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Optimization of Xantphos-type ligands for highly linear-selective 
hydroformylation of allyl alcohol and alkenes
Hiroto Sakomizu,†a Jooyoung Shim,†a Shohei Nishizawa,b Shinya Tsukamoto,c Yoshishige Okuno,b 
Akina Yoshizawa,a Eiji Yamamoto,a Akihiro Nakayama,a and Makoto Tokunaga *a

Xantphos-type ligands enabled the highly linear-selective hydroformylation of allyl alcohol and related alkenes under mild 
conditions with RhH(CO)(PPh3)3. The product, 4-hydroxybutanal, is widely used as an industrial solvent and polymer 
precursor, and serves as an industrial intermediate in the production of 1,4-butanediol, γ-butyrolactone, and N-methyl-2-
pyrrolidone. Six ligands with different combinations of the Xantphos backbone and substituents on the benzene ring were 
compared. A 3,5-xylyl-substituted ligand displayed particularly high regioselectivity toward linear products. Density 
functional theory calculations clarified that this preference arises from a lower activation barrier for 1,2-insertion compared 
to 2,1-insertion.

Introduction
Hydroformylation is one of the most important and large-scale 
homogeneous catalytic processes. Particularly in the 
petrochemical industry, even slight improvements in yield or 
selectivity significantly impact costs and profits, making it a 
critical challenge. 4-Hydroxybutanal (2a) is an industrial 
intermediate for the production of 1,4-butanediol, γ-
butyrolactone (6a), and N-methyl-2-pyrrolidone, which are 
widely used as industrial solvents and polymer precursors.1,2 
Various synthetic routes may be used to produce 2a; notably, 
the hydroformylation of allyl alcohol (prop-2-en-1-ol, 1a) offers 
a direct and atom-economical approach to 2a. However, this 
reaction typically suffers from poor regioselectivity, producing 
significant amounts of 3a (branched isomer, 3-hydroxy-2-
methylpropanal) as a by-product.3 Because the linear (2a) and 
branched (3a) isomers have similar physicochemical properties, 
the separation of 2a from mixtures containing 3a remains a 
major challenge in large-scale manufacturing.

Catalytic strategies to improve regioselectivity in 
hydroformylation have been extensively investigated within 
homogeneous systems, while heterogeneous catalysts have 
also been explored for terminal alkenes.4,5 Previous studies 
using monodentate (e.g., triphenylphosphine (PPh3))6 or 
bidentate phosphines (e.g., 1,4-
bis(diphenylphosphino)butane)7 as ligands in Rh-catalyzed 

hydroformylation have shown limited linear-to-branched ratios 
(L/B) for the transformation of 1a. In 2008, White reported the 
hydroformylation of 1a catalyzed by a cyclobutene-based 
phosphine ligand, which exhibited high product yield and a high 
L/B ratio (Scheme 1a).8 More recently, Zhao et al. demonstrated 
that phosphine-stabilized single-atom Rh sites enabled 
hydroformylation of 1a with good stability and excellent L/B 
ratio (Scheme 1b).3 Computational studies have also suggested 
that xanthene-based bidentate ligands can improve linear 
selectivity in the hydroformylation of simple alkenes such as 1-
octene (1c),9 although their applicability to more functionalized 
substrates such as 1a remains underexplored.

Herein, we report the design and synthesis of electron-rich 
bidentate phosphine ligands based on the Xantphos scaffold, 
which markedly enhanced the linear selectivity in the 
hydroformylation of 1a and representative alkenes using 
carbonylhydridotris(triphenylphosphine)rhodium(I) 
(RhH(CO)(PPh3)3) as the catalyst precursor (Scheme 1c). 
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Scheme 1 Rh-catalyzed hydroformylation of 1a: (a) cyclobutane-based phosphine 
ligand (White, 2008);8 (b) phosphine-stabilized single-atom Rh sites (Zhao et al., 
2024);3 and (c) Xantphos-type phosphine ligands developed in this study. L/B = 
linear-to-branched ratio. Ar = 3,5-Me2C6H3.

Previous reports:
(a) Cyclobutane-based phosphine ligand

OH
OHOHC

PAr2

PAr2

(b) Phosphine-stabilized single-atom Rh sites

This study:
(c) Xantphos-type phosphine ligands

99.3% yield
2a/3a (L/B) = 91.6/8.4

Rh(CO)2(acac)
(0.083 mol%)

toluene, H2/CO (1:1, 1.4 MPa), 65 °C

OH 2a + 3a, 92.3% yield
2a/3a = 96.3/3.7

Rh@PPh3-POP-2 (0.20 mol%)

THF, H2/CO (1:1, 2.0 MPa), 50 °C, 6 h

OH 2a + 3a, up to 98.5% yield
2a/3a = 93.2/6.8

RhH(CO)(PPh3)3 (0.18 mol%)
L1–L6 (0.72 mol%)

toluene, H2/CO (1:1, 2.0 MPa), 65 °C, 3 h

(0.17 mol%)

1a

1a

1a

OH

CHO

3a (branched)2a (linear)
+
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Combined experimental and density functional theory (DFT) 
studies elucidated the origin of the enhanced regioselectivity 
and provided a mechanistic basis for rational ligand design in 
Rh-catalyzed hydroformylation. 

Results and discussion
Synthesis of L1–L6

The ligand sets used in this study are summarized in Chart 1. 
Commercially available 4,5-bis(diphenylphosphino)-9,9-
dimethylxanthene (Xantphos, L1) and 4,6- 
bis(diphenylphosphino)phenoxazine (Nixantphos, L2) were 
used as benchmarks, together with the reported 6,7-
bis(diphenylphosphino)benzo[k,l]xanthene (Benzoxantphos, 
L3) and N-benzyl-4,6-bis(diphenylphosphino)phenoxazine (N-
benzyl-Nixantphos, L4). In addition, we designed and 
synthesized two novel ligands with sterically demanding di(3,5-
dimethylphenyl)phosphino groups: 6,7-bis[di(3,5-
dimethylphenyl)phosphino]benzo[k,l]xanthene (3,5-xylyl-
Benzoxantphos, L5) and 4,6-bis[di(3,5-
dimethylphenyl)phosphino]phenoxazine (3,5-xylyl-Nixantphos, 
L6).

L3 was synthesized in two steps with an overall yield of 39% 
using a previously reported procedure.10,11 L4 was synthesized 
in 78% yield using a previously reported procedure.11 These 
ligands are known to exhibit high linear selectivity in the 
hydroformylation of 1-octene (1c) and styrene (1e).11 L5 was 

synthesized in two steps starting from 1-naphthol (Scheme 2). 
Pd-catalyzed C–C/O bond formation between 1-naphthol and 
1,2-dibromobenzene afforded the benzo[k,l]xanthene 
framework.10 Lithiation of 5-bromo-m-xylene followed by 
reaction with dichlorodiethylaminophosphine12 and 
subsequent chlorination produced bis(3,5-
dimethylphenyl)chlorophosphine,13 which was coupled with 
lithiated benzo[k,l]xanthene to afford L5 as a pale yellow solid 
in 25% overall yield.11 The effects of a remote methyl group are 
well known, for example, in the asymmetric hydrogenation with 
modified ligand (i. e., 3,5-xylyl-BINAP).14 L6 was synthesized in 
three steps starting from phenoxazine. Protection of the NH 
moiety with a tert-butyldimethylsilyl group afforded 10-(tert-
butyldimethylsilyl)phenoxazine.15 Subsequent lithiation and 
reaction with bis(3,5-dimethylphenyl)chlorophosphine 
furnished the corresponding phosphino intermediate. Final 
desilylation with tetrabutylammonium fluoride afforded L6 as a 
pale gray solid in 30% overall yield.11

Hydroformylation of allyl alcohol (1a) 

The hydroformylation of 1a was first examined as a benchmark 
reaction to evaluate the performance of the ligands 
investigated in this study. The reactions were conducted using 
RhH(CO)(PPh3)3 (0.18 mol%) in toluene under syngas (H2/CO = 
1:1, 2.0 MPa) at 65 °C for 3 h (see SI for details). The results are 
summarized in Table 1. The yield of 2a (linear) was defined as 
the combined yield of 4-hydroxybutanal and 2-
hydroxytetrahydrofuran because these species are in 
equilibrium in aqueous solution. Benchmark ligands L1 and L2 
afforded nearly complete conversion of 1a (>99.8%) and high 
L/B ratios (93.5/6.5 and 92.9/7.1, respectively); however, only 
moderate combined yields of 2a + 3a (90.6% and 91.7%) were 
obtained owing to competing β-hydride elimination leading to 
the formation of propanal (4a, 3.8% and 2.1%; entries 1 and 2). 
Using ligand L3 slightly improved the combined yield of 2a + 3a 
to 94.3%, while maintaining a high L/B ratio of 93.6/6.4 (entry 
3). By contrast, when L4 was used as the ligand, a performance 
comparable to that of L1 and L2 was noted; 2a + 3a was 
produced in 91.3% yield with an L/B ratio of 92.4/7.6 (entry 4), 
which was consistent with the benzyl substituent being located 
relatively distant from the diphenylphosphino moiety, thus 

Ar =

O

PPh2 PPh2
L3

O

N

PPh2 PPh2
L4

O

H
N

Ph

PPh2 PPh2
L2

L5

O

PAr2 PAr2
L6

O

H
N

PAr2 PAr2

O

PPh2 PPh2
L1

Chart 1 Structures of phosphine ligands L1 (Xantphos, established), L2 
(Nixantphos, established), L3 (Benzoxantphos, rarely applied), L4 (N-benzyl-
Nixantphos, rarely applied), L5 (3,5-xylyl-Benzoxantphos, this study), and L6 (3,5-
xylyl-Nixantphos, this study). Ar = 3,5-Me2C6H3.

L6

Bu4NF·3H2O (1.6 equiv.)

THF, rt, 48 h
50% (2 steps) O

H
N

PAr2 PAr2

O

H
N NaH (1.5 equiv.)

(t-Bu)Me2SiCl (1.5 equiv.)

THF, rt to reflux, 3 h

60%
O

N

Si

t-Bu

BuLi (2.1 equiv.)
TMEDA (2.1 equiv.)

PAr2Cl (excess)

Et2O, 0 °C to rt, 16 h
O

N

PAr2 PAr2

Si

t-Bu L5

O

BuLi (3.0 equiv.)
TMEDA (3.0 equiv.)

PAr2Cl (excess)

Et2O, 0 °C to rt, 3 h
30%

P

Cl

ClCl
P

N

ClCl

NHEt2 (2.0 equiv.)

Et2O, -78 °C to rt, 16 h

75%

ArBr (2.1 equiv.)
BuLi (2.2 equiv.)

Conc. HCl

Et2O, 0 °C to rt, 1 h P

Cl

ArAr

O

PAr2 PAr2

OH

o-C6H4Br2 (1.2 equiv.)
Pd(OAc)2 (5.0 mol%)

PPh3 (20 mol%)
Cs2CO3 (4.0 equiv.)

DMF, 140 °C, 72 h

83%

Scheme 2 Synthesis of novel phosphine ligands L5 and L6. Ar = 3,5-Me2C6H3.

Page 2 of 7Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/8
/2

02
6 

8:
01

:2
9 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6DT01054G

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6dt01054g


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins

Please do not adjust margins

exerting only a limited electronic influence. Notably, ligands L5 
and L6 significantly enhanced hydroformylation performance, 
affording 2a + 3a in 97.0% and 98.5% yields, respectively, while 
effectively suppressing 4a formation (1.3–1.5%; entries 5 and 
6). Using L6 as the ligand ensured the highest yield of 2a + 3a, 
with an excellent L/B ratio of 93.2/6.8. These results suggest 
that sterically demanding and electron-rich diphosphine ligands 
effectively suppress undesired β-hydride elimination and 
promote the selective formation of the linear aldehyde. Overall, 
the observed trends indicate that the ligand environment plays 
a decisive role in the regioselectivity-determining olefin 
insertion step, as discussed in detail in the DFT section.

Hydroformylation of other substrates 

Hydroformylation is a key industrial process for the large-scale 
production of bulk chemicals, as exemplified by 
hydroformylation of propylene to butanal,16 in which even a 
small improvement in the yield or selectivity can translate into 
significant economic benefits. Although this study focused on 
1a, the substrate scope of the hydroformylation reaction was 
examined after identifying the optimal ligand (L6) under the 
optimized conditions. Seven representative alkenes were 
investigated to evaluate the generality of this catalytic system, 
including linear α-olefins (1b–1d), aromatic alkenes (1e and 1g), 
and functionalized allyl derivatives (1f and 1h). Because 1a 
exhibits higher reactivity, its hydroformylation proceeded 
efficiently at a low temperature (65 °C, Table 1). In contrast, 
hydroformylation of 1-octene (1c) under the same conditions 
gave a low yield of 2c + 3c (39%) (Table 2, entry 1). For 
comparison, when PPh3 was used as the ligand, 2c + 3c was 
obtained in excellent yield (>99%) under the same conditions, 
but with a relatively low L/B ratio of 75/25 (entry 2). Increasing 
the reaction temperature to 80 °C led to an improved yield of 
2c + 3c (80%) (entry 3). At 90 °C, the reaction proceeded 
efficiently and afforded a high yield of 2c + 3c (85%) (entry 4). 

Further elevation of the temperature to 100 and 110 °C resulted 
in only marginal additional enhancement, giving yields of 87% 
and 86%, respectively (entries 5 and 6). Variation of the ligand 
loading did not contribute to improved reactivity (entries 7–9); 
therefore, the conditions shown in entry 4 (90 °C) were selected 
as the optimized conditions for substrate scope studies. 

Under the condition, the yields and selectivities were 
compared using L1 and L6 as ligands (Table 3). Linear α-olefins 
1b–1d underwent hydroformylation to afford the 
corresponding aldehydes with excellent L/B ratios (>98/<2), and 
the use of L6 afforded slightly higher yields (entries 1–3). In the 
case of styrene (1e), where branch selectivity is generally 
observed, L6 yielded slightly higher L/B ratio (51/49) compared 
to L1 (46/54) in quantitative yields (entry 4). The 
hydroformylation of 1f proceeded efficiently, followed by 
intramolecular cyclization to afford the cyclic hemiacetal 2-
hydroxytetrahydropyran (2f) in high yields (85% and 91% for L1 
and L6, respectively) with exclusive linear selectivity (>99/<1), 
in both cases (entry 5). Allylbenzene (1g) was also converted 
quantitatively (>99%) at high L/B ratios (96/4 and 95/5 for L1 
and L6, respectively), indicating that a benzylic substituent does 
not adversely affect the regioselectivity under these conditions 
(entry 6). In the case of allyl acetate (1h), the results were 
slightly different from the others (entry 7). L6 yielded a higher 
L/B ratio (97/3) than L1 (85/15). However, the yield was lower 
when using L6 (49%) than when using L1 (77%), presumably due 
to partial substrate decomposition under the reaction 
conditions, which may involve β-acetoxy elimination from the 
corresponding Rh–alkyl intermediate. These results 
demonstrate that ligand L6 enables efficient and highly linear-
selective hydroformylation across a broad range of terminal 
alkenes, whereas the reactivity and selectivity of the 
functionalized substrates are strongly influenced by the nature 
of the substituents.

Table 1 Hydroformylation of 1a with Rh-phosphine catalysts.

Yield (%)aEntry Ligand Conv. (%)a

2ab + 3a 4a
L/Bc

(2a/3a)

1 L1 99.8 90.6 3.8 93.5/6.5
2 L2 >99.9 91.7 2.1 92.9/7.1
3d L3 >99.9 94.3 1.9 93.6/6.4
4d L4 >99.9 91.3 3.4 92.4/7.6
5d L5 >99.9 97.0 1.3 93.1/6.9
6 L6 >99.9 98.5 1.5 93.2/6.8

aConversions and product yields were determined using high-performance 
liquid chromatography (HPLC). bYields of 2a (linear) include the contribution 
from 2-hydroxytetrahydrofuran. cL/B: linear-to-branched ratio. dReaction time: 
2h.

Table 2 Hydroformylation of 1c with Rh-phosphine catalysts.

Entry Ligand Ligand 
(mol%)

Temp. 
(°C)

Conv. 
(%)a

Yield 
(%)a

L/Bb

1 L1 0.80 65 40 39 98/2
2 PPh3 0.80 65 >99 >99 75/25
3 L1 0.80 80 80 80 98/2
4 L1 0.80 90 95 85 98/2
5 L1 0.80 100 98 87 98/2
6 L1 0.80 110 99 86 97/3
7 L1 0.60 65 49 30 98/2
8 L1 1.0 65 45 27 98/2
9 L1 1.2 65 44 27 98/2

10 L6 0.80 90 99 94 98/2

aConversions and product yields were determined through gas 
chromatography (GC) using octanal as the internal standard. bL/B: linear-to-
branched ratio.

OH

RhH(CO)(PPh3)3 (0.18 mol%)
ligand (0.72 mol%)

toluene (35 mL)
H2/CO (1:1, 2.0 MPa)

65 °C, 3 h

OH OH

H

OHC

O

CHO

1a
33 mmol

2a (linear) 3a (branched)

4a

+

+

Hex Hex Hex

CHO

OHC

RhH(CO)(PPh3)3 (0.20 mol%)
ligand

toluene (3.0 mL)
H2/CO (1:1, 2.0 MPa)

3 h
2c (linear) 3c (branched)1c

3.0 mmol

+
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Computational mechanistic studies on the hydroformylation

DFT calculations were performed for the hydroformylation of 1a 
to gain mechanistic insight into the origin of regioselectivity. As 
outlined in Scheme 3, the catalytic cycle begins with 
coordination of the alkene to the Rh center, followed by 
insertion of the coordinated olefin into the Rh–H bond to form 
a Rh–alkyl intermediate.17 Subsequent CO coordination and 
migratory insertion generate the corresponding Rh–acyl 
species, which undergo oxidative addition of H2 and reductive 
elimination to release the aldehyde and regenerate the Rh–H 
species. Regioselectivity is determined at the alkene-insertion 
step: 1,2-insertion affords a linear intermediate, whereas 2,1-
insertion forms a branched intermediate. The rate-determining 
step changes depending on the ligand, CO pressure, and 
temperature. It is commonly either the alkene 
coordination/migratory insertion into the Rh–H bond or the 
oxidative addition of H2 to the Rh–acyl complex.18–20 Although 
not always uniquely defined and can be dependent on the 
reaction conditions and ligand structures,21–24 under moderate 
syngas pressures, Xantphos-type ligands, characterized by a 
wide bite angle and strongly electron-donating aryl 
substituents, are expected to render alkene insertion the rate-
determining step.25,26

In the Xantphos-type ligand system, the steric and electronic 
nature of the ligand plays a decisive role in controlling the 
regioselectivity; bulkier electron-donating aryl groups 
preferentially stabilize the linear-selective transition state over 
that of the branch pathway. This selective stabilization disfavors 
the formation of a branched intermediate and rationalizes the 
experimentally observed enhanced linear selectivity. The 
relative activation barriers for the two insertion pathways were 

calculated for ligands L1–L6 at the ωB97XD/6-31+G* level of 
theory using Gaussian 16,27 with the PCM solvation model for 
toluene (see SI for details). The activation free energy 
difference, ΔΔG‡ = ΔG‡(2,1-insertion) − ΔG‡(1,2-insertion), was 
used as a descriptor for regioselectivity. The results are 
summarized in Figs. 1 and 2 (see Table S1 for details), which 
show the schematic representation of the insertion pathways 
together with the calculated ΔΔG‡ values for each ligand. 
Benchmark ligands L1, L2, and L4 exhibited relatively small 
ΔΔG‡ values (3.6–4.8 kcal mol−1), in line with their modest 
experimental regioselectivities. Ligand L3 displayed a slightly 
larger ΔΔG‡ value (4.9 kcal mol−1), consistent with its improved 
performance. Notably, ligands L5 and L6 exhibited substantially 
larger ΔΔG‡ values (6.9 and 6.6 kcal mol−1, respectively), 

Table 3 Hydroformylation of various alkenes catalyzed by Rh/L1 and Rh/L6.

L1 L6Entry Substrate
Yield (%)a

2 + 3
L/Bb Yield (%)a 

2 + 3
L/Bb

1 1b 83 >99/<1 95 >99/<1
2 1c 85 98/2 94 98/2
3 1d >99 98/2 >99 98/2
4 1e >99 46/54 >99 51/49
5 1f 85 >99/<1 91 >99/<1
6 1g >99 96/4 >99 95/5
7 1h 77 85/15 49 97/3

aProduct yields were determined through GC using octanal or heptanal as an 
internal standard. bL/B: linear-to-branched ratio.
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Scheme 3 Widely accepted reaction mechanism for Rh-catalyzed 
hydroformylation. R represents alkyl group.

Fig. 1 Schematic representation of the 1,2- and 2,1-insertion pathways of 1a into 
the Rh–H bond during hydroformylation (top), and calculated activation free 
energy differences (ΔΔG‡) for ligands L1–L6 (bottom). See SI for computational 
details.
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indicating strong preferential stabilization of the linear-
selective transition state.

These computational results correlated well with the 
experimental trends, where ligands L5 and L6 afforded the 
highest yields of 2a (linear), although no significant changes in 
the L/B ratio (2a/3a) were observed. Notably, the calculated 
ΔΔG‡ values do not account for side processes such as 
isomerization of 1a via β-hydride elimination to generate 4a and 
further transformation; therefore, the experimentally observed 
L/B ratios (2a/3a) may deviate from purely kinetic predictions 
based solely on alkene insertion barriers. While not of synthetic 
importance, Table S1 displayed the L/B ratios, including 
byproducts such as propanal (4a), propanol (5a), and γ-
butyrolactone (6a), allocated to L/B ratios based on the reaction 
mechanism. Here, aldehyde 4a is produced via an enol form 
resulting from the β-hydride elimination of a branched 
intermediate, and 6a is the oxidized form of the cyclized linear 
product 2a. Since it is unclear whether 5a was produced via the 
reduction of the branched product 3a or direct reduction of 1a, 
the values for both cases are shown. In either case, the total L/B 
ratio changed in accordance with the increase or decrease of 
ΔΔG‡, and fairly consistent results were obtained. Importantly, 
previous studies have shown that increasing the steric bulk of 
ancillary ligands retards β-hydride elimination;28 thus, the 
sterically demanding 3,5-xylyl-substituted ligands L5 and L6 are 
likely to suppress β-hydride elimination, thereby disfavoring the 
formation of 4a in this system. This dual effect—preferential 
stabilization of the 1,2-insertion transition state together with 
suppression of β-hydride elimination—rationalizes why ligands 
L5 and L6 not only enhance intrinsic regioselectivity at the 
insertion step but also deliver superior yields of 2a (linear). 

Overall, the DFT calculations support the conclusion that the 
combined electronic richness and steric bulk of the bis(3,5-
xylyl)phosphino substituents enhance linear selectivity by 
lowering the barrier for 1,2-insertion relative to that of 2,1-
insertion while simultaneously suppressing undesired β-hydride 
elimination, providing a clear mechanistic rationale for the 
excellent catalytic performance of ligands L5 and L6.

Conclusions
In conclusion, we have developed Xantphos-type ligands that 
enable the highly linear-selective hydroformylation of allyl 
alcohol (1a) and related alkenes (1b–1h). In particular, 3,5-xylyl-
substituted ligands L5 and L6 exhibited exceptional 

performance, affording 2a + 3a in yields of up to 98.5% with an 
excellent L/B ratio of 93.2/6.8. DFT calculations revealed that 
the enhanced selectivity originated from a lower activation 
barrier for 1,2-insertion relative to that for 2,1-insertion. These 
findings demonstrate that a rational ligand design based on 
electronic and steric considerations is an effective approach for 
achieving high linear selectivity in Rh-catalyzed 
hydroformylation. Furthermore, the introduction of additional 
electron-donating substituents at the 4-position of the aryl 
groups may offer a promising strategy to further enhance 
catalytic performance.
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