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Pd(l) Dimer

Erdem Senol, Thomas Scattolin and Franziska Schoenebeck*

Abstract: Herein we report the use of an air- and moisture-stable
dinuclear Pd(I) complex as an efficient catalyst for the formation
of C(sp?)-SeR bonds. The privileged reactivity of the Pd(l) dimer
allows the direct use of selenolates as nucleophiles in the cross-
coupling. While previous methodologies suffer from catalyst
poisoning through the formation of Pd-ate complexes, the
mechanistically distinct dinuclear Pd(l)-catalyst circumvents this
challenge. A wide variety of aryl bromides and iodides were
efficiently coupled under relatively mild reaction conditions with
broad functional group tolerance. Mechanistic and
computational data are presented in support of direct Pd(l)
reactivity.

Although selenium is associated with toxicity (in larger

quantities) due to its ability to replace sulfur in metabolic processes,
it is also an essential nutritient,™ and organoselenium compounds
possess valuable biological and medicinal activities, such as
antioxidant, antitumor, antimicrobial and antiviral properties.[d In
addition, organoselenium compounds also find usage as catalysts®]
and in materials chemistry (e.g. polymers or chalcogen bonding).[“l

In this context, only a few methods are known to construct C(sp?)-
SeR bonds and even less allow access to unsymmetrical
selenoethers,P! thus creating a high demand for novel methodology.
Indirect synthetic approaches, which involve organoselenium
reagents, such as toxic, unstable and unpleasantly smelling
arylselenols and diselenides that require excess amounts of reducing
agents, suffer from the use of polar and toxic solvents, strong bases
and elevated temperatures.®l  Furthermore, formation of
(symmetrical) diselenides is commonly observed as a side process,
narrowing the substrate scope due to difficulties in purifications.
Methods using tin-based reagents lead to unwanted toxic by-products
and side-reactions such as disproportionation.[571 These drawbacks
are also present in copper-catalyzed couplings. (8]

Although palladium-catalyzed cross coupling has been the
method of choice when it comes to the construction of carbon-
heteroatom bonds,[®! already low concentrations of chalcogen
nucleophiles are frequently detrimental to the classical Pd©/Pd®)
catalytic cycle due to the formation of off-cycle Pd("-ate
complexes.t This is especially challenging for selenium-derived
nucleophiles as they are roughly an order of magnitude more
nucleophilic than thiolates.[*Y] Moreover, the use of unstable Pd©
species under harsh reaction conditions can be difficult and frequently
requires handling and storage under inert atmosphere.[*2
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Owing to the relatively high propensity of organoselenium
compounds to be oxidized, a late-stage introduction of the
organoselenide functionality would be highly advantageous. Thus,
our objective was to develop an operationally simple and direct
method that minimizes toxic by-products and unwanted side-
reactions under mild conditions (Scheme 1).

Scheme 1. Key challenges in metal-catalyzed C(sp?)-Se bond formation.
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We recently showed that dinuclear Pd( catalysis is a promising
concept to circumvent poisonous ate complexes in catalysis.[*®! In this
context, the iodide-bridged dimer 1 was shown to trigger dinuclear
catalysis cycles while displaying superior stability properties: 1 is
completely stable towards oxygen as a solid and can be stored on the
bench.[3141 Our previous work indicated that Pd( catalysis will be
successful, if the iodide bridges are efficiently displaced by
nucleophiles that are also able to stabilize the Pd-Pd core.[*4d: 14¢ |
this context, we previously showed that SeCFs nucleophiles are
compatible.[*! For electron-rich and more nucleophilic, especially
alkyl selenides, however, there is the additional challenge to
potentially reduce the Pd® to the corresponding Pd©. Nevertheless,
if successful, this would allow for the first direct catalytic and
nucleophile-based C-SeR (R = alkyl, aryl) installation.

We initially set out to test whether a RSe-bridged Pd® dimer
could be prepared from 1 via nucleophile exchange of the bridging
moieties. To our delight, we observed the clean formation of [Pd(u-
SePh)(PtBus)]2] 2 upon treating 1 with sodium benzeneselenolate
(NaSePh) within 2 h in toluene at room temperature (Scheme 2).
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Scheme 2. Formation and reactivity of SePh-bridged Pd® dimer 2.2
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a3lp NMR analysis conducted with OP(OMe)s as internal standard.

Reaction monitoring by 3P NMR after 1 h and 2 h showed two
new resonances at 101.6 and 99.7 ppm with the complete
consumption of 1 (6 = 103.3 ppm) after 2 h. These signals likely
correspond to the [I/SePh]-mixed dimer 3 and the doubly SePh-
bridged dimer 2, respectively.[13 14d. 14¢, 151 \We subsequently tested the
ability of dimer 2 as a benzylselenolation agent by directly reacting it
with an aryl iodide. By treating the SePh-bridged Pd® dimer 2 with 2
equivalents of 4-iodoanisole at 50°C for 1 h, we observed clean
formation of the corresponding SePh-functionalized anisole 4 in 89%
yield (relative to 2.0 equivalents of aryl iodide). Our 3!P-NMR
monitoring indicated that SePh/l exchange had taken place with
complete consumption of dimer 2 and concomitant formation of Pd(
dimer 1. Importantly, we did not observe Pd© or Pd(" species on the
time scale of our monitoring, indicating that direct reactivity of the
Pd® dimer 2 with aryl iodide is likely.

To test whether the observed reactivity could be consistent with
direct reactivity at  Pd®-Pd(), computational studies at the
CPCM(toluene) MO6L/def2-TZVP level of theory were applied
(Scheme 3).1191 In analogy to our previous detailed investigation in
this regard,3-14 14 14K we succeeded in the location of a transition

Scheme 3. Free-energy pathway of I/SePh exchange between 2 and 4-iodoanisole.?
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state for dinuclear oxidative addition of 4-iodoanisole at the Pd®
dimer 2 bearing two SePh-bridging units. Following the reaction
pathway, subsequent oxidative addition of 4-iodoanisole to dimer 2
generates a Pd™ dimer species with doubly bridged SePh groups.
Ultimately ArSePh is formed via reductive elimination along with
[1/SePh]-mixed Pd®-dimer, which can subsequently undergo another
exchange reaction with another molecule of 4-iodoanisole. We
calculated a thermodynamic driving force of AGrmn = -13.8 kcal/mol
for the process. Moreover, as for other nucleophiles, the [I/SePh]-
mixed dimer is predicted to be more reactive in oxidative addition
compared to dimer 2 (by AAG* ~ 3 kcal/mol).

We subsequently explored the feasibility of dinuclear catalysis to
convert aryl iodides and bromides to their corresponding selenoethers.
Using 5 mol% of the Pd®-iodo dimer 1 with alkyl and aryl selenolates
(1.2 equiv.) in toluene at 40-60°C, we successfully transformed a
wide range of aryl iodides and bromides to their corresponding
selenoethers (Table 1). In this context, our *P-NMR examination of
the resting state of the reaction of 4-iodoanisole with sodium benzene
selenolate under Pd®" catalysis after 0.5 h, 2 h, 4 h, 8 h and 16 h
reaction time indicated the presence of [(PtBus)Pd"(.~SePh)]z 2
(99.67 ppm) as resting state.

Substrates bearing electron-rich and electron-poor functionalities
on ortho, meta and para positions were equally effective and led to
products in excellent yields. Notably, even an unprotected amine (11)
did not hamper the efficiency of the transformation. Ether (4, 8, 18),
chloride (16), aldehyde (17), ester (7), cyano (13, 14) and vinyl (15)
functional groups are similarly well tolerated. Moreover, given the
relevance of thiophene-containing motifs in antiallergic,i*”]
antibacterial,[*®!  antidepressant,'¥]  antidiabetic,”® and anti-
inflammatory agents,!?!! we also coupled 2-thiophene selenolate with
a range of aryl iodides and bromides. Pleasingly, high yields of the
corresponding thiophene selenothers (10, 11, 16 - 20) were
isolated.l?
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aEnergies (in kcal mol™* at 298K) refer to Gibbs free energies calculated at CPCM (toluene) MO6L/6-311++G(d,p) [SDD for Pd,I,Se] or CPCM (toluene) MO6L/def2-
TZVP (in parentheses). Geometries were optimized at B3LYP-D3/6-31G(d) [LANL2DZ for Pd,l,Se].

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal

Table 1. Scope of the Pd® catalyzed formation of selenoethers from Arl and ArBr.

tBugP: Pd/l\Pd PtB
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. 16-24h
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Reagents and conditions: Pd® dimer 1 (17.4 mg, 0.02 mmol), aryl halide (0.4
mmol), NaSeR (0.48 mmol) in toluene (1.5 mL). Isolated yields are given. [a]
Reactions performed at 40°C. [b] Reactions performed at 50°C. [c] Reactions
performed at 60°C.

In summary, we demonstrated the direct nucleophilic selenolation
of a wide range of aryl iodides and bromides with alkyl, aryl and
thiophene selenolates under mild reaction conditions, enabled by a
robust and air-stable Pd® dimer catalyst. Experimental mechanistic
and computational data support dinuclear Pd® catalysis to be
operative, which circumvents poisonous off-cycle Pd(-ate

complexes that may be encountered under typical Pd@/Pd(" catalysis.

Acknowledgements

We thank the RWTH Aachen and the European Research Council
(ERC-637993) for funding. Calculations were performed with
computing resources granted by JARA-HPC from RWTH Aachen
University under project ‘jara0091°.

Conflict of interest

The authors declare no conflict of interests.

Received: ((will be filled in by the editorial

Published online on ((will be filled in by the editorial staff))

staff))

Keywords: selenolation + dinuclear Pd® « DFT calculation ¢

homogeneous catalysis

[1] a) N. Metanis, J. Beld, D. Hilvert, Patai’s Chemistry of Functional
Groups, Wiley, Hoboken, 2011; b) G. Fragale, S. Hauptli, M. Leuen-
Berger, T. Wirth, (Eds.: U. Diederichsen, T. K. Lindhorst, L.
Wessjohan, B. Westermann), VCH, Weinheim, 1999; c) A. Krief, L.
Hevesi, Organoselenium Chemistry |, Springer-Verlag Berlin
Heidelberg, 1988.

[2]

(3]

(4]

(5]

(6]
(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

10.1002/chem.201900951

a) F. A. R. Barbosa, R. F. S. Canto, S. Saba, J. Rafique, A. L. Braga,
Biorg. Med. Chem. 2016, 24, 5762-5770; b) F. C. Meotti, E. C.
Stangherlin, G. Zeni, C. W. Nogueira, J. B. T. Rocha, Environ. Res.
2004, 94, 276-282; c) T. G. Back, Z. Moussa, J. Am. Chem. Soc. 2003,
125, 13455-13460; d) K. El-Bayoumy, Nutr. Cancer 2001, 40, 4-5; e)
G. Mugesh, W.-W. du Mont, H. Sies, Chem. Rev. 2001, 101, 2125-
2180; f) J. Malmstrom, M. Jonsson, I. A. Cotgreave, L. Hammarstrom,
M. Sjédin, L. Engman, J. Am. Chem. Soc. 2001, 123, 3434-3440; g) G.
Mugesh, H. B. Singh, Chem. Soc. Rev. 2000, 29, 347-357; h) C. C.
Clayton, C. A. Baumann, Cancer Res. 1949, 9, 575.

a) J. Trenner, C. Depken, T. Weber, A. Breder, Angew. Chem. Int. Ed.
2013, 52, 8952-8956; b) O. Niyomura, M. Cox, T. Wirth, Synlett 2006,
2006, 251-254.

a) L. Vogel, P. Wonner, S. M. Huber, Angew. Chem. Int. Ed. 2019, 58,
1880-1891; b) K. T. Mahmudov, M. N. Kopylovich, M. F. C. Guedes
da Silva, A. J. L. Pombeiro, Dalton Transactions 2017, 46, 10121-
10138; c) C. Lang, X. Zhang, Z. Dong, Q. Luo, S. Qiao, Z. Huang, X.
Fan, J. Xu, J. Liu, Nanoscale 2016, 8, 2960-2966; d) H. Xu, W. Cao, X.
Zhang, Acc. Chem. Res. 2013, 46, 1647-1658; e) A. Patra, Y. H.
Wijsboom, S. S. Zade, M. Li, Y. Sheynin, G. Leitus, M. Bendikov, J.
Am. Chem. Soc. 2008, 130, 6734-6736.

a) T. Wirth, Organosleenium Chemistry: Synthesis and Reactions,
Wiley-VCH, Winheim, 2012; b) T. G. Back, Wiley, New York, 2006;
c) T. Wirth, Vol. 9 (Eds.: R. H. Crabtree, D. M. P. Mingos), Elsevier,
Oxford, 2006, pp. 457-499; d) T. G. Back, Organoselenium Chemistry:
A Practical Approach, OUP Oxford, 1999; e) A. Krief, Vol. 11 (Eds.:
E. W. Abel, F. G. A. Stone, G. Wilkinson), Pergamon, New York, 1995,
pp. 515-569; f) S. Patai, Z. Rappoport, The Chemistry of Organic
Selenium and Tellurium Compounds, Wiley, New York, 1986; g) H. J.
Reich, Acc. Chem. Res. 1979, 12, 22-30; h) H. J. Reich, in Organic
Chemistry, Vol. 5 (Ed.: W. S. Trahanovsky), Elsevier, 1978, pp. 1-130.
1. P. Beletskaya, A. S. Sigeev, A. S. Peregudov, P. V. Petrovskii, Russ.
J. Org. Chem. 2001, 37, 1463-1475.

a) |. P. Beletskaya, A. S. Sigeev, A. S. Peregudov, P. V. Petrovskii, Russ.
J. Org. Chem. 2001, 37, 1703-1709; b) Y. Nishiyama, K. Tokunaga, N.
Sonoda, Org. Lett. 1999, 1, 1725-1727.

a) Y. Li, H. Wang, X. Li, T. Chen, D. Zhao, Tetrahedron 2010, 66,
8583-8586; b) D. Singh, S. Narayanaperumal, K. Gul, M. Godoi, O. E.
D. Rodrigues, A. L. Braga, Green Chemistry 2010, 12, 957-960; c) V.
P. Reddy, A. V. Kumar, K. Swapna, K. R. Rao, Org. Lett. 2009, 11,
951-953; d) D. Singh, E. E. Alberto, O. E. D. Rodrigues, A. L. Braga,
Green Chemistry 2009, 11, 1521-1524; e) N. Taniguchi, T. Onami, J.
Org. Chem. 2004, 69, 915-920; f) I. P. Beletskaya, A. S. Sigeev, A. S.
Peregudov, P. V. Petrovskii, Tetrahedron Lett. 2003, 44, 7039-7041; g)
N. Taniguchi, T. Onami, Synlett 2003, 2003, 0829-0832.

a) E.-i. Negishi, A. de Meijere, Handbook of organopalladium
chemistry for organic synthesis, Vol. 2, Wiley-Interscience, 2002; b) F.
Diederich, A. deMeijere, Metal-Catalyzed Cross-Coupling Reactions,
2nd ed., Wiley-VCH, Weinheim, 2004; c) J. F. Hartwig, J. P. Collman,
Organotransition metal chemistry: from bonding to catalysis,
University Science Books Sausalito, CA, 2010; d) C. C. C. Johansson
Seechurn, M. O. Kitching, T. J. Colacot, V. Snieckus, Angew. Chem.
Int. Ed. 2012, 51, 5062-5085; €) T. J. Colacot, New trends in cross-
coupling: theory and applications, Royal Society of Chemistry, 2014.
a) M. S. Oderinde, M. Frenette, D. W. Robbins, B. Aquila, J. W.
Johannes, J. Am. Chem. Soc. 2016, 138, 1760-1763; b) C. Valente, M.
Pompeo, M. Sayah, M. G. Organ, Organic Process Research &
Development 2014, 18, 180-190.

a) A. Halvorsen, J. Songstad, J. Chem. Soc., Chem. Commun. 1978,
327-328; b) G. Guanti, C. Dell erba, D. Spinelli, Gazz. Chim. Ital. 1970,
100, 184-187; c) R. G. Pearson, H. R. Sobel, J. Songstad, J. Am. Chem.
Soc. 1968, 90, 319-326.

a) Q. Du, Y. Li, Beilstein Journal of Organic Chemistry 2011, 7, 378-
385; b) A. Majumder, R. Gupta, M. Mandal, M. Babu, D. Chakraborty,
J. Organomet. Chem. 2015, 781, 23-34; ¢) G. Y. Li, J. Org. Chem. 2002,
67, 3643-3650; d) G. Y. Li, G. Zheng, A. F. Noonan, J. Org. Chem.
2001, 66, 8677-8681.

T. Scattolin, E. Senol, G. Yin, Q. Guo, F. Schoenebeck, Angew. Chem.
Int. Ed. 2018, 57, 12425-12429.

a) |. Kalvet, T. Sperger, T. Scattolin, G. Magnin, F. Schoenebeck,
Angew. Chem. 2017, 129, 7184-7188; b) I. Kalvet, G. Magnin, F.
Schoenebeck, Angew. Chem. Int. Ed. 2017, 56, 1581-1585; c) T.
Sperger, C. K. Stirner, F. Schoenebeck, Synthesis 2017, 49, 115-120; d)
G. Yin, I. Kalvet, F. Schoenebeck, Angew. Chem. Int. Ed. 2015, 54,
6809-6813; €) M. Aufiero, T. Sperger, A. S. K. Tsang, F. Schoenebeck,
Angew. Chem. Int. Ed. 2015, 54, 10322-10326; f) M. Aufiero, T.
Scattolin, F. Proutiére, F. Schoenebeck, Organometallics 2015, 34,
5191-5195; g) I. Kalvet, K. J. Bonney, F. Schoenebeck, J. Org. Chem.

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal

[15]
[16]
[17]

[18]

2014, 79, 12041-12046; h) K. J. Bonney, F. Proutiere, F. Schoenebeck,
Chemical Science 2013, 4, 4434-4439; i) F. Proutiere, M. Aufiero, F.
Schoenebeck, J. Am. Chem. Soc. 2012, 134, 606-612; j) R. S. Paton, J.
M. Brown, Angew. Chem. Int. Ed. 2012, 51, 10448-10450; k) M.
Aufiero, F. Proutiere, F. Schoenebeck, Angew. Chem. Int. Ed. 2012, 51,
7226-7230.

Our high resolution mass spectrometry analysis confirmed the presence
of Pd(l) dimer 2. See Sl for information.

T. Sperger, I. A. Sanhueza, I. Kalvet, F. Schoenebeck, Chem. Rev. 2015,
115, 9532-9586.

E. Gillespie, K. W. Dungan, A. W. Gomoll, R. J. Seidehamel, Int. J.
Immunopharmacol 1985, 7, 655-660.

a) S. Selwyn, J. Hosp. Infect. 1990, 15, 201; b) E. F. Elslager, P. Jacob,
L. M. Werbel, J. Heterocycl. Chem. 1972, 9, 775-782.

[19]

[20]

[21]

[22]

10.1002/chem.201900951

L. Berrade, B. Aisa, M. J. Ramirez, S. Galiano, S. Guccione, L. R.
Moltzau, F. O. Levy, F. Nicoletti, G. Battaglia, G. Molinaro, I. Aldana,
A. Monge, S. Perez-Silanes, J. Med. Chem. 2011, 54, 3086-3090.

K. Bozorov, H.-R. Ma, J.-Y. Zhao, H.-Q. Zhao, H. Chen, K. Bobakulov,
X.-L. Xin, B. Elmuradov, K. Shakhidoyatov, H. A. Aisa, European
Journal of Medicinal Chemistry 2014, 84, 739-745.

a) A. Santagati, M. Modica, M. Santagati, A. Caruso, V. Cutuli,
Chemlinform 1994, 25; b) G. A. H. Buittle, P. F. D'Arcy, E. M. Howard,
D. N. Kellett, Nature 1957, 179, 629.

The Pd(l)-dimer catalyzed selenolation of vinyl halides also appears to
be possible: (Z)-styryl iodide was coupled with sodium benzene
selenolate to phenyl(styryl)selenide (Z/E 90:10) in 85% yield at 50°C
for 16h.

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal

Alternative Layout 2:

Insert Topic
o A0

N\
. —Pd—Pd—PB
E. Senol, T. Scattolin, F. Schoenebeck* BugP F)d\I/Pd ) Bus

NaSeR (1.2 equiv.)
Page — Page > @—SeR
R X =1orBr R

R = Aryl or Alkyl

Selenolation of Aryl lodides and
Bromides Enabled by a Bench-Stable
Pd(l) Dimer

This article is protected by copyright. All rights reserved.

10.1002/chem.201900951

v“direct nucleophile

v“mild conditions

v functional group tolerance

v’ robust and air-stable
catalyst

v avoidance of poisonous
Pd-ate complex



