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ABSTRACT: A study on how ligand backbone structure has an impact in selectivity, rate and catalyst stability of hydro-
formylation catalysts was prompted by some longer-term stability issues being discovered for a phospholane-phosphite
with a [-CH20-] backbone. A series of phospholane-phosphite ligands were synthesized. Catalysts made in situ from these
ligands and [Rh(acac)(CO)z] were found to give iso-butanal selectivities up to 75% at temperatures between 75 and 105 °C:
the latter being a benchmark for iso-selectivity in reactions conducted at industrially meaningful temperatures. A racemic
rhodium complex of a bidentate phospholane-phosphite from a tropos-biphenol with an extended backbone showed unusu-
ally high stability at high temperatures, combined with even better iso-selectivity in propene hydroformylation relative to
the original complex. A related ligand with an electron-withdrawing group maintained the unusually high stability and im-
proved activity. Characterization of the pre-catalysts of type [RhH(CO)z(L)] was accomplished using in situ HPIR spectros-
copy and backed up by density functional theory calculations (B3PW91-D3 level), and by NMR studies; the latter showed
the variation of the backbone also had a pronounced impact on pre-catalyst structure. A key finding is that it is now possible
to prepare phospholane-phosphite ligands that deliver high iso-butanal selectivity, and that show no signs of degradation
after several days even above typical reaction temperatures. In one stability test, several kilograms of aldehydes were pro-
duced with TOF and selectivity being consistent over several days.

INTRODUCTION

Hydroformylations of short chain alkenes such as pro-
pene are very important industrial processes.! Whilst n-
butanal and products derived from it are produced in the
largest quantities, iso-butanal derived products are also a
very significant market.2 Until recently, the innate prefer-
ence for almost all known ligand-modified Rh catalysts to
favour the linear aldehyde, at least to some extent,? meant
that the best iso-butanal selectivities from hydroformyla-
tion of propene were quite close to 50/50. Moreover, the
leading catalysts for producing more iso-butanal also tend-
ed to operate at low temperatures that lead to slow rates.*
For the last decade we have been engaged in a project
seeking to increase the proportion of iso-butanal that can
be made in the hydroformylation of propene. We recently

time when operated at 80 °C or above, making them un-
suitable for an industrial process that operates for extend-
ed time periods. This has led us to study how ligand struc-
ture impacts upon selectivity, rate and catalyst stability.
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Figure 1. Lead ligands in the hydroformylation of propene

Here we show that the nature of the backbone connect-

reported iso-butanal selectivity up to 82% at near-ambient
temperature and, more significantly, iso-selectivity of
around 60-65% at temperatures in the range used for in-
dustrial hydroformylation processes (75-90 °C) where
faster rates were observed.®> Our lead ligand from this part
of the project was 2, chosen over equally good enantio-
merically pure catalyst (Ra,RR)-1, Bobphos (Figure 1)
since it is cheaper to produce.

During longer multi-day testing of the catalyst, we found

that catalysts that display perfectly adequate stability for
shorter preparative experiments started to degrade over

ing the two phosphorous atoms in these bidentate ligands
has a pronounced effect on these aspects of performance
and describe a highly stable iso-selective hydroformylation
catalyst.

RESULTS AND DISCUSSION

In addition to the inherent susceptibility to hydrolysis of
phosphites,® we speculated that from a stability perspec-
tive the P, O acetal structure of ligands 1 and 2 could lead
to cleavage of the backbone, and our initial target was a
ligand with an extra CHz in the backbone to eliminate this



possibility. Phospholane-phosphite 5 is advantageously
derived from a cheap tropos diol and a racemic phos-
pholane and therefore was selected as our initial target.
The synthesis of this ligand is shown in Scheme 1.

Scheme 1. Synthesis of phospholane-phosphite 5 with an
extended backbone.
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Preparation of the phospholane-containing fragment
was achieved by deprotonation of the corresponding sec-
ondary phospholane with n-BuLi and reaction with ethane-
1,2-diyl bis(4-methylbenzenesulfonate) to give, after
deprotection, adduct 4. The phosphite coupling to prepare
5 was achieved by forming the corresponding bromophos-
phite from the tropos diol, in the same way used in the
preparation of BOBPHOS 1,7(@ and this was reacted direct-
ly with precursor 4 in the presence of DABCO. Ligand
(Rax R R)-5b, a single enantiomer variant of ligand 5, was
also prepared (Scheme 2), primarily to assist in reconciling
NMR and HPIR data and will be discussed later.

Scheme 2. Synthesis of single enantiomer phospholane-

phosphite 5b.
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We have previously reported the use of fluorinated sol-
vents such as octafluorotoluene and pentafluorophenyl n-
octyl ether (PFPOE) to play a critical role in the enhanced
regioselctivity towards iso-butanal using catalysts derived
from ligands 1 and 2.5 A simpler non-volatile solvent
would be preferable, so it was pleasing to find that the use
of long-chain alkanes such as n-dodecane also worked well.
Catalytic hydroformylation experiments in n-dodecane
gave slightly lower selectivity than the hydroformylation
in fluorinated solvents but superior relative to other com-
mon solvents as toluene. In all catalysis results in this pa-
per, the catalysts were pre-activated by mixing
[Rh(acac)(CO)z] and ligand in the reaction solvent and
syngas at 90°C. The time taken for this activation step was
separately studied by in situ HPIR spectroscopy to ensure
bands associated with the catalyst had grown to full inten-
sity within the chosen activation times used in catalysis
experiments. In this case, we found catalysts derived from
ligand 5 to take much longer to form than those derived

from ligand 1 (around 50 mins compared around 5 mins).
The characterization of the pre-catalysts is discussed later.
Tables 1 and 2 report TON frequencies at a pre-
determined time of 1 hour, except where noted. This was
chosen since this provides a valid average TOF for the first
part of the reaction; these TONSs, are, with the exception of
Table 2, entry 18 measured at below 50% conversion and
all catalysts are stable beyond this time. Propene and syn-
gas are consumed constantly up to this one-hour meas-
urement, and hence these are single point measurement of
experiments monitored continuously. If similar experi-
ments are carried out at constant pressure with syngas
added as the reaction proceeds, it is possible to measure
the gas consumption until full conversion several hours
later (see an example in ESI section 11). Rh/ (RaRR)-1,
afforded 70.2 % iso selectivity at 75 °C using n-dodecane as
solvent (Table 1, entry 1), compared to 78.3% using oc-
tafluorotoluene.> We were delighted to find out that the
iso-butanal selectivity of the Rh/ ligand 5 catalysts with the
extended carbon linker was even greater than that of lig-
and 1 at 75°C, albeit with much lower reaction rate (Table
1, entry 2). Improved turnover frequencies (TOFs) were
obtained at 90 and 105°C with iso-selectivity of around
70% and above: very unusually high for high temperature
conditions (Table 1, entries 4 and 5). The results shown in
Table 1 establish that the linker in phospholane-phosphite
ligands such as 1 and 2 can be extended with no detri-
mental effect in the regioselectivity of the reaction, but an
improvement under the conditions used. However, this
does come at the cost of a drop in reactivity.

Table 1. Hydroformylation of propene using BOBPHOS and
phospholane-phosphite 52.

[Rh(acac)(CO),] (0.25 mM) CHO
1

(
Ligand (L/Rh 2:1)

PR + ~_CHO
H, / CO, solvent, 1h iso n
Entry Lig- T[°C] Solvent TON Iso (%)
and
1b 1 75 dodecane 468 70.2
2¢ 5 75 dodecane 601 74.4
3b 1 90 dodecane 991 67.8
4 5 90 dodecane 139 72.5
5 105 dodecane 324 69.3
5 105 C7Fs 222 69.9

(a) Catalyst preformed from [Rh(acac)(CO)z] (5.12 x 10-3
mmol) and ligand (10.24 x 10-3 mmol) by stirring at 20 bar of
CO/Hz at 90°C for 45 min in the desired solvent (20 mL) and
then increasing or decreasing the reaction T prior to running
the reaction using a gas feed of propene/CO/Hz 1:4.5:4.5 ratio.
Rh concentration = 2.52 x 10-4 mol dm-3. Product determined
by GC using 1-methylnaphthalene as an internal standard. The
TON values actually correspond to average TOF values for the
first part of the reaction, see discussion above. (b) Activation
performed as above but at 50°C for 50 min (c) Reaction time
16h. Average TOF over 16h = 38.

The encouraging results obtained regarding the selectiv-
ity and preliminary experiments that showed Rh / 5 cata-



lysts to be stable over long periods led us to study further
the effect of ligand backbone modification. It is well known
that electron-withdrawing groups have an effect on the
ligand making the phosphorus atom less basic and there-
fore leading to a decrease in the electron density of the
metal center.’2 These more electron-deficient ligands
should display an increased activity in the hydroformyla-
tion reaction.!@ Consequently we chose to include a
strongly electron-withdrawing CFs group in the backbone
(Scheme 3, ligands 9a and 9b).

Scheme 3. Synthesis of phospholane-phosphites bearing
substitution in the backbone.
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Figure 2. X-ray crystal structure of 9b. Hydrogen atoms omit-
ted for clarity except in stereocenters.

The first step in the synthesis of these ligands is the
preparation of the alcohol precursors (Scheme 3, 6a and
6b). These precursors can be prepared in one step from
commercially available racemic 2-
(trifluoromethyl)oxirane. Regioselective attack of the re-
sulting anion from deprotonation of the corresponding
phospholane on the less substituted carbon of the epoxide
afforded alcohols 6a (major diastereomer) and 6b (minor
diastereomer) as a diasteromeric mixture in a 58:42 ratio
estimated by 31P{*H}NMR. These isomers could be sepa-

rated by chromatography on SiO2. The new ligands 9a (ob-
tained from major isomer 6a) and 9b (obtained from mi-
nor isomer 6b) can be prepared as shown in Scheme 3). On
this occasion the corresponding chlorophosphite from the
tropos diol was formed in THF at low temperature, mini-
mizing the formation of a byproduct, the unsymmetrical
phosphite containing two tropos diol fragments
(F*P{*H}NMR, c.a. 140 ppm) that this diol is prone to form
at higher temperatures.'3 The chlorophosphite was reacted
directly with precursors 6a or 6b in the presence of
DABCO to give the desired ligands 9a and 9b. In order to
determine the absolute configuration of each diastereomer
formed, a crystal structure determination of 9b was ob-
tained (Fig. 2). The configuration of ligand 9b (in racemic
form) is the (S,RR) and (RS,S) diastereomer. The relative
stereochemistry of the corresponding precursors 6b and
6a are therefore assigned as the (S,RR)/(RS,S) pair, and
(RRR)/(S,S,S) pair respectively.

Table 2. Hydroformylation of propene using new phos-
pholane-phosphite ligands.?

[Rh(acac)(CO),] (0.25 mM)  CHO

_~ Ligand (L/Rh 2:1) + ~_CHO
H, / CO, solvent, 1h iso n
Entry Ligand T[°C] Solvent TONin1hr Iso (%)
1 9a 75 dodecane 121 74.6
2 9a 75 C7Fs 72 76.5
3 9b 75 dodecane 118 74.0
4 9b 75 C7Fs 83 74.1
5 9a 90 dodecane 397 70.9
6 9b 90 dodecane 302 69.3
7 oM 90 dodecane 310 70.4
8b 9M 50 C7Fs 256 79.2
9 9a 105 dodecane 782 67.2
10 9b 105 dodecane 663 65.1
11 oM 105 dodecane 675 66.5
12 10a 75 dodecane 48 75.9
13¢ 10a 75 C7Fs 653 78.2
14 10a 90 dodecane 108 73.9
15 10a 105 dodecane 214 71.4
16 11a 75 dodecane 320 57.0
17 11a 90 dodecane 688 55.5
18 11a 105 dodecane 1148 53.7

aCatalyst preformed from [Rh(acac)(CO)z] (5.12 x 10-3
mmol) and ligand (10.24 x 10-3 mmol) by stirring at 20 bar of
CO/Hz at 90°C for the activation time for each ligand (9a, 9b
and 9M 30 min, 10a 100 min, 11a, 20 min) in the desired sol-
vent and then increasing or decreasing the reaction T prior to
running the reaction using a gas feed of propene/CO/H:
1:4.5:4.5 ratio. Rh concentration = 2.52 x 10-4 mol dm-3. Prod-
uct determined by GC using 1-methylnaphthalene as an inter-
nal standard. The TON values actually correspond to average
TOF values for the first part of the reaction, see discussion on
p 2 bReaction time 17h. Average TOF over 17h = 18. cReaction
time 18h. Average TOF over 18h = 36.3.



The performances in the hydroformylation of propene
in n-dodecane of these new fluorinated ligands were com-
pared to the un-substituted ligand 5 (Table 2). We were
pleased to find the desired leap in activity for both isomers
9a and 9b at 75°C, with a three-fold increase in average
TOF (compare Table 1, entry 2 with Table 2, entries 1 and
3). Also, the level of iso-selectivity for these ligands was
maintained at around of 74%. A similar behavior was also
found when the reaction was run using octafluorotoluene,
with a slightly better selectivity and a small drop in activity
(entries 2 and 4). The improved reaction rate was main-
tained at the higher temperatures tested of 90 and 105°C
while still displaying excellent regioselectivity for such
high temperatures (entries 5, 6, 9 and 10). The fact both
diastereomers, 9a and 9b display similar activity and se-
lectivity opens up the possibility of preparing and using a
diastereomeric mixture of 9a and b, 9M, without the need
to previously separate precursors 6a and 6b. As expected,
ligand 9M (9M = 9a:9b = 1.4:1), had a similar activity and
selectivity to the individual isomers (Table 2, entries 7 and
11). A highest iso-selectivity of 79.2% was achieved with
ligand 9M in octafluorotoluene at 50°C (Table 2, entry 8).
In order to confirm that the increase in activity from the
catalyst derived from ligand 9M is due mainly to electronic
effects, the methyl substituted ligand 10a was prepared
and tested as a control. The methyl group would have very
different electronic properties while having a reasonable
similar steric bulk.'* For reasons of simplicity, we used
enantiopure precursor (RRR)-7a for the preparation of
10a. The preparation of this ligand is described in Scheme
3. In terms of reactivity, 10a generated a catalyst much
slower than 9M and of similar activity to 5 (Table 2, en-
tries 12, 14 and 15). Higher iso-selectivity was also ob-
tained in this case when the fluorinated solvent was used
(Table 2, entry 13). These results support the positive ef-
fect on the reaction rate caused by the presence of the
strongly electron-withdrawing CF3 group in the backbone.

The modularity of these phospholane-phosphite ligands
led us to modify the biphenol scaffold in order to make the
phosphorus atom of the phosphite part less basic and
therefore increase the reaction rate. Replacing tert-butyl
groups in 5 and 9 with chlorine atoms would have a signif-
icant electronic effect, although Cl groups are much less
bulky than tert-butyl groups, and the impact this would
have was not known. This biphenol could be prepared in
large amounts; 3,3',5,5'-tetrachloro-[1,1'-biphenyl]-2,2'-
diol was prepared according to a known method by halo-
genation of biphenol with SO02Cl..15 This was readily con-
verted to ligand rac-11a (Scheme 4).

Scheme 4. Synthesis of electron-deficient phospholane-
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Electron-deficient precursor 6a was chosen for the
phosphite coupling to form ligand 11a, which was pre-
pared as previously described (Scheme 4). We were
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pleased to find out that the activity of this new catalyst was
greater than that of Rh-9M at 75°C and much closer to the
activity of Rh-BOBPHOS 1 (Table 2, entry 16), but there
was a drop in selectivity to 57%. The ligand was still slight-
ly branched-selective at higher temperatures (Table 2,
entries 17 and 18) but far below the regioselectivity dis-
played from ligands 5-10. It is reasonable to conclude that
a substituent larger than chlorine is required in the ortho-
position of the biphenol-derived part of the ligands. Over-
all, the catalysis studies establish that high iso selectivity is
also possible using phospholane-phosphites that form a 6-
membered chelate ring with rhodium.

A combination of in situ HPIR spectroscopy and variable
temperature NMR spectroscopy was used to structurally
characterize the catalyst resting state. This was also used
to assess the stability of this resting state to heat. The rho-
dium hydrido dicarbonyl complex was deemed to have
fully formed when the spectrum was constant and the
spectra observed for [RhH(CO):(tropos,trans)-5)] over
time as it forms is shown in Figure 3.

Figure 3. HPIR spectra of [RhH(CO)z(tropos,trans)-5]. Condi-
tions: Rh:L = 1:1.25 (Crn1 mM in dodecane), T = 90 °C, P= 20
bar, CO:Hz 1:1. Full activation achieved after 50 min.

The presence of four main bands in the spectrum at
2024, 2020, 1979 and 1968 cm! suggests two coordina-
tion isomers in solution. This is in contrast with
[RhH(CO)2(Rax R R)-1)] which displays only two bands at
2029 and 1978 cm. The asymmetric nature of the bands
is consistent with an equatorial-axial ea coordination
mode for one isomer.8 Ligand 5 is a hybrid diphosphorus
ligand with a tropos moiety, which opens the possibilities
for the other isomer to be either: [I] Rh species with the
ligand coordinated to equatorial-equatorial ee sites, or [II]
an ea coordination mode with a different phosphorous in
axial position or [III] it is also possible that the four bands
observed correspond to the two possible ea rotational
isomers analogous to atropos R and S enantiomers, that
could be formed if there is restricted rotation once the
tropos ligand is coordinated to Rh. Isomers with hydrides
in equatorial position have never been observed in any
type of complex of this type and are not considered. We
have not found any evidence for unmodified Rh clusters
that are the resting states after ligand decoordination (see
ESI) To shed light on the coordination mode of 5, another
experiment was done using D2/CO instead of Hz/CO. It has
been observed that if any of the signals represents an ee
species, the wave number of the CO stretch frequency will



change, due to removal of the interaction between vn-u)
and vco from the CO ligand trans to it.° There are no shifts
in the wave numbers showing that there are no CO in an
apical position and therefore no isomer with ee confor-
mation (Figure S5.2, ESI). The HPIR is therefore incon-
sistent with explanation [I] where there is an ee species
present in solution. To distinguish between the other pos-
sibilities required the use of NMR spectroscopy, along with
insights from the spectroscopic data from the other pre-
catalysts.

Pre-catalyst [RhH(CO)z(tropos,trans)-5)] was formed
under syngas and also analyzed by NMR spectroscopy at
ambient temperature (Scheme 5, see also ES], section 5.3).
The spectra obtained are very similar to those observed
for [RhH(CO)2((Rax R R)-BOBPHOS)],7() and
[RhH(CO)2((tropos,rac)-2)],° and consist of a single set of
signals, suggesting the presence of a single complex in so-
lution under these conditions or a fast equilibrium
amongst several species. The magnitude of 2Jp.u (phos-
pholane) coupling of 86 Hz is smaller than that observed
for the aforementioned complexes and also to that of
[RhH(CO)2((S,S)-Ph-BPE)], (¥r-u = 132 Hz at low tempera-
ture)?©. This is much larger than a cis coupling, which
tends not to be observed, and much smaller than the val-
ues of 2/p.u when P is a phosphite (~220Hz) in axial posi-
tion. This suggests that the major species has the phos-
pholane in the axial position, as with ligands 1 and 2.10
Intermediate values of Je-u at room temperature indicate a
fast equilibrium mixture between the two ea (equatorial-
axial) isomers or between ea and ee isomers.10®)d Thus,
the somewhat smaller value for 2/p.u (86 Hz) is likely to be
an averaged value of two interconverting species: a major
one in which the phospholane is axial and trans to the hy-
dride and another ea species where it is equatorial and cis
to the hydride, with a much smaller value of 2Jp..

It is known that mixtures of isomers of RhH(CO)2(P*P)]
complexes, when cooled to low temperatures, even if
symmetric ligands are used, can lead to broadening of
peaks before peaks can sometimes sharpen at very low
temperatures: In one case of a RhH(CO):(phosphine-
phosphite)] low T NMR has revealed the presence of two
isomers in which different P atoms were trans to the hy-
dride.1°® Cooling the sample of [RhH(CO)z(tropos,trans)-
5)] down to -95°C, this time in CD2Clz, did not show a sep-
arate resonance for either a species with equatorial-
equatorial ee or an ea coordination mode, with the phos-
phite in axial position (see ESI). However, the value of 2Jp.x
for the phospholane, which is slightly larger in this solvent
at room temperature (98Hz) did increase to 117 Hz, with
the latter being close to a typical value for a phosphine in
apical position trans to hydride (115-135 Hz). On its own
this data is not quite sufficient to unequivocally assign the
IR bands to either two rotational isomers (pseudo atro-
pisomers) formed when the tropos ligand coordinated and
rotation in the biphenol axis is frozen, or two ea species,
but the latter certainly seems most feasible, with the other
isomer likely to be populated to only a small extent and
hence not observable in the low temperature NMR, and
also not reducing the value of ?Jp.u to a great extent.

The Rh complex of the single enantiomer variant of lig-
and 5, i.e. (Ray, R R)-5b, made from a single atropisomer of

an atropos biphenol (Scheme 3) was studied using HPIR
spectroscopy (Figure 4).

Scheme 5. Characterisation of [RhH(CO)z(tropos,trans)-5]
by NMR.
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Figure 4. HPIR spectra of [RhH(CO)2(RaxR,R))-5b]. Conditions:
Rh:L = 1:1.25 (Crnl mM in dodecane), T = 90 °C, P= 20 bar,
CO:Hz 1:1. Full activation achieved after 70 min.

We initially considered that observing one pair of IR
bands in this spectrum would support the explanation in-
volving rotation isomers analogous to atropisomers in the
HPIR spectra of [RhH(CO)z(tropos,trans)-5)]. However, this
would only be the case if the ambient temperature NMR
coupling constants were similar in both complexes. In
practice, while there are only two main bands in the HPIR



of [RhH(CO)z(RayR,R)-5b)] (Figure 4), the NMR spectra
shows a larger value for %jp.u for the phospholane of 104
Hz. This data can therefore be explained by
[RhH(CO)2(Rax R R)-5b)] existing to a large extent as one ea
isomer (with two main IR bands and 2/p.u close to typical
values for phosphines in axial position trans to hydride). In
contrast there is larger amount of a second ea isomer for
[RhH(CO)2(tropos,trans)-5)], and this is detectable by IR,
and indirectly noticed in the low value for 2/p.u in the NMR
spectra.

To increase our confidence as to whether two different
rotational isomers (made possible by the tropos ligands
becoming unable to rotate freely on coordination), differ-
ent equatorial-axial or bis-equatorial isomers were most
likely, DFT calculations were carried out on this aspect
(B3PW91-D3/SDD(Rh)/6-311+G**/PCMmeon//RI-BP86-
D3/SDD(Rh)/6-31G** level, see ESI for details). These
started with the parent systems, (Rax,R R)-1. The Rh cata-
lysts derived from (RaxR,R)-1 have already been subject to
detailed DFT study. 74

A number of regioisomers and conformers were located,
which were all within a few kcal/mol of each other (see Fig
5). Computed (RI-BP86-D3 level) Rh-H and symmetric and
asymmetric CO stretching modes were found in the region
between ca. 1950 - 2065 cm (see Tables §9.2 & S9.6 in
ESI), in good qualitative agreement with experiment (e.g.
Figure 4) and in line with accuracies typical for this and
related DFT levels.t6 The calculations also predict that
when hydride is swapped for deuterium, only the ee iso-
mer exhibits significant changes. This latter aspect has
been observed in the IR spectra of Rh complexes of this
type derived from other ligands.? This is because in this
case H is trans to CO (see sketch in Fig. 5 top), and the
normal modes contain contributions from both Rh-H and
CO stretches (see Figure S9.2 in the ESI), so that switching
to Rh-D also imparts noticeable changes in the CO stretch-
ing frequencies. We now compare the energetics of the ea
isomer with phosphite axial, from herein termed eq-ax(ax-
P(OR)3), the ee isomer, and the ea isomer with phos-
pholane-trans-H [eq-ax(ax-PRs)] for (ReyRR)-1 (Fig. 5). In
addition we compared these to the other diastereomer,
(Sax,RR)-1, on the basis that the (RaRR)- and (SaxRR)-
diastereomers represent the two conformations the tropos
biphenols might adopt in Rh pre-catalysts derived from
tropos-rac-2. The calculations agree with experiment since
for the Rh pre-catalysts derived from (Ra,RR)-1, the ea
isomer experimentally observed is significantly lower in
energy than other isomers. The other diastereomer Rh/
(Sax,RR)-1 is predicted to be 3.7 kcal above the predicted
catalyst resting state for [RhH(CO)2{(Rax R R)-1}]. This is a
significant energy difference and consistent with the ligand
with a tropos biphenol, tropos-rac-2, preferring to adopt a
biphenol conformation more similar to (RayRR)-1, than
(Sax, R R)-1. Reference 5 discusses Rh catalysts derived
from a tropos diol but with an enantiomerically pure (R,R)-
phospholane giving the same sense of enantioselectivity
and enantiomer ratios relatively similar to using Rh/
(Rax R R)-1 catalysts, which is consistent with this.

The calculations were then adapted to the more configura-
tionally flexible 6-membered rings that the Rh pre-
catalysts derived from ligands such as 5 adopt. The ener-

gies of the isomers for [RhH(CO)2(Rax R R)-5b)] show that
while the earlier discussed ea isomer with phospholane-
trans-H, [eq-ax(ax-PRs)] is favoured, the energy for the ee
isomer becomes closer (reducing from + 4.6 to + 2.1
kcal/mol), consistent with the larger bite angle of 1 vs.
5/5b, and while not predicted to be a major isomer, eq-eq
is getting closer in energy. The other possible ea isomer,
eqg-ax(ax-P(OR)s3, is predicted to be significantly less stable
in energy. While this does agree quite well with the exper-
imentally observed IR spectra showing only two main
bands for [RhH(CO)2(Rax R R)-5b)] (Fig. 4), the large energy
difference did leave us wondering how to reconcile the
experimental support for the eq-ax(ax-P(OR)3 isomer for
very similar complex, [RhH(CO)z(tropos,trans)-5)]. How-
ever, when the energies of the Rh resting states for the
diastereomeric ligand (Su,R,R)-5b were calculated, they
reveal significant differences.

H
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LIGAND eg-ax(ax-PRy)  eq-ax(ax-P(ORy) eq-eq
AGrel AGrel AGrel

(Rax, R, A)-1 0 kcal/mol 2.9 kcal/mol 4.6 kcal/mol
(Sax. A.A)-1 3.7 keal/mol 1.8 kcal/mol
(Rax, R,R)-5b 0 kcal/mol 3.9 kcal/mol 2.1 kcal/mol
(Sax, R,R)-5b 3.0 kcal/mol 1.5 kcal/mol

MeO

MeO

(pseudoRax rotamer, R,R)-5 pseudoRax rotamer, R,R)-5
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AGrel = 2.5 kcal/mol AGrel =1.0 kcal/mol

Figure 5. Computed (B3PW91-D3 level) relative free ener-
gies of selected complexes with 1 and 5 (in kcal/mol at
room temperature, relative to the most stable respective
isomer).

The most significant and striking difference in this system
is that on going from ligand (RayRR)-5b to (SaxRR)-5b
the other ea isomer, eq-ax(ax-P(OR)s3, changes from being
3.9 kcal/mol higher in energy to just 1.5 kcal/mol higher in



energy [w.r.t. the most stable ea isomer, eq-ax(ax-PR3) , for
[RhH(CO)2(Rax R R)-5b)]. Moreover, this isomer is more
stable than the eqg-ax(ax-PRs) isomer for (SayR R)-5b (1.5.
kcal/mol vs 3.0 kcal/mol. In light of these findings, the
surprising large difference in the spectra between
[RhH(CO)2(Rax R R)-5b)] and [RhH(CO):(tropos,trans)-5)]
may well be due to the latter being able to form another
rotational isomer, similar to [RhH(CO)2(SaxR R)-5b)], and
that this conformer only binds in the ea mode with phos-
phite trans to hydride. A final calculation that lends extra
weight is a calculation on the possible rotational isomers
that tropos-rac-5 could adopt (see ESI for details). While
this is a molecule with a large number of possible confor-
mations, and there may be slightly higher uncertainty on
the specific values, once again, the rotational isomer anal-
ogous to (SayR,R)-5b prefers to form a [eq-ax(ax-P(OR)s]
isomer (1.0 kcal/mol) more than a [eq-ax(ax-PR3)] isomer
(2.5 kcal/mol), and both of these are higher in energy than
the [eq-ax(ax-PRs)] isomer for the rotational isomer that is
analogous to (RayRR)-5b (0 kcal/mol). In summary, we
conclude that for the tropos ligands, the [eq-ax(ax-P(OR)s]
isomer becomes feasible for one rotational isomer that is
more akin to the mismatched isomer of ligands derived
from atropos biphenols, but the main ea isomer [eq-ax(ax-
PR3)] is not accessible for the other rotational isomer. An
ee isomer is a possibility with the ligands reported here
with 6-membered chelate rings, but seems unlikely for
ligands 1 and 2. Since these most striking trends are based
on calculated energy differences of at least 1.5 kcal/mol,
we suggest they qualitatively predict the relative energies
of the relevant isomers for [RhH(CO)z(Rax R, R)-5b)]
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Figure 6. HPIR spectra of [RhH(CO)z(tropos,trans)-9a] (bot-
tom) and RhD(CO)z(tropos,trans)-9a] (top). Conditions: Rh:L
= 1:1.25 (Crn1l mM in dodecane), T = 90 °C, P= 20 bar, CO:H:
1:1 or CO:D2 1:1, 1h.

Analysis of [RhH(CO)z(RayR R)-9a)] using HPIR and low
temperature NMR spectroscopies increases confidence in
the assignments above. This ligand shows different coor-
dination behaviour. Here, the HPIR spectra (Fig. 6) shows
additional bands from those assigned to the ea isomer with
phospholane-trans-H (1980 and 2024 cm).

Since there is significant similarity to different ea iso-
mers and even the IR spectrum of the ee isomer is in
broadly the same area, it is hard to assign much further, so

the experiment using D2/CO was repeated for this ligand.
In the earlier case, this essentially showed a very, very sim-
ilar spectrum with no peak shifts. However, for 9a, there
are significant differences between the HPIR spectra.
While in practice, this did not produce a spectrum that is
straightforward to assign bands exclusively to ee and ea
isomers, the fact there is significant change is not in doubt,
and most likely some of the ee band previously observed at
1996 cm! has moved underneath the 1980-1990 cm! re-
gion for the deuterated complex, while the stretch at 2054
cm has moved to 2036 cm. There is therefore evidence
in this case that an ee isomer with H-trans-CO being pre-
sent in a significant amount. This was then confirmed quite
clearly in NMR experiments. Scheme 6 shows the tH NMR
as the temperature is lowered to -95 °C. The solvent had to
be changed to CD2Cl: to observe peaks resolving into sepa-
rate signals even at this very low temperature. The spec-
trum at -95 °C displays three separate multiplets that take
a form consistent with two ea isomers and one ee isomer.
The furthest upfield peak at - 11.2 ppm can be assigned to
the ee isomer since all couplings between H and P are cis,
and hence small, as is Yu-rn. The signal at -9.9 ppm has a %/u-
p of 116 Hz, which is in the same type of magnitude we
have observed before when phospholanes are trans to hy-
dride in the axial position. Other couplings 2/ur for the
phosphite cis to H and 2/u-rn are too small to be resolved as
expected. The peak at -10.4 has two significant couplings,
one with a ZJu.p of 169 Hz and one with a 2Ju.p of 50 Hz. This
larger coupling constant can be assigned to one coupling
being predominantly from a phosphite in axial position
trans to hydride. However, this is somewhat smaller than a
pure a Ju.p for a phosphite trans to hydride as discussed
for the Rh-BINAPHOS complex.1%f The value of a 2Ju.p of 50
Hz for the phospholane cis to the hydride is also larger
than would be expected for a cis H-P coupling constant.

It can be concluded that even at the technical limit of this
low temperature experiment, there is still some intercon-
version between these isomers, leading to slightly larger
cis coupling and slightly smaller trans coupling, although
the resolution of these 3 peaks is sufficient to assign them
unambiguously. This direct observation of coupling con-
stants is in agreement with observations discussed earlier,
and shows that all three of these isomers are relatively
similar in energies. This is in contrast to what is observed
for Rh pre-catalysts formed from either (RuyRR)-1 and
tropos-rac-2, and is primarily an effect of increasing the
carbon chain between the donor atoms. The branched se-
lectivity displayed by Rh catalysts derived from (RasR,R)-1
is unique for bidentate ligands except for these new vari-
ants reported here, and has been the subject of an exten-
sive mechanistic investigation.’d For these ligands we can-
not entirely rule out an entirely different catalytic cycle
starting from one of these other ea or ee isomers that are
relatively close in energy for these 6-membered chelate
rings. However, it is not logical to assume a totally differ-
ent catalytic cycle predominates that is also unique in giv-
ing high branched selectivity. We therefore expect the
catalytic cycle to be one using the ea phospholane-trans-H
species as pre-catalyst.



Scheme 6. Low temperature NMR spectroscopy investiga-
tion of the coordination mode of [RhH(CO)2(tropos,trans)-
9a]

MeO

H,/CO (20 bar)

40 °C, CD,Cl,
43h

[Rh(acac)(CO),] + 9a

a) T=22°C

b) T=—70 °C

-82 -86 -90 -94 -98 -102 -106 -11.0 -11.4 -11.8 -122 -126 -13.

H-NMR (500 MHz, CD2Cl2) spectrum of
[RhH(CO)2(tropos,rac-9a)] showing the hydride region at
rt (a). 6 -10.34 (ddd, 2/e-u = 59.3 Hz, 2Jr.u = 53.0 and Yrn-n =
7.5 Hz). (b, =70 °C) § -10.22 (br s). (c, -95 °C) § -9.91 (br d,
2Jp.y = 116.2 Hz), -10.40 (br dd, /p.u = 169 Hz, 2Jp.u = 50),
11.22 (brs).

A prime motivation for this study was to identify ligands
that would have stability far beyond the 1-16 hours typi-
cally used to carry out a laboratory scale hydroformylation
experiment. Phospholane-phosphite ligands such as 1 and
2 are hybrid ligands with several different possibilities for
decomposition including hydrolysis, oxidation and oth-
ers.68(d.11 After the encouraging results obtained in pro-
pene hydroformylations at high temperatures with ligand
5, [RhH(CO)z(tropos,trans)-5)] was formed at the higher
temperature of 105°C instead of 90°C; after 4 hours the
spectrum is unchanged and similar to that already de-
scribed. The earlier catalyst, [RhH(CO)2(RayR R)-1] shows
the formation of some extra bands in the IR spectra within
3 hours (see ESI).

Two parallel experiments were performed in the same
autoclave at 90 °C and 20 bar of syngas in d8-toluene. First,
to check the formation of both [RhH(CO)2(L)] complexes,
they were analyzed after 2 h. 31P{H}NMR showed the pres-
ence of both complexes in solution (ESI, Section 5). Then,
the same experiments were done but the samples were
analyzed 18h later. Rh/ 1 showed low stability and after
18h, none of the original rhodium hydrido dicarbonyl
complex was observed in solution (ESI, Figure S5.2). On
the other hand, [RhH(CO):(tropos,trans)-5)] was present
as the main species in solution, albeit accompanied by
some minor unidentified Rh complex.
[RhH(CO)2(tropos,trans)-5)] shows a much greater stabil-
ity than Rh/ 1. Since the main difference between ligands 1
and 5 is the extended backbone in ligand 5, these results
suggest that the lack of stability of [RhH(CO)2(1)] is mainly

due to the P,0 acetal structure present in in this ligand.
Next, the same sample of [RhH(CO)z(tropos,trans)-5)]
used in the NMR experiment was diluted in n-dodecane
and used to record a HPIR spectrum at r.t (ESI, section
5.3.3). The spectrum obtained is similar to that shown in
Figure 2 but with d8-toluene obscuring some parts of the
spectrum, allowing us to correlate the HPIR and NMR data
to the same species.

The stability at the higher temperature of 105°C for the
corresponding pre-catalysts [RhH(CO)2L)] of the four new
ligands with substitution in the backbone (9a, 9b, 10a, and
11a) was also studied using HPIR spectroscopy (ESI, Sec-
tion 7). Especially harsh conditions were chosen for this
study to try to promote decomposition; although it was
recognized that a catalyst could be very stable at typical
reaction temperatures of 90 °C but decompose rapidly
above a certain threshold, it was felt that high stability
under these conditions would bode well for longer exper-
iments at lower temperatures in the future. While HPIR
could distinguish the formation of new species, the ten-
dency for band overlap and broadening means it is only a
qualitative tool to identify trends. After one day at 105 °C,
the IR spectra from Rh precatalysts generated from either
ligands 10a or 11a does not resemble that obtained using
freshly generated [RhH(CO)z(10a)], or [RhH(CO)z(11a)]
(ESI, section 7). However, the spectra obtained for
[RhH(CO)2(9a)] is similar to that observed from a freshly
generated sample (ESI, Fig. S7.3). Indeed: there is no signif-
icant change in the spectra for [RhH(CO)2(9m)] even after
72 hours (Fig. 7). This experiment proves that the under
the conditions it was ran there is very, very little catalyst
decomposition. It is certainly possible that trace amounts
of the unmodified catalysis or decomposed Rh/ ligand spe-
cies could be forming below the detection limit of this ex-
periment, and it would be expected that eventually almost
all Rh/P ligand catalysts will decompose. However, if these
are present, we have been unable to detect them using
methods that we have previously used to unmodified Rh
catalysts resting states.*c
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Figure 7. HPIR spectra of [RhH(CO)z(tropos,trans)-9m]. Condi-
tions: Rh:L = 1:2 (Crnl mM in dodecane), T = 105 °C, P= 20
bar, CO:Hz 1:1.

It is not possible to link specific structural features with-
in the ligands 10a/11a to stability in these cases to a great
extent. However, it is perhaps worth noting that ortho-tert-



butyl substituted aryl phosphites have previously been
considered to be less prone to hydrolysis than other aryl
phosphites,®2d and it may be that ortho-chloro-aryl phos-
phites cannot replicate this bulky ortho substituent effect.
Since Rh catalysts derived from 9a give far better selectivi-
ty and productivity than Rh/ 10a or Rh/ 11a, it was pleas-
ing to find very good high temperature stability for Rh/ 9a,
and further experiments using NMR spectroscopy to assay
the long stability of the ‘best’ catalyst identified in this
work, [RhH(CO)z(9a)] were carried out.

We initially prepared the complex in toluene-d8 and
analyzed it by NMR in the same manner as described for
ligand 5, then we prepared the complex and heated it in n-
dodecane at 90°C and 20 bar of syngas for a whole week
(Scheme 7 and ESI, Section 5.2). The sample was then ana-
lyzed at ambient temperature and pressure of syngas. We
were very pleased to find out that [RhH(CO):(9a)] was the
only species detected by NMR. This complex showed a re-
markable thermal stability under these conditions, con-
firming the results obtained by HPIR spectroscopy.

Scheme 7. Long term  stability study of
[RhH(CO)2(tropos,trans)-9a] by NMR.

MeO

H,/CO (20 bar)

90 °C, n-dodecane
1 week

[Rh(acac)(CO),] + 9a

Only species observed

Furthermore, the stability of [RhH(C0)2(9M)] was also
checked in the presence of aldehydes. The hydroformyla-
tion of propene was carried out using similar conditions
described in Table 2, but on this occasion, after the activa-
tion period, we added n-hexanal (5 mmol) and kept the
mixture in the reactor stirring at 80°C and 20 bar of syngas
for 17h before running the reaction with propene. We
were pleased to find that the catalyst performed in a simi-
lar way to that in the run without 17 hours of “aging” with
n-hexanal, affording the product with a TON of 327 and an
iso ratio of 69.4% (compare with Table 2, entry 7). The
following further experiments were conducted to confirm
stability under industrially relevant conditions. A hydro-
formylation experiment was carried out in a larger vessel
until propene was consumed; this delivered a TON of 2700
(67.8 % iso) after 19 h at 90 °C (see ESI, section 2.3). Final-
ly, ligand tropos-trans-5 was subjected to an industrial
stability protocol (see ESI, section 10 for details) over 4
days between 90 and 105 °C with no signs of catalyst de-
composition being detectable during this period as evi-
denced by consistent rates and selectivity after 4 days of
operation. Nearly 3Kg of aldehydes were produced with a
total TON of over 268000 when the experiment was dis-
continued.

CONCLUSIONS

Prior to this study, Rh catalysts derived from racemic
tropos ligand 2, or BOBPHOS 1, delivered unprecedentedly
high selectivity for iso-butanal with useful rates in the hy-

droformylation of propene in fluorinated solvents; as reac-
tion temperatures were increased above around 85 °C,
some catalyst degradation was observed. Under hydro-
formylation conditions, this was not as simplistic as a sim-
ple hydrolysis of one bond in a ligand, but under reactions
conditions, leading to a very complex mixture, none of
which being the normal catalysts resting state for thee
species (see SI). The stability of hydroformylation catalysts
is an important issue,!c 1117 since practical applications to
make relatively high-volume cheaper chemicals like simple
linear aldehydes need a long catalyst lifetime. Recently
very, very stable Co catalysts have been disclosed,!” but
various Rh/P-ligand systems have been applied commer-
cially that show sufficient stability, and the target here was
for catalysts to be primarily unchanged after several days.
The new ligand reported here include iso selective cata-
lysts that show no signs of degradation after several days
to one week; they are anticipated to have a much longer
lifetime as a useful catalyst, and the stability study carried
out in a vapour stripped reactor was discontinued after
several Kg of aldehydes were produced, having passed the
test, not reached the end of the catalysts lifetime. The ex-
tended backbone is a significant aspect that confers great-
er stability, but also has a significant impact on the donor
properties of the ligands, which then impacts on both reac-
tion rate and time to activate. HPIR analysis of
[RhH(CO)2(11a)], the most active catalyst, showed two
main bands at 2036 and 1990 cm-! and when compared
with the rest of ligands with an extended backbone studied
here (Table 3), we can see that there is a correlation be-
tween activity and the wavenumber of the CO stretching
bands: the complexes with the stretch at highest wave-
numbers affording the most active catalysts (9a, 9b and
11a) while the least active catalyst, the complex generated
from 10a, displays CO stretches at the lowest wave-
numbers.

The activation time to form the pre-catalysts increases
as the values for the CO stretches are observed at lower
wavenumber. Pre-catalyst [RhH(CO)z(11a)] was formed at
90°C and 20 bar of syngas, taking just 20 min to achieve
full activation (ESI), which was the shortest time for the
new ligands presented in this work.
[RhH(CO)2(tropos,trans)-9a)| and
[RhH(CO)2(tropos,(trans)-9b)] takes 30 minutes at 90°C
and 20 bar of syngas, faster than the 50 min needed for
Rh/ 5 under the same conditions. The activation time to
form the corresponding catalytic resting state
[RhH(CO)2(tropos,(R,R,R)-10a)] at 90°C and 20 bar of syn-
gas was much longer, taking 100 min to achieve full activa-
tion (ESI). Activation of the catalysts is a significantly dif-
ferent reaction to hydroformylation, encompassing coor-
dination, and then hydrogenolysis of the acac ligand, fol-
lowed by uptake of CO. We believe the initial coordination
is very fast, and have previously observed the formation of
[Rh(acac)(BOBPHOS)] to occur as soon as you can run an
NMR spectra, but as pointed out by a reviewer, the possi-
bility exists that partial coordination occurs for these lig-
ands and then it is quite slow to complete the formation of
the chelate, and this might have a strong ligand efect. The
reason we favour is the likely formation of a dihydrogen
complex, or an intermediate/transition state with a dihy-
drogen-Rh interaction that is deprotonated by the acac



ligand, and a stronger pi-acceptor ligand makes the dihy-
drogen more easily deprotonated.

Table 3. HPIR main absorptions observed for the
[RhH(CO)2L] species presented in this work.

Complexes v (ea) (cm?)
[RhH(CO)21] 2029, 1978
[RhH(CO)25] 2024, 2020, 1979, 1968
[RhH(CO)25b] 2025, 1966
[RhH(CO)29a] 2024, 1987, 1980
[RhH(CO)29b] 2030, 1985, 1975
[RhH(CO)210a] 2018, 1979, 1972
[RhH(CO):11a] 2036, 1990

The longer backbones had a significant impact on the
speciation of the pre-catalysts, which often existed as sev-
eral isomers. Aided by having a series of ligands, it was
possible to use in situ HPIR spectroscopy in the presence of
both Hz/CO and D2/CO, combined with low temperature
NMR and DFT calculations to assign the structure of the
catalyst resting states.

The phospholane phosphites with extended backbone,
such as ligand 5 lead to more stable catalysts, and we also
report that cheaper n-dodecane can be used as solvent
which leads to almost as high iso selectivity as fluorinated
solvents earlier found to critical for this alkene, and signifi-
cantly better than those observed in toluene. Rh catalysts
derived from ligand 5 showed remarkable iso-selectivities,
better than those from Rh/ 1, or any other known catalyst
at high temperatures (75-105°C) but with much lower
TOFs. Ligands 9a and 9b, bearing a strongly electron-
withdrawing CFs group produced highly stable iso-
selective hydroformylation catalysts with improved TOFs
compared to 5.

It would still be desirable to discover more iso-selective
propene hydroformylation catalysts, with desirable prop-
erties being very inexpensive synthesis, high iso-
selectivity, stability at 90-110 °C, and giving activity that
matches very active Rh/1 catalysts; Further research on
iso-selective hydroformylation of propene is still desirable.

EXPERIMENTAL SECTION

General information. All reactions were performed under an
inert atmosphere of nitrogen or argon using standard Schlenk
techniques, unless otherwise stated. All glassware used was
flame-dried. Dry and degassed solvents were obtained from a
solvent still or SPS solvent purification system. Commercially
purchased anhydrous solvents were degassed before use by the
freeze-pump-thaw method or by purging with inert gas. Triethyl-
amine was dried and degassed before use. All chemicals, unless
specified were purchased commercially and used as received.
CO/Hz and propylene/CO/Hz (10/45/45%) were obtained pre-
mixed from BOC. NMR spectra were recorded on a Bruker Avance
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300, 400 or 500 MHz instrument. Proton chemical shifts are ref-
erenced to internal residual solvent protons. Carbon chemical
shifts are referenced to the carbon signal of the deuterated sol-
vent. Signal multiplicities are given as s (singlet), d (doublet), t
(triplet), q (quartet), m (multiplet) or a combination of the above.
Where appropriate coupling constants (J) are quoted in Hz and
are reported to the nearest 0.1 Hz. All spectra were recorded at
r.t. (unless otherwise stated) and the solvent for a particular spec-
trum is given in parentheses. NMRs of compounds containing
phosphorus were recorded under an inert atmosphere in dry and
degassed solvent. Gas chromatography was performed on an
Agilent Technologies 7820A machine. Mass spectrometry was
performed on a Micromass GCT spectrometer, Micromass LCT
spectrometer, Waters ZQ4000, Thermofisher LTQ Orbitrap XL or
Finnigan MAT 900 XLT instruments. Flash column chromatog-
raphy was performed using Merck Geduran Si 60 (40-63 pm)
silica gel. Thin layer chromatographic (TLC) analyses were car-
ried out using POLYGRAM SIL G/UV254 or POLYGRAM ALOX
N/UV254 plastic plates. TLC plates were visualized using a UV
visualizer or stained using potassium permanganate dip followed
by gentle heating.

General Procedure for rhodium-catalysed hydroformyla-
tion of propene. CAUTION: Carbon monoxide is toxic and
highly flammable. All manipulations are carried out in a well-
ventilated fumehood with carbon monoxide detectors in
place to detect for leaks and appropriate signage and com-
munication about CO usage with colleagues. Hydroformylation
reactions of propene were performed in a Parr 4590 Micro Reac-
tor fitted with a gas entrainment stirrer; comprising of holes
which gives better gas dispersion throughout the reaction mix-
ture. The vessel had a volume capacity of 0.1 L, an overhead stir-
rer with gas entrainment head (set to 1200 r.p.m.), temperature
controls, pressure gauge and the ability to be connected to a gas
cylinder. Ligand (6.40 pmol (Rh:L 1:1.25) or 10.24 pmol (Rh:L
1:2)) was added to a Schlenk tube, which was then purged with
nitrogen (or argon). The internal standard 1-methylnaphthalene
(0.1 mL) was then added. The mixture was dissolved in a stock
solution of [Rh(acac)(CO):] in toluene (2 mg/mL, 0.66 mL, 5.12
umol of [Rh(acac)(C0):]), followed by the addition of the desig-
nated solvent (19.34 mL). The solution was transferred via sy-
ringe to the pressure vessel (which had been purged with CO/Hz)
through the injection port. CO/Hz(1:1) (20 bar) was added and
the heating jacket set to the desired temperature while stirring.
Once the desired temperature was reached, the reaction was
stirred for the required time to fully activate the catalyst. Then
pressure was slowly released and repressurized with pro-
pene/CO/Hz. The reaction was then run for the time specified in
the tables. After this time, stirring was stopped and the reaction
was cooled by placing the vessel in a basin of cold water. The
pressure was released, and the crude sample was analyzed im-
mediately by GC (in toluene). The GC method was run on a HP-5
Agilent column; with length 30 m, diameter 0.250 mm and film
0.25 um. The oven was initially held at 25 °C for 6 minutes, and
then increased to 60 °C at a rate of 10 °C per minute. The ramp
was then increased to 20°C per minute until the temperature
reached 300°C. The products could be identified with the follow-
ing retention times; iso-butyraldehyde (1.02 min); n-
butyraldehyde (1.15 min) and 1-methylnaphthalene (13.50 min).
The GC was calibrated for propene hydroformylation using (1-
methylnaphthalene) as an internal standard. Both the linear (n-
butyraldehyde) and branched (iso-butyraldehyde) products were
calibrated against the internal standard and against each other.
The branched selectivities of some reactions (especially those in
fluorinated solvents) were further verified by 'H NMR spectros-
copy.

General procedure for monitoring the complexation of lig-
ands using HPIR spectroscopy. CAUTION: Carbon monoxide is
toxic and highly flammable. All manipulations are carried out
in a well-ventilated fumehood with carbon monoxide detec-



tors in place to detect for leaks and appropriate signage and
communication about CO usage with colleaguesThe HPIR
spectroscopy pressure vessel was purged with CO/Hz three times
and then n-dodecane (22 mL) was injected to the pressure vessel.
The heating jacket set to 90 °C (or the desired temperature) while
stirring. Once the required temperature was reached, the vessel
was pressurised at 20 bar of syngas and a background spectrum
was recorded (1024 scans). [Rh(acac)(CO)z] (0.06 mmol) and
ligand (0.075 mmol (Rh:L 1:1.25)) was added to a flame dried
schlenk tube, which was then purged with nitrogen (or argon). n-
dodecane (8 mL) was added to dissolve the rhodium precursor
and ligand and stirred for 10 minutes. The reaction mixture was
then transferred via syringe to the pressure vessel (which had
been depresurized before addition) through the injection port,
pressurized with CO/H2 (20 bar) and sampling initiated, 128
scans per spectrum. Precatalyst formation was then monitored by
IR.

Full Experimental details and characterization are availa-
ble in the ESI.

4,8-di-tert-butyl-6-(2-((trans)-2,5-diphenylphospholan-1-
yl)ethoxy)-2,10-dimethoxydibenzo[d,f][1,3,2]dioxaphosphepine, 5.
3,3'-di-tert-butyl-5,5'-dimethoxy-[1,1'-biphenyl]-2,2'-diol (0.228
g, 0.637 mmol) was placed in a Schlenk tube and suspended in 3
mL of toluene. NEt3 (0.266 mL, 1.911 mmol) was added and the
resulting solution cooled in an ice bath. PBrs (0.091 mL, 0.956
mmol) was added dropwise to the reaction mixture, which was
then removed from the ice bath and stirred for 16 h. The suspen-
sion was filtered via cannula under an inert atmosphere, and the
filtrate was evaporated using a Schlenk line and dried under vac-
uum to remove any residual PBrs. The crude 31P{1H} NMR (202.4
MHz, CeDs) spectrum showed two peaks at § 189.4 ppm, corre-
sponding to the bromophosphite and a second peak at 140.6,
corresponding to a byproduct, in 3:1 ratio. The product was used
in the next step without further purification. To a Schlenk flask
containing a solution of the bromophosphite from the previous
step in toluene (3 mL) was added a solution of (trans, rac)-
phospholane adduct rac-4 (0.161 g, 0.541 mmol) in toluene (4
mL) followed by a solution of 1,4-diazabicyclo-[2,2,2]-octane
(DABCO) (0.607 g, 5.41 mmol, 10 eq.) in toluene (3 mL). The reac-
tion mixture was then allowed to stir at room temperature over-
night (19 h). The resulting suspension was filtered through silica
gel (previously dried overnight in an oven) under an inert atmos-
phere, using dry toluene to compact and wash the SiO: after filtra-
tion. The resulting solution was evaporated under reduced pres-
sure to afford a white foamy solid. Purification of (tropos, trans)-5
was achieved by recrystallization. Heptane (1 mL) was added to a
flask containing the reaction mixture then the flask was gently
warmed with a heat gun causing the solid to dissolve. The result-
ing solution was left standing in the freezer. The resulting crystals
were filtered to afford pure (tropos, trans)-5 as a white solid
(0.111 g, 0.166 mmol, 31 %). tH NMR (CsD¢, 500 MHz) § 7.21-7.02
(12H, m, ArH), 6.66 (2H, d, ] = 2.9 Hz, ArH), 3.94-3.86 (1H, m, CH»-
0), 3.69-3.61 (1H, m, CH2-0), 3.42-3.36 (1H, m, P-CH), 3.31 (3H, s,
OCHs), 3.30 (3H, s, OCHs), 3.12-3.07 (1H, m, P-CH), 2.27-2.19 (1H,
m, CH-CHz), 2.00-1.88 (2H, m, CH-CHz), 1.75-1.68 (1H, m, P-CH2),
1.64-1.55 (1H, m, CH-CH2), 1.47 (9H, s, 3 x CH3), 1.44 (9H, s, 3 X
CH3), 1.41-1.35 (1H, m, P-CHz). 31P{1H} NMR (CeDs, 202 MHz) §
134.3 (s); 5.9 (s). 13C NMR (Ce¢Ds, 126 MHz) 6 155.96 (ArC), 155.93
(ArC), 144.87 (ArC), 144.73 (ArC), 142.59 (ArC), 142.19 (ArC),
142.12 (ArC), 138.72 (ArC), 133.93 (ArC), 133.80 (ArC), 128.46-
125-75 (m, 10 x ArCH), 114.60 (ArCH), 114.53 (ArCH), 112.94
(ArCH), 112.88 (ArCH), 63.03 (d, ¥cr = 29.6 Hz, OCH2), 54.74
(OCH3), 54.72 (OCH3), 50.66 (d, Yc-r = 17.0 Hz, P-CH), 45.98 (d,
Yepr = 15.6 Hz, P-CH), 37.61 (CH-CH2), 35.18 (C(CH3)3), 35.15
(C(CH3)3), 31.83 (d, 2Jc-p = 4.2 Hz, CH-CH2), 30.59 (C(CH3)3), 30.59
(C(CH3)3), 28.22 (d, Ycpr = 26.2 Hz, P-CHz2). HRMS (ES*) C40H4905P2
[MH]* m/z: 671.3041 found, 671.3050 required.
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4,8-di-tert-butyl-6-(((R)-3-((2R,5R)-2,5-diphenylphospholan-1-

yl)-1,1,1-trifluoropropan-2-yl)oxy)-2,10-

dimethoxydibenzo[d f][1,3,2]dioxaphosphepine and enantiomer, 9a.
3,3'-di-tert-butyl-5,5'-dimethoxy-[1,1'-biphenyl]-2,2'-diol (0.342
g, 0.955 mmol) was placed in a Schlenk tube and dissolved in 3
mL of THF. The resulting solution was cooled to -78 2C and PCl3
(0.1 mL, 1.146 mmol) was added slowly. NEts (0.4 mL, 2.865
mmol) was also added to the reaction mixture, which was then
stirred and allowed to reach room temperature overnight, 16 h.
The suspension was filtered using a frit under an inert atmos-
phere, and the filtrate was evaporated using a Schlenk line and
dried under vacuum to remove any residual PCls. The crude
31P{1H} NMR (202.4 MHz, CsD¢) spectrum showed a single peak at
§ 172.0 ppm, corresponding to the chlorophosphite. The product
was used in the next step without further purification. To a
Schlenk flask containing a solution of the chlorophosphite from
the previous step in toluene (4 mL) was added a solution of
(rac,trans)-phospholane 6a (major isomer) (0.311 g, 0.85 mmol)
in toluene (5.5 mL) followed by a solution of 1,4-diazabicyclo-
[2,2,2]-octane (DABCO) (0.476 g, 4.25 mmol, 5 eq.) in toluene (4.7
mL). The reaction mixture was then allowed to stir at room tem-
perature overnight (19 h). The resulting suspension was filtered
through silica gel (previously dried overnight in an oven) under
an inert atmosphere, using dry toluene to compact and wash the
SiOz after filtration. The resulting solution was evaporated under
reduced pressure to afford the desired product as a white solid
(0.44 g, 0.59 mmol, 69 %). H NMR (CsDes, 500 MHz) 6 7.20-7.01
(12H, m, ArH), 6.64 (1H, d, J = 3.0 Hz, ArH), 6.62 (1H, d,J = 3.0 Hz,
ArH), 4.55-4.45 (1H, m, CH-0), 3.45-3.35 (1H, m, P-CH), 3.31 (3H,
s, OCHzs), 3.28 (3H, s, OCHs), 3.06-3.10 (1H, m, P-CH), 2.26-2.18
(1H, m, P-CH-CHz), 1.98-1.92 (1H, m, P-CH-CHz), 1.89-1.80 (2H, m,
P-CH-CH2, P-CH2), 1.63-1.53 (2H, m, P-CH-CH>, P-CHz), 1.45 (9H, s,
3 x CH3), 1.41 (9H, s, 3 x CH3). 31P{1H} NMR (CsDs), 202 MHz §
143.9 (dq, Jer = 32.6 Hz, Jpr = 7.0 Hz), 1.2 (br s). 19F NMR (CeDs,
470 MHz) 8§ -76.30 (br s). 13C NMR (CéDs, 126 MHz) 6§ 156.25
(ArC), 156.03 (ArC), 144.15 (d, Jcr = 17.5 Hz, ArC), 142.75 (ArC),
142.35 (ArC), 141.76 (d, Jcr = 7.9 Hz, ArC), 141.24 (ArC), 138.27
(ArC), 134.27 (ArC), 133.72 (ArC), 128.50-127-50 (m, 8 x ArCH),
126.18 (ArCH), 125.90 (ArCH), 124.41 (qm, YJcr = 283 Hz, CF3),
114.55 (ArCH), 114.52 (ArCH), 113.07 (ArCH), 112.92 (ArCH),
71.42-70.62 (m, OCH), 54.72 (2 x OCH3), 51.23 (d, Yc-r = 17.9 Hz,
P-CH), 45.93 (d, Ycr = 16.1 Hz, P-CH), 37.56 (P-CH-CH2), 35.24
(C(CH3)3), 35.17 (C(CH3)3), 31.89 (d, ?Jcr = 3.7 Hz, P-CH-CH2),
31.04 (C(CHs)3), 30.66 (d, Jcr = 2.7 Hz, C(CH3)3), 27.10 (d, Ycr =
32.1 Hz, P-CHz2). HRMS (ES*) C41H480sFsP2 [MH]* m/z: 739.2908
found, 739.2924 required.

4,8-di-tert-butyl-6-((S)-3-((2R,5R)-2,5-diphenylphospholan-1-yl)-
1,1,1-trifluoropropan-2-yl)oxy)-2,10-
dimethoxydibenzo[d f][1,3,2]dioxaphosphepineand enantiomer, 9b.
The compound was prepared as described above for 9a from 3,3'-
di-tert-butyl-5,5'-dimethoxy-[1,1'-biphenyl]-2,2"-diol  (0.342 g,
0.955 mmol), PCls (0.1 mL, 1.146 mmol) and (ractrans)-
phospholane 6b (minor isomer) (0.293 g, 0.80 mmol). White solid
(0.44 g, 0.59 mmol, 41 %). Recrystallization from heptane afford-
ed X-Ray quality crystals to determine the absolute configuration
of the ligand (in racemic form). tH NMR (CsDs, 500 MHz) § 7.21-
7.03 (12H, m, ArH), 6.67 (1H, d, ] = 2.9 Hz, ArH), 6.60 (1H, d,/ = 3.0
Hz, ArH), 3.48-3.41 (1H, m, P-CH), 3.36-3.29 (1H, m, CH-0), 3.30
(3H, s, OCHs), 3.27 (3H, s, OCH3), 2.68-2.63 (1H, m, P-CH), 2.17-
2.09 (1H, m, P-CH-CH2), 1.93-1.83 (2H, m, P-CH-CH>, P-CHz), 1.77-
1.69 (1H, m, P-CH-CHz), 1.57-1.44 (2H, m, P-CH-CH,, P-CHz), 1.44
(9H, s, 3 x CH3), 1.27 (9H, s, 3 x CH3). 31P{tH} NMR (Ce¢Ds), 202
MHz § 142.5 (d, Jer = 41.5 Hz), -3.8 (br s). 19F NMR (CeDs, 471
MHz) 6§ -77.62 (s). 13C NMR (CeéDe, 126 MHz) & 156.44 (ArC),
155.61 (ArC), 144.01 (ArC), 143.86 (ArC), 142.91 (ArC), 142.60
(ArC), 140.67 (ArC), 137.36 (ArC), 135.00 (ArC), 132.85 (ArC),
128.84-127-50 (m, 8 x ArCH), 126.17 (ArCH), 126.09 (ArCH),
124.15 (qm, Ycr = 227 Hz, CF3), 114.75 (ArCH), 114.45 (ArCH),



113.16 (ArCH), 112.40 (ArCH), 70.92-69.89 (m, OCH), 54.71 (2 x
OCH3), 51.37 (d, Ycp = 16.7 Hz, P-CH), 46.02 (d, Ycpr = 16.7 Hz, P-
CH), 38.35 (P-CH-CHz), 35.25 (C(CHs3)3), 35.06 (C€(CHs)3), 31.15 (d,
2Jcp = 3.6 Hz, P-CH-CH2), 30.72 (d, Jer = 3.9 Hz, C(CH3)3), 30.42
(C(CH3)3), 27.19 (d, Yer = 30.2 Hz, P-CHz). HRMS (ES*)
Ca1H480sF3P2 [MH]* m/z: 739.2912 found, 739.2924 required.

Computational Details. The same DFT protocol as in our pre-
vious study on BOBPHOS7d was used, except that the D3 disper-
sion corrections were already involved at the level of the optimi-
sations. Specifically structures were optimised in the gas phase at
the RI-BP86-D3/SDD(Rh)/6-31G** level, followed by evaluation
of the harmonic vibrational frequencies at the same level (which
were also used to calculate thermodynamic corrections to free
energies) and refinement of the energies through single points at
the B3PW91-D3/SDD(Rh)/6-31+G**/PCMwmeon level (including a
continuum solvation model. See ESI for further details and refer-
ences.
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