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Abstract

A rhodium complex, in conjunction with commercially available Ph-BPE ligand, catalyzes the
branch-selective asymmetric hydroformylation of 1-alkenes and rapidly generates a-chiral
aldehydes. A wide range of terminal olefins including 1-dodecene were examined and all
delivered high enantioselectivity (up to 98:2 er) as well as good branch:linear ratios (up to 15:1).
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Asymmetric alkene hydroformylation (AHF) is an ideal method for the construction of
carbon-carbon bonds: when accomplished in a branch-selective fashion, it converts
inexpensive and abundant terminal alkenes into optically active aldehydes with perfect atom
economy.l While a number of advances in asymmetric hydroformylation have been
recorded with styrenes,? dienes,3 and vinyl acetates and amides,* only recently has success
been achieved with non-activated or lowly activated alkenes.? Pioneered by Nozaki,>2
Landis,>P Clarke,>¢ and Zhang,> efficient chiral ligands, such as binaphos (1), bisdiazaphos
(2), babphos (3), and yanphos (4) have been shown to give excellent enantioselectivity and
moderate regioselectivity for the AHF of a number of substrate classes (Scheme 1).
However, the use of AHF in the context of total synthesis is not common, perhaps due in
part to limited availability of requisite ligands.®

In the planning stage for our recent total synthesis of (+)-discodermolide,’ it was considered
that AHF of allyl ethers and related 1-alkenes with a readily available chiral ligand would
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effectively streamline the synthesis of key chiral aldehyde starting materials. While similar
chiral aldehydes are often obtained from the Roche ester in several functional group
interconversions, they can be obtained in just two steps from allyl alcohol when the AHF
reaction is employed.>? Considering the spectacular success achieved by Landis with
bisdiazaphos ligands in the hydroformylation of allyl alcohol derivatives®, we considered
that structurally-related, commercially available DuPhos and bisphospholanoethane (BPE)
family of ligands might furnish competent catalysts for this substrate class.

While DuPhos and BPE ligands have proved to be excellent ligands for asymmetric
hydrogenation of a broad range of substrates,8 their use for asymmetric hydroformylation
reactions have been restricted to a singular report where Ph-BPE was identified as an
excellent ligand for AHF of the activated substrates styrene, allyl cyanide and vinyl acetate.®
Herein we document enantioselective hydroformylation of non-activated and lowly-
activated terminal alkenes with commercially available Ph-BPE ligand. The AHF reaction
with Ph-BPE can occur with outstanding levels of regio- and enantioselectivity and it can be
operated on preparative scale (7.5 grams) employing very low catalyst loadings (0.02 mol
%).

To initiate studies, non-electronically biased 1-dodecene was chosen as a model substrate.
Under conditions of 150 psi syngas (CO:H, = 1:1) and 80 °C with 0.5 mol % of Rh(acac)
(CO), and 0.55 mol % phosphine ligand, both Me-DuPhos and Me-BPE promoted the
hydroformylation reaction converting 1-dodecene to branched aldehyde 6 with serviceable
regioselectivity, but with poor enantioselectivity (Scheme 2). It was considered that the low
level of asymmetric induction might be due to insufficient steric bias afforded by the small
methyl groups at C2 and C5 of the ligand phospholane units. As expected, exchanging the
phospholane methyl groups for larger isopropy! (i-Pr-DuPhos) and phenyl (Ph-BPE) groups
provided much higher enantioselectivity (Scheme 2). Ph-BPE was identified as the most
effective ligand, giving the highest enantioselectivity and slightly enhanced branch:linear
ratio compared to other ligands. While lower temperatures furnish higher selectivity, the
high temperature is crucial for useful reaction rates (the reaction reaches 57% conversion
after 36 h at 40 °C, furnishing 1.4:1 branch to linear ratio and 98:2 er). After balancing
reaction regioselectivity and reaction rate, 150 psi of syngas and 80 °C in toluene was
selected as conditions for evaluation of the substrate scope with Ph-BPE as the ligand.

As depicted in Table 1, a collection of terminal olefins with different protecting groups and
oxidation states at the allylic position were examined. TBS-protected allyl alcohol 8 gave
good regioselectivity and excellent enantioselectivity (Table 1, entry 1). p-Methoxybenzyl
allyl ether (10) reacted with higher regioselectivity while also maintaining a high level of
enantioselectivity (Table 1, entry 2). Of note, when the allyl alcohol was protected in a
manner that renders the C-O bond labile (i.e. such as acetate, mesylate and tosylate) the
reaction resulted in decomposition of starting materials (Table 1, entry 3). This difference in
reactivity might arise due to the formation of corresponding rhodium m-allyl intermediates
derived from the activated allyl electrophile.19 Importantly, unsaturated acetal derivatives 12
and 14 provided good branch to linear ratios (>10:1) with high enantiomeric excess (Table
1, entry 4 and 5). An orthoester-containing aldehyde (17) was also obtained with excellent
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regio- and enantioselectivity by the AHF of 16 (Table 1, entry 6); this important aldehyde
has been used in the synthesis of Prelog-Djerassi lactone.t?

The asymmetric hydroformylation was conducted on larger scale both to probe the efficacy
of the reaction with diminished catalyst loading and to probe the utility of the AHF for
preparative organic synthesis. As shown in Scheme 3, a multigram quantity of allyl ether 8
(7.5 g) was subjected to AHF with lowered catalyst loading (0.02 mol %). As indicated by
monitoring the syngas uptake, the reaction reached full conversion in 4 hours, which
corresponds to a turnover frequency of 1250 h™1. Thus the AHF with Rh-Ph-BPE provides a
short and attractive route to prepare large quantities of synthetically important protected -
hydroxy aldehydes (e.g. aldehyde 9, Scheme 3) in a nonracemic fashion.

Encouraged by the outcome with allyl alcohol derivatives, we investigated less
electronically biased substrates (Table 2). Chiral aldehydes were obtained with moderate
regioselectivity and high levels of enantiomeric excess from homoallylic alcohol derivatives
(Table 2, entries 1-5). Homoallylic alcohols with electron-withdrawing protecting groups
gave higher branch to linear ratio (trifluoroacetate>benzoate>TBS). Substrates with ketone
and ester oxidation states at homoallylic position (30 and 32) further enhanced
regioselectivity maintaining excellent enantioselectivity (Table 2, entry 7-8). Importantly,
TBS protected bishomoallylic alcohol 34 provided serviceable regioselectivity with good
enantioselectivity (Table 2, entry 9).

Of note, the hydroformylation reactions proceed to complete conversion with <5% side-
product formation such that even the 1:1 regioisomer ratio observed with compounds such
as 1-dodecene represents a useful yield of chiral product from inexpensive bulk starting
materials. In the particular case of 1-dodecene, the corresponding aldehyde, (S)-2-
methyldodecanal (Scheme 2), was previously prepared in 6 steps from Roche ester,11 but
only one catalytic step was required for the synthesis of nonracemic 6 from commercial 1-
dodecene via AHF.

Internal olefin 36 was also examined in the AHF reaction with Rh-Ph-BPE and was
converted to chiral aldehyde 37 with good levels of enantio- and regioselectivity (Scheme
4). Aldehyde 37 has been used in the synthesis of a novel chiral lipoxygenase inhibitor, but
required four steps of synthesis including a desymmetrization of a 2-substitued 1,3-
propanol; the AHF route may represent an improvement.12

High enantioselectivity in the AHF reaction of terminal al-kenes has been observed in most
cases and the level of stereocontrol appears to be relatively independent of substrate
structure. In contrast, the regioselectivity of the reaction is highly substrate dependent and
ranged from 15:1 to 1:1. The data in Table 1 and Table 2, suggest that the branch:linear ratio
may correlate with the electron withdrawing ability of the alkene substituent. In this regard,
Sigman?3 has recently observed a correlation between the regioselectivity of Pd-catalyzed
Heck reactions and the difference in 13C NMR chemical shift (AS 13C) between the terminal
and internal carbons for a given substrate. Thus the chemical shift differential can serve as
an indicator of olefin polarization.2* In order to further probe the impact of inductive effects
on the AHF reaction, the relative 13C chemical shift (A 13C) for each terminal alkene
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substrate was plotted versus regioselectivity of the AHF reaction (Figure 1). Interestingly,
while a strong single correlation is not observed across the entire data set, separate
correlations are apparent within substrates bearing oxygenation at the allylic position, and
within all other substrates. We consider it plausible that inductive effects may polarize the
alkene and favor the branched product during the AHF reaction of all substrates, but that
oc-rh 10 0" c.o Mixing (resonance effects) may provide an additional stabilizing feature that
operates for allylic ether substrates, thereby providing enhanced selectivity with these
compounds. Similar orbital mixing has been proposed as an important feature in Rh-
catalyzed stereoselective hydroboration of allylic ether substrates.1®

In summary, we have developed an enantioselective hydroformylation that employs readily
available Ph-BPE ligand. This methodology enables the efficient synthesis of many
important and useful chiral building blocks from simple 1-alkenes. Asymmetric
hydroformylation of most substrates maintained excellent enantioselectivity and moderate to
good regioselectivity.

Supplementary Material
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Scheme 1.
Chiral Ligands Used for AHF of 1-Alkenes.
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0.5% Rh(acac)(CO), P
0.55% ligand H
1-dodecene ————— nonyl’\) nonyi/\/\n’
150 psi COH, Me (0]
5 80 °C, toluene 6 7
14 h
i-Pr Q i-Pr Me Q
s asle s Q ij Ef ;J
WP Pr e
(S,S)-rPr-DuPhos  (R.R)-Me-DuPhos (5,5)-Me-BPE (S,S)-Ph-BPE

bil=1.1:1,93:7er bl=051;4159er bil=09:1;5545er bl=1.2:1;955er

Scheme 2.
AHF of 1-Dodecene with DuPhos and BPE Ligands.2

aBranch:linear ratio (b:l) determined by 'H NMR analysis; enantiomer ratios determined by
SFC analysis on a chiral stationary phase after reduction and benzoylation.
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Scheme 3.
Large Scale Asymmetric Hydroformylation of Allyl Silyl Ether 8.
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Scheme 4.
Asymmetric Hydroformylation of Internal Allyl Ether 32.
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