those measured for corresponding rhodium complexes with
bidentate phosphines (169�200 Hz) and are in the same range of
the values of 317 and 304 Hz found for the allyl-type diphosphite
complex syn-[(η3-2,4-dimethylpentadienyl)Rh(pinacop)].23,24

In the molecular structure (Figure 5) a distorted-planar
coordination at rhodium can be observed, with the allyl group
occupying two cis positions at the rhodium atom andwith amean
deviation of 0.08 Å from the best plane through Rh, P1, P2, C1,
and C3. The P1�Rh1�P2 angle is 104.49(2)�, which points to
the flexibility of the ligand as compared with the angle of 120.7�
calculated for e,e-[HRh(CO)2(4)] and is just midway between
the ideal values of 120� for bis-equatorial (e,e) and 90 �C for
equatorial�axial (e,a) diphosphite coordination in tbp-struc-
tured hydrides [HRh(CO)2(P∩P)].25 In contrast, the reduced
steric demand present in the bis(triphenyl phosphite) complex
(η3-C3H5)Rh[P(OPh)3]2 results in a P�Rh�P angle of 97.55�
and shorter P�Rh bonds.26 The structure of [(η3-C3H5)Rh(4)]

Figure 2. Isomerization/hydroformylation of (E)-/(Z)-2-pentene with the Rh-4 catalyst. (left) Yield versus time of hexanal (�100%) and profiles of
molar fractions of 2-pentenes (main axis) and of 1-pentene (secondary axis). The final mole fraction of cis-2-pentene is 0.21 (equilibrium: 0.28); for
further details see text). (right) In situ FTIR spectra of the metal carbonyl region (alterations of the baseline from 1925 to 1975 cm�1 are due to
background subtraction). Reaction conditions: T = 120 �C, p = 20 bar (CO:H2 = 1:1), t = 4 h, solvent toluene.

Scheme 3. Formation of e,e-[HRh(CO)2(4)]

Figure 3. Structures from DFT calculations20 of (left) e,e- and (right) e,
a-[HRh(CO)2(4)]. The angles P�Rh�P are 120.7� for the e,e and
110.3� for the e,a isomer. Rh�P bond lengths for the e,e isomer are
respectively 2.33 and 2.29 Å and for the e,a isomer are 2.34 Å (a-P) and
2.37 Å (e-P).

Figure 4. FTIR absorption spectra: (A) room-temperature experimental
spectrum of [HRh(CO)2(4)] (CaF2, 0.1 mm) after toluene-d8 solvent
spectrum subtraction; (B, C) spectra from DFT theoretical calculations
(298 K) of e,e-[HRh(CO)2(4)] (B) and e,a-[HRh(CO)2(4)] (C).

20
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also proves the capability of the phosphorus ligand of providing a
pocketlike environment for the rhodium center. Such a crowded
ligand arrangement has been discussed to be essential for the
relatively high n:iso product ratio of 46 that is observed in the
propene hydroformylation promoted by (S,R,S)-6,60-(CH3)2-
BIPHEPHOS.27

’CONCLUSION

A benzpinacol substructure was included into a bisphosphite
ligand used in Rh-catalyzed hydroformylation. This motif re-
duces the activity of the catalyst toward the undesired hydro-
formylation of internal olefins. As a consequence, with 1-octene
an outstandingly high l:b aldehyde ratio of 124 is achieved.
Remarkable regioselectivity is also obtained in the consecutive
isomerization�hydroformylation of 2-pentene. Regioselectivity
and activity are significantly influenced by the chain length of the
olefinic substrate. The spectroscopic and theoretical results
obtained for the Rh-4 catalytic system are in accord with previous
experience that, for highly regioselective catalysts, bis-equatorial
diphosphite coordination is typical for the resting state of the
catalyst. Due to the straightforward synthesis of the new ligand, it
has the potential of broad application in academic and industrial
hydroformylation. The first evidence was already given by
Haumann and Wasserscheid, who used the ligand in supported
ionic liquid phase (SILP) catalysis for the highly selective
hydroformylation of mixed C4 feedstocks.28
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