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Direct synthesis of adipic acid esters via palladium-
catalyzed carbonylation of 1,3-dienes

Ji Yang?, Jiawang Liu', Helfried Neumann’, Robert Franke?>, Ralf Jackstell’, Matthias Beller'*

The direct carbonylation of 1,3-butadiene offers the potential for a more cost-efficient and
environmentally benign route to industrially important adipic acid derivatives. However, owing to
the complex reaction network of regioisomeric carbonylation and isomerization pathways, a
selective practical catalyst for this process has thus far proven elusive. Here, we report the design
of a pyridyl-substituted bidentate phosphine ligand (HeMaRaphos) that, upon coordination to
palladium, catalyzes adipate diester formation from 1,3-butadiene, carbon monoxide, and butanol
with 97% selectivity and 100% atom-economy under industrially viable and scalable conditions
(turnover number > 60,000). This catalyst system also affords access to a variety of other

di- and triesters from 1,2- and 1,3-dienes.

arbonylation reactions are among the

most important applications of indus-

trial catalysis (7-5): Using carbon mon-

oxide (CO) as a highly versatile C1

building block with olefins, more than
10 million metric tons of various carbonyl
compounds (aldehydes, acids, and esters) are
produced annually for numerous consumer
products. CO is a central intermediate in the
chemical industry that can be easily produced
either from fossil-based resources (coal or
gas) or from renewables (CO, or biowaste).
Despite the initial discovery of homogeneous-
ly catalyzed carbonylation processes nearly
80 years ago (6-15), several unattained objec-
tives remain, perhaps most saliently the direct
dicarbonylation of 1,3-dienes. This reaction
would enable more environmentally benign,
atom-economical production of adipate esters,
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the building blocks of polyamides and poly-
esters currently produced on a multimillion-
metric ton scale (16, 17). More specifically,
adipate diesters are used for plasticizers, per-
fumes, lubricants, solvents, several active phar-
maceutical ingredients, and, with respect to
scale, most importantly for the production
of nylons. Now, the main industrial route to
produce adipate diesters involves oxidation of
a mixture of cyclohexanol and cyclohexanone
by an excess of nitric acid, followed by es-
terification with the corresponding alcohols
(18-20). This process requires special equip-
ment owing to the acid’s corrosiveness and
produces stoichiometric amounts of nitrous
oxide (N,O) (21), which is a major scavenger of
stratospheric ozone and has nearly 300 times
the atmospheric heat-trapping capacity of
CO, (22).
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Over several decades, numerous companies
all over the world, including BASF, Dupont,
Shell, Dow, Kuraray, and Sinopec, investigated
the prospect of accessing adipate esters via
butadiene dicarbonylation. However, despite
extensive explorations, no such industrially
viable transformation was developed (23-38).
Some pilot tests were implemented (23-36),
but those processes all involved multistep re-
actions with insufficient selectivity (~60 to
80%) for the desired linear diester.

Here, we present a palladium-catalyzed dicar-
bonylation of 1,3-butadiene that provides dialkyl
adipates in 295% yield and =97% selectivity.
Key to success was the ligand design. Recently,
we developed bidentate phosphine ligands
for palladium-catalyzed alkoxycarbonylation
reactions in which basic pyridyl substituents
on phosphorus proved essential for high ac-
tivity (39). On the basis of that work and our
long-standing interest in carbonylation reac-
tions (40), we proceeded to investigate the di-
carbonylation reaction of 1,3-butadiene with
butanol as a model for the direct synthesis of
adipate diesters.

As shown in Fig. 1, there are multiple chal-
lenges associated with this catalytic process:
(i) The catalyst must promote two different
carbonylation reactions on the diene substrate
(which could not be achieved previously); (ii)
the linear dicarbonylation product must be
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Fig. 1. Reaction network involved in synthesis of adipates from 1,3-butadienes. The green outlines indicate the starting materials (1,3-butadiene, carbon
monoxide, and alcohol) and desired product adipic diester.
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formed selectively, despite the fact that isom-
erization of the initially formed monocarbon-
ylated intermediate to the terminal olefin is
thermodynamically particularly unfavorable;
and (iii) other side reactions such as telomer-
ization (41), hydroalkoxylation, and (co)poly-
merization must be suppressed.

We sought to realize the selective dicarbon-
ylation of 1,3-butadiene by using base-modified
derivatives of the 1,2-bis[(di-tert-butylphosphino)
methyl]benzene ligand (L1, dtbpx), which is
used for the bulk production of methyl met-
hacrylate (42). Initial optimization studies
with this ligand (Fig. 2) showed slight ac-
tivity but good selectivity to give the linear
di-n-butyl adipate 4a at 120°C and 40 bar CO
with p-toluenesulfonic acid as a cocatalyst.
To improve the catalyst performance, dtbpx
derivatives L2 and L3 were tested. However,
no increase of activity was observed. Accord-
ing to our hypothesis above, the incorpora-
tion of suitable basic groups on this specific
ligand backbone should increase the activity
of the corresponding palladium catalyst sys-
tem in alkoxycarbonylation reactions. Indeed,
using L4 considerably increased activity and
yield of diesters (77%) but at the expense of
insufficient selectivity (48%). Considering the
appropriate reactivity of L4 and the suitable
selectivity of L1, we designed the ligand L5
(HeMaRaphos), which combines the two struc-

tural fragments of L1 and L4: The bulky and
electron-rich di-tert-butylphosphino fragment
could promote fast isomerization of carbon-
carbon double bonds (43-45) while the tert-
butyl-2-pyridyl phosphino group facilitated
formation of the active palladium hydride com-
plex and accelerated the final alcoholysis step.
Mixing L5 and Pd(0) bis(dibenzylideneacetone)
[Pd(dba),] in the presence of HCI resulted in
the formation of a bright yellow palladium
complex, which was suitable for x-ray crystal-
lography (fig. S1). Although no coordination of
the pyridine-N atom to the palladium center
was observed in solid state, the durability of
the catalyst in solution might be enhanced
by such hemilabile binding. To our delight, the
dicarbonylation of 1,3-butadiene proceeded in
the presence of HeMaRaphos and Pd(II) tri-
fluoroacetate [PA(TFA),] to adipate diester
with a yield of 85% and a linear selectivity of
97%. We benchmark the distinct behavior of
L5 in comparison with more than 70 other
ligands, including well-known mono- and bi-
dentate phosphines, in table S1.

To understand the performance of the pal-
ladium catalyst with HeMaRaphos, we con-
ducted Kkinetic monitoring experiments (fig.
S3). In the first half hour, formation of the ac-
tive palladium hydride complex was observed
in the in situ mixture of PA(TFA),, L5, and
p-toluenesulfonic acid (PTSA). Then, alkoxy-

0.5 mol% Pd(TFA),,
1.0 mol% ligand,

carbonylation occurred to selectively produce
n-butyl pent-3-enoate 3a. This intermediate
continuously accumulated to reach a maximum
yield of about 50% after 90 min. Stopping the
reaction at this time allowed isolation of 3a
from the reaction mixture. Meanwhile, the
active catalyst also promoted olefin isomer-
ization. The terminal olefin n-butyl pent-4-
enoate 3¢ could not be detected, which we
attribute to its fast conversion into the linear
adipate diester.

Next, detailed optimization studies on the
effect of palladium precursor, acid, temper-
ature, and pressure were performed to further
improve the practicality of the process (tables S2
to S7). In particular, excellent catalyst turnover
numbers (>60,000) were obtained using the
presynthesized Pd(II)-HeMaRaphos complex
under optimal conditions (table S9). Scaled-
up reactions of 1,3-butadiene with methanol
and n-butanol were then carried out at low
catalyst loading [<0.5 mole % (mol %)] (table
S8). The resulting esters were smoothly ob-
tained in 88 to 95% yield and >97% linear
selectivity. As an example, a reaction with-
out additional solvent could be performed
on a >200-g scale with a Pd loading of only
0.05 mol % (fig. S2 and table S8).

Beyond the specific importance of the di-
carbonylation of 1,3-butadiene in the chem-
ical industry, this methodology also offers
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Fig. 2. Ligand optimization for palladium-catalyzed dicarbonylation of 1,3-butadiene. Reaction conditions for ligand optimization: butadiene (1.0 mmol, solution
in toluene), Pd(TFA), (0.005 mmol, 0.5 mol %), ligand (0.01 mmol, 1.0 mol %), PTSA+H,0 (2.0 mol %), "BuOH (2.0 ml), CO (40 bar), 120°C, and 24 hours; the ratio
of products and yields were determined by gas chromatography analysis with mesitylene as the internal standard. Reactivity represents the yield of the diester.

Selectivity represents the ratio of linear diester to all diesters. "Bu, n-butyl; ‘Bu, tert-butyl.
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Fig. 3. Palladium-catalyzed dicarbonylation of 1,2- and 1,3-dienes. Me, methyl; Et, ethyl; "Pr, n-propyl; 'Pr, isopropyl.

prospects for valorization of other dienes for
fine chemical production (46-48). To show-
case the generality of the catalyst system,
15 different dienes and more than 30 alcohols
were converted in high yield and selectivity
to the corresponding diesters (Fig. 3). For
example, several linear conjugated dienes 1a
to 1f showed excellent reactivity and regiose-
lectivity. Even for internal conjugated double
bonds (If), isomerization reactions led prefer-
entially to the terminal products. Increased
steric hindrance on the carbon chain, including
a tetra-substituted conjugated diene, influenced
the reactivity; however, the regioselectivity to
the corresponding linear diesters remained
very high (1g to 1K). 1-Phenyl-substituted 1,3-
diene 11, for which the regioselectivity might be

Yang et al., Science 366, 1514-1517 (2019)

more difficult to control, afforded excellent
1,4-site selectivity. Using myrcene 1m as an
exemplary inexpensive, widely available natural
diterpene, tri-alkoxycarbonylation was achieved
smoothly. In addition to conjugated 1,3-dienes,
1,2-dienes In and 1o were converted to the
corresponding linear diesters with similar
activity and regioselectivity.

Numerous aliphatic alcohols (products 4p
to 4z and 5a to 5h) were also tolerated by
the catalyst system and gave diesters in high
yields and selectivity (>93%). Various func-
tional groups (products 5m to 5p)—including
electron-withdrawing fluorine, chlorine, and
trifluoromethyl, as well as electron-donating
methoxy—were compatible. Furthermore, a
heterocyclic derivative (5q) and hydroxylated

20 December 2019

natural products [(L)-menthol, (L)-borneol,
and cholesterol] yielded the desired products
with high regioselectivity.

REFERENCES AND NOTES

1. W. Bertleff, M. Roeper, X. Sava, in Ullmann's Encyclopedia of
Industrial Chemistry (Wiley-VCH, 2007).

2. R. Franke, D. Selent, A. Bérner, Chem. Rev. 112, 5675-5732
(2012).

3. J.-B. Peng, H.-Q. Geng, X.-F. Wu, Chem 5, 526-552 (2019).

4. D. U. Nielsen, X.-M. Hu, K. Daasbjerg, T. Skrydstrup, Nat. Catal.
1, 244-254 (2018).

5. H. Alper, J. Organomet. Chem. 300, 1-6 (1986).

6. R. Otto, German Patent 849548 (1938).

7. H. Adkins, G. Krsek, J. Am. Chem. Soc. 71, 3051-3055
(1949).

8. M. E. Piotti, H. Alper, J. Am. Chem. Soc. 118, 111-116
(1996).

9. P.B. Webb et al., J. Am. Chem. Soc. 125, 15577-15588
(2003).

3 of 4

6T0Z ‘6T Joquwiadaq uo /1o’ Bewasusalas aaualos)/:dny woly papeojumoq


http://science.sciencemag.org/

RESEARCH |

REPORT

23.
. K- N. Von, US. Patent 3876695 A (1975).
25.

26.

27.
28.

Yang et al., Science 366, 1514-1517 (2019)

R. A. Periana, O. Mironov, D. Taube, G. Bhalla, C. J. Jones,
Science 301, 814-818 (2003).

. Q. Liu et al., Angew. Chem. Int. Ed. 49, 3371-3374 (2010).

. D. Willcox et al., Science 354, 851-857 (2016).

. X. Ren et al., Angew. Chem. Int. Ed. 56, 310-313 (2017).

. J.Y. Wang, A. E. Strom, J. F. Hartwig, J. Am. Chem. Soc. 140,

7979-7993 (2018).

. C. You et al., . Am. Chem. Soc. 140, 4977-4981 (2018).
. E. M. Aizenshtein, Fibre Chem. 42, 341-349 (2011).
. M. T. Musser, in Ullmann’s Encyclopedia of Industrial Chemistry

(Wiley-VCH, 2000).

. A. Castellan, J. C. J. Bart, S. Cavallaro, Catal. Today 9, 237-254

(1991).

. K. Sato, M. Aoki, R. Noyori, Science 281, 1646-1647 (1998).

K. C. Hwang, A. Sagadevan, Science 346, 1495-1498 (2014).

. M. H. Thiemens, W. C. Trogler, Science 251, 932-934 (1991).
. P. Forster et al., in Climate Change 2007: The Physical Science

Basis. Contribution of Working Group | to the Fourth
Assessment Report of the Intergovernmental Panel on Climate
Change, S. Solomon, D. Qin, Eds. (Cambridge Univ. Press,
2007), pp. 130-234.

J. B. Zachry, C. L. Aldridge, U.S. Patent 3161672 (1964).

Y. Isogai, M. Hosokawa, T. Ookawa, N. Wakui, T. Watanabe,
Japanese Patent 5788147 A (1982).

C. K. Hsu, F. Dobinson, U.S. Patent 4575562 A (1986).

R. Maerkl et al., U.S. Patent 4777284 A (1988).

E. Drent, J. Van Gogh, U.S. Patent 4861912 A (1989).

29. T. Omatsu, Y. Tokito, Japanese Patent 04208247 A (1992).

30. E. M. Atadan, H. S. Bruner, U.S. Patent 5292944 A (1994).

31. A. Matsuda, T. Fujii, Japanese Patent 06192175 A (1994).

32. P. Denis, C. Patois, R. Perron, European Patent 0648731 Al
(1995).

33. 0. E. Sielcken, H. Hovenkamp, Patent WO 9506027 Al (1995).

34. A. D. Poole, J. G. Sunley, UK Patent 2327420 A (1999).

35. E. Drent, W. W. Jager, Patent WO 00056695 Al (2000).

36. 0. E. Sielcken et al., Patent WO 0121569 Al (2001).

37. J. Mormul et al., ACS Catal. 6, 2802-2810 (2016).

38. A. Tortajada, R. Ninokata, R. Martin, J. Am. Chem. Soc. 140,
2050-2053 (2018).

39. K. Dong et al., Nat. Commun. 8, 14117-14127 (2017).

40. X. Fang, H. Li, R. Jackstell, M. Beller, Angew. Chem. Int. Ed. 53,
9030-9034 (2014).

41. R. Jackstell et al., Angew. Chem. Int. Ed. 41, 986-989 (2002).

42. W. Clegg et al., Chem. Commun. 1999, 1877-1878 (1999).

43. Y. Liu, K. Dong, M. Beller, S. Mecking, ACS Catal. 8, 9232-9237
(2018).

44. P. B. Webb, T. E. Kunene, D. J. Cole-Hamilton, Green Chem. 7,
373-379 (2005).

45, J. Liu, J. Yang, F. Ferretti, R. Jackstell, M. Beller, Angew. Chem.
Int. Ed. 58, 4690-4694 (2019).

46. N. Herrmann, D. Vogelsang, A. Behr, T. Seidensticker,
ChemCatChem 10, 5342-5365 (2018).

47. J. Tsuiji, Acc. Chem. Res. 6, 8-15 (1973).

48. J. R. Zbieg, E. Yamaguchi, E. L. McInturff, M. J. Krische,
Science 336, 324-327 (2012).

20 December 2019

ACKNOWLEDGMENTS

We thank the analytical staff of the Leibniz-Institute for Catalysis,
Rostock, for their excellent service. Funding: We gratefully
acknowledge the support of Federal Ministry of Education and
Research (BMBF), the State of Mecklenburg-Vorpommern, Evonik
Industries, and the European Research Council. J.Y. thanks China
CSC Scholarship for financial support (201704910879). Author
contributions: J.Y. and J. L. contributed equally. J.Y., M.B., RF,
and R.J. planned the project. J.Y., H.N., and M.B. developed and
prepared the catalysts. J.Y., J.L., and R.J. designed and performed
all the experiments. J.Y., M.B., and R.F. wrote the paper.
Competing interests: A patent has been filed on the catalyst
system under EP3121184 A2. Data and materials availability:
X-ray data are available free of charge from the Cambridge
Crystallographic Data Centre under CCDC 1941490; all other data
are in the supplementary materials.

SUPPLEMENTARY MATERIALS

science.sciencemag.org/content/366/6472/1514/suppl/DCL
Materials and Methods

Figs. Sl to S4

Tables S1 to S9

NMR and HRMS Spectra

References (49-52)

14 August 2019; accepted 7 November 2019
10.1126/science.aaz1293

4 of 4

6T0Z ‘6T Joquwiadaq uo /1o’ Bewasusalas aaualos)/:dny woly papeojumoq


https://science.sciencemag.org/content/366/6472/1514/suppl/DC1
http://science.sciencemag.org/

Science

Direct synthesis of adipic acid esters via palladium-catalyzed carbonylation of 1,3-dienes
Ji Yang, Jiawang Liu, Helfried Neumann, Robert Franke, Ralf Jackstell and Matthias Beller

Science 366 (6472), 1514-1517.
DOI: 10.1126/science.aaz1293

A carbonylation path to a nylon precursor

Adipic acid and its esters are manufactured on a massive scale, primarily to produce nylon. However, the
standard route requires large quantities of corrosive nitric acid. J. Yang et al. present an efficient alternative route
whereby a palladium catalyst adds carbon monoxide to each end of butadiene (see the Perspective by Schaub). Both
reactants are available at commodity scale, and the reaction produces no by-products. An optimized bidentate phosphine
ligand bearing a pyridine substituent for proton shuttling proved key to attaining the necessary selectivity.
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