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A New Direction in Enantioselective Catalysis:
Scaffolding Ligands in Olefin Hydroformylation

Charles S. Yeung and Vy M. Dong*

The combination of transition metals and organocatalysts is
an exciting synthetic strategy that has resulted in new
transformations and mechanisms.!! Within this context,
metal-organic cooperative catalysis, a term defined by Jun
and co-workers, specifies a type of tandem catalysis that was
previously most relevant to C—H bond functionalization.”
However, this term aptly describes any catalytic process that
features an organocatalyst capable of forming covalent bonds
to a substrate and dative bonds to a transition-metal catalyst
simultaneously (Scheme 1). The term “catalytic catalyst-
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Scheme 1. Transition-metal-catalyzed reactions promoted by catalytic
directing groups (CDG; M is the transition metal). Substrate (S) and
product (P) readily exchange under the reaction conditions.

directing groups” was coined for these organocatalysts
because of their ability to direct metal-catalyzed transforma-
tions.’) The more general term “scaffolding ligands”™ has
also been used by analogy with scaffolding proteins, which
promote various biological processes by bringing multiple
proteins together.*>! Overall, scaffolding organocatalysts
function by bringing a metal catalyst and substrate into close
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proximity; they ideally promote subsequent transformations
with enhanced reactivity!® and selectivity.”! Herein, we
present a brief overview of metal-organic cooperative
catalysis to ultimately highlight a seminal breakthrough by
Tan and co-workers in asymmetric catalysis.®!

The ruthenium- and rhodium-catalyzed ortho arylation of
simple phenols is one of the earliest examples of metal—
organic cooperative catalysis (Scheme 2a).’! In these trans-
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Scheme 2. Examples of transition-metal-catalyzed reactions promoted
by catalytic directing groups:"# a) Phosphite/phosphinite/phosphor-
amidite transesterification; b) Schiff base condensation.

formations, there is a rapid equilibrium process in which an
unprotected phenol (S in Scheme 1) exchanges with an alkoxy
substituent on phosphite 2a, the scaffolding organocatalyst or
catalytic directing group (CDG, 1a in Scheme 1), to generate
the ligand—substrate complex (CDG-S, 1b). The resulting
phosphite coordinates to the catalytically active Ru or Rh
species and undergoes ortho arylation. The final product is
released upon a second ligand-exchange process between the
ligand-product complex (CDG-P, 1e) and another substrate
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molecule. In place of phosphites, phosphinites can also be
used, as can phosphoramidites, because rapid equilibration
occurs between the alkoxide (or aryl oxide) and alkyl amide
(or aryl amide) groups at the P™ center. C—H bond activation
is inefficient without the catalytic directing group because
such cyclometalation reactions would result in a strained four-
membered metallaoxetane. The organocatalyst serves to
promote arylation by enabling catalysis through a more
favorable five-membered metallacycle.

This concept has been used in the rhodium-catalyzed
hydroacylation of alkenes and alkynes promoted by 2-amino-
3-picoline as a scaffolding ligand (Scheme 2b). In this process,
a Schiff condensation forms an imine bearing a pyridine
directing group (CDG-S). The Lewis basic pyridine then
directs selective C—H bond activation and functionaliza-
tion.""! Competitive decarbonylation occurs in the absence of
this scaffolding organocatalyst. Catalytic directing groups
have been applied to the industrially relevant alkene hydro-
formylation.[“] In this atom-economical reaction, alkenes are
converted into aldehydes with syngas (i.e., a mixture of CO
and H,) through the formation of new C—C and C—H bonds.
Terminal alkenes typically undergo hydroformylation with
linear selectivity (i.e., anti-Markovnikov). Branch-selective
hydroformylation of internal alkenes, however, is challeng-
ing.1?

In 2008, the Tan and Breit groups independently reported
the highly regioselective catalytic hydroformylation of ho-
moallylic alcohols.** Tan and co-workers designed an alkoxy
benzoazaphosphole ligand 3 derived from N-methylaniline
that was capable of undergoing facile exchange with alcohols
(Schemes 3 and 4).14 The Breit research group demonstrated
that Ph,POMe was a suitable catalytic directing group for
hydroformylation (Scheme 4).”! Notably, the functionaliza-
tion of 1,2-disubstituted olefins and other substrates contain-
ing stereocenters proceeded with excellent regio- and stereo-
selectivity. Additionally, the chemoselective hydroformyla-
tion of homoallylic alcohols over unactivated alkenes was
observed. In all cases, regioselectivity levels were drastically
degraded when PPh, was used as the ligand.** The analogous
homoallylic methyl ether displayed low reactivity and regio-
selectivity.” The Breit research group established that
bishomoallylic alcohols could also undergo regioselective
hydroformylation to yield &-lactones preferentially over e-
lactones (Scheme 5).1%!
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Scheme 3. The alkoxy benzoazaphosphole catalytic directing group
described by Tan and co-workers.! An ORTEP plot of the scaffolding

ligand was created from the coordinates obtained from Ref. [4] (C
black, O red, N blue, P orange, H white).
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Scheme 4. Regio- and diastereoselective rhodium-catalyzed hydrofor-

mylation of homoallylic alcohols.’* acac = acetylacetonate, MS = mo-
lecular sieves, PCC=pyridinium chlorochromate, d.r.=diastereomeric
ratio, r.r. =regioisomeric ratio (y-lactone/d-lactone).
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then PCC/Al,O5, NaOAc, CH,Cl,
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NaHCOj3, CH,Cl, majo
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Scheme 5. Regio- and diastereoselective rhodium-catalyzed hydrofor-
mylation of bishomoallylic alcohols."! TEMPO = 2,2,6,6-tetramethyl-
piperidin-1-oxyl, r.r. = regioisomeric ratio (0-lactone/e-lactone).

As mentioned previously, catalytic directing groups not
only have the ability to improve selectivities but can also
enable transformations that are otherwise difficult. For
example, the formation of quaternary centers by hydro-
formylation has been described as a formidable challenge.!'*!
However, by using an alkoxy benzoazaphosphole scaffolding
ligand, Tan and co-workers successfully applied the rhodium-
catalyzed hydroformylation of allylic alcohols to the con-
struction of quaternary carbon centers (Scheme 6).!""!

Allylic amines are also excellent candidates for hydro-
formylation promoted by catalytic directing groups. Because
the alkoxy benzoazaphosphole described by Tan and co-
workers exchanges readily with allylic sulfonamides, regiose-
lective hydroformylation at the [3 position is possible
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3a (20 mol %), p-TsOH (0.05-0.2 mol %) OH O
HOJL 1:1 CO/H, (26.7 bar), benzene, 35-55 °C on* o)
then NaClO,, H,O/tBuOH ve R
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Scheme 6. Regioselective rhodium-catalyzed hydroformylation of allylic
alcohols for the construction of quaternary carbon centers."
r.r. =regioisomeric ratio (branched/linear).
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Scheme 7. Regioselective rhodium-catalyzed hydroformylation of allylic
sulfonamides." r.r. = regioisomeric ratio (branched|linear).

(Scheme 7). Importantly, the equilibration between alkoxy
and sulfonamide substrates depends strongly on the pK, value
of the N—H hydrogen atom, whereby electron-deficient
sulfonamides are optimal.

Finally, Tan and co-workers have now demonstrated that
asymmetric catalysis is possible with scaffolding ligands. By
introducing a tetrahydroisoquinoline group on the alkoxy
benzoazaphosphole, the synthesis of a chiral scaffolding
ligand (4a) was achieved (Scheme 8).®) Using 4b, allylic
anilines underwent efficient hydroformylation to afford chiral
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Scheme 8. Chiral alkoxy benzoazaphosphole catalytic directing
groups.”! An ORTEP plot of the rhodium-scaffolding ligand complex
[Rh(4a),(CO)Cl] was created from the coordinates obtained from
Ref. [8] (C black, O red, N blue, P orange, Rh silver, Cl green).

PMP = p-methoxyphenyl.

1,3-aminoalcohols with up to 92% ee (Scheme9). More
importantly, this reaction showcases a distinct strategy for
asymmetric induction and demonstrates the potential of using
chiral catalytic directing groups to promote enantioselective
reactions.
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Scheme 9. Enantioselective rhodium-catalyzed hydroformylation of
allylic anilines.®
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Although we have focused herein on scaffolding through
covalent interactions, site-selective functionalization can also
be directed by supramolecular interactions.!"”? We anticipate
that new developments in catalysis will include the design of
novel scaffolding organocatalysts and their application to
other transformations. Further understanding of the reaction
mechanism, including the importance of preassociation and
rapid equilibration, will advance this emerging area of
catalysis.

Received: October 15, 2010

[1] For reviews, see: a) Z. Shao, H. Zhang, Chem. Soc. Rev. 2009, 38,
2745-2755;b) C. Zhong, X. Shi, Eur. J. Org. Chem. 2010, 2999 —
3025; for selected recent advances, see: ¢) D. Nicewicz, D. W. C.
MacMillan, Science 2008, 322, 77-80; d) D. A. Nagib, M. E.
Scott, D. W. C. MacMillan, J. Am. Chem. Soc. 2009, 131, 10875 -
10877; e) S. Mukherjee, B. List, J. Am. Chem. Soc. 2007, 129,
11336-11337; f) M. Rueping, A. P. Antonchick, C. Brinkmann,
Angew. Chem. 2007, 119, 7027-7030; Angew. Chem. Int. Ed.
2007, 46, 6903-6906; g) W. Hu, X. Xu, J. Zhou, W.-J. Liu, H.
Huang, J. Hu, L. Yang, L.-Z. Gong, J. Am. Chem. Soc. 2008, 130,
7782-7783; h) Z.-Y. Han, H. Xiao, X.-H. Chen, L.-Z. Gong, J.
Am. Chem. Soc. 2009, 131, 9182-9183; i) V. Komanduri, M. J.
Krische, J. Am. Chem. Soc. 2006, 128, 16448 -16449; j) T. Yang,
A. Ferrali, F. Sladojevich, L. Campbell, D.J. Dixon, J. Am.
Chem. Soc. 2009, 131, 9140; k) D.-S. Wang, Q.-A. Chen, W. Li,
C.-B. Yu, Y.-G. Zhou, X. Zhang, J. Am. Chem. Soc. 2010, 132,
8909 -8911.

[2] a) Y.J. Park, J-W. Park, C.-H. Jun, Acc. Chem. Res. 2008, 41,
222-234; b) C.-H. Jun, C. W. Moon, D.-Y. Lee, Chem. Eur. J.
2002, 8, 2422 -2428.

[3] C.U. Griinanger, B. Breit, Angew. Chem. 2008, 120, 7456 —7459;
Angew. Chem. Int. Ed. 2008, 47, 7346 —7349.

[4] a) T. E. Lightburn, M. T. Dombrowski, K. L. Tan, J. Am. Chem.
Soc. 2008, 130, 9210-9211; b) K. L. Tan, Boston College,
Boston, MA, personal communication (November 4, 2010).

[5] a) M. Zhang, Nat. Chem. Biol. 2007, 3, 756-757; b) R.C.
Hardie, Nature 2007, 450, 37 -39.

[6] Rate acceleration presumably occurs through induced molec-
ularity; see: R. Pascal, Eur. J. Org. Chem. 2003, 1813 -1824.

[7] For reviews on substrate-directed reactions, see: a)A.H.
Hoveyda, D. A. Evans, G. C. Fu, Chem. Rev. 1993, 93, 1307 -
1310; b) A. R. Ryabov, Chem. Rev. 1990, 90, 403 -424; c) T. W.
Lyons, M. S. Sanford, Chem. Rev. 2010, 110, 1147-11609.

[8] A.D. Worthy, C. L. Joe, T. E. Lightburn, K. L. Tan, J. Am. Chem.
Soc. 2010, 132, 14757 -14759.

[9] For seminal work on the ruthenium-catalyzed functionalization
of phenol ortho C—H bonds, see: a) L. N. Lewis, J. F. Smith, J.
Am. Chem. Soc. 1986, 108, 2728-2735; for the rhodium-
catalyzed functionalization of phenol ortho C—H bonds, see:
b) R. B. Bedford, S. J. Coles, M. B. Hursthouse, M. E. Limmert,
Angew. Chem. 2003, 115,116—118; Angew. Chem. Int. Ed. 2003,
42, 112-114; c¢) R. B. Bedford, M. E. Limmert, J. Org. Chem.
2003, 68, 8669-8682; d)S. Oi, S.-i. Watanabe, S. Fukita, Y.
Inoue, Tetrahedron Lett. 2003, 44, 8665 —8668; ¢) J. C. Lewis, J.
Wu, R. G. Bergman, J. A. Ellman, Organometallics 2005, 24,
5737-5746; f) M. C. Carrién, D. J. Cole-Hamilton, Chem. Com-
mun. 2006, 4527-4529; g) R. B. Bedford, M. Betham, A.J. M.
Caffyn, J. P. H. Charmant, L. C. Lewis-Alleyne, P. D. Long, D.
Polo-Cer6n, S. Prashar, Chem. Commun. 2008, 990 —992.

[10] For reviews, see Ref.[2]; for seminal studies on rhodium-
catalyzed hydroacylation with 2-amino-3-picoline, see: a) C.-H.
Jun, H. Lee, J.-B. Hong, J. Org. Chem. 1997, 62, 1200-1201;
b) C.-H. Jun, D.-Y. Lee, J.-B. Hong, Tetrahedron Lett. 1997, 38,

www.angewandte.org

an


http://dx.doi.org/10.1039/b901258n
http://dx.doi.org/10.1039/b901258n
http://dx.doi.org/10.1002/ejoc.201000004
http://dx.doi.org/10.1002/ejoc.201000004
http://dx.doi.org/10.1126/science.1161976
http://dx.doi.org/10.1021/ja9053338
http://dx.doi.org/10.1021/ja9053338
http://dx.doi.org/10.1021/ja074678r
http://dx.doi.org/10.1021/ja074678r
http://dx.doi.org/10.1002/ange.200702439
http://dx.doi.org/10.1002/anie.200702439
http://dx.doi.org/10.1002/anie.200702439
http://dx.doi.org/10.1021/ja801755z
http://dx.doi.org/10.1021/ja801755z
http://dx.doi.org/10.1021/ja903547q
http://dx.doi.org/10.1021/ja903547q
http://dx.doi.org/10.1021/ja0673027
http://dx.doi.org/10.1021/ja9004859
http://dx.doi.org/10.1021/ja9004859
http://dx.doi.org/10.1021/ja103668q
http://dx.doi.org/10.1021/ja103668q
http://dx.doi.org/10.1021/ar700133y
http://dx.doi.org/10.1021/ar700133y
http://dx.doi.org/10.1002/1521-3765(20020603)8:11%3C2422::AID-CHEM2422%3E3.0.CO;2-B
http://dx.doi.org/10.1002/1521-3765(20020603)8:11%3C2422::AID-CHEM2422%3E3.0.CO;2-B
http://dx.doi.org/10.1002/ange.200802296
http://dx.doi.org/10.1002/anie.200802296
http://dx.doi.org/10.1021/ja803011d
http://dx.doi.org/10.1021/ja803011d
http://dx.doi.org/10.1038/nchembio1207-756
http://dx.doi.org/10.1038/450037a
http://dx.doi.org/10.1002/ejoc.200200530
http://dx.doi.org/10.1021/cr00020a002
http://dx.doi.org/10.1021/cr00020a002
http://dx.doi.org/10.1021/cr00100a004
http://dx.doi.org/10.1021/cr900184e
http://dx.doi.org/10.1021/ja107433h
http://dx.doi.org/10.1021/ja107433h
http://dx.doi.org/10.1021/ja00270a036
http://dx.doi.org/10.1021/ja00270a036
http://dx.doi.org/10.1002/ange.200390005
http://dx.doi.org/10.1002/anie.200390037
http://dx.doi.org/10.1002/anie.200390037
http://dx.doi.org/10.1021/jo030157k
http://dx.doi.org/10.1021/jo030157k
http://dx.doi.org/10.1016/j.tetlet.2003.09.151
http://dx.doi.org/10.1021/om050700i
http://dx.doi.org/10.1021/om050700i
http://dx.doi.org/10.1039/b718128k
http://dx.doi.org/10.1021/jo961887d
http://dx.doi.org/10.1016/S0040-4039(97)01562-1
http://www.angewandte.org

Highlights

812

(11]

www.angewandte.org

6673-6676; c) A. Loupy, S. Chatti, S. Delamare, D.-Y. Lee, J.-W.
Chung, C.-H. Jun, J. Chem. Soc. Perkin Trans. 1 2002, 1280—
1285; d) C.-H. Jun, D.-Y. Lee, H. Lee, J.-B. Hong, Angew. Chem.
2000, /12, 3214-3216; Angew. Chem. Int. Ed. 2000, 39, 3070—
3072; e) C.-H. Jun, H. Lee, J.-B. Hong, B.-I. Kwon, Angew.
Chem. 2002, 114, 2250-2251; Angew. Chem. Int. Ed. 2002, 41,
2146-2147; f) E.-A. Jo, C.-H. Jun, Eur. J. Org. Chem. 2006,
2504 -2507; for the rhodium-catalyzed cleavage of a-C—C bonds
of ketones, see: g) C.-H. Jun, H. Lee, J. Am. Chem. Soc. 1999,
121,880-881; h) C.-H. Jun, H. Lee, S.-G. Lim, J. Am. Chem. Soc.
2001, 723, 751-752.

For reviews, see: a) Rhodium Catalyzed Hydroformylation
(Eds.: P.W.N. M. Van Leeuwen, C. Claver), Springer, New
York, 2002; b) C. D. Frohning, C. W. Kohlpaintner, M. Gau8, A.
Seidel, P. Torrence, P. Heymanns, A. Hohn, M. Beller, J. F.
Knifton, A. Klausener, J.-D. Jentsch, A. M. Tafesh in Applied
Homogeneous Catalysis with Organometallic Compounds, Vol. 2
(Eds.: B. Cornils, W. A. Hermann), Wiley, Weinheim, 2008,
pp. 27-200; c) S. Bhaduri, D. Mukesh in Homogeneous Catal-
ysis: Mechanisms and Industrial Applications, Wiley, New York,
2002, pp. 85-103; d) B. Breit, W. Seiche, Synthesis 2001, 1-36;
e) M. L. Clarke, Curr. Org. Chem. 2005, 9, 701-718; f)F.
Ungvéry, Coord. Chem. Rev. 2007, 251, 2087-2102; g)F.
Agbossou, J.-F. Carpentier, A. Mortreux, Chem. Rev. 1995, 95,
2485 —-2506.

[12] For reviews, see: a)B. Breit, Science of Synthesis, Vol. 25,
Thieme, Stuttgart, 2007, pp. 277-317; b) B. Breit, Acc. Chem.
Res. 2003, 36, 264 -275.

[13] C.U. Griinanger, B. Breit, Angew. Chem. 2010, 122, 979-982;
Angew. Chem. Int. Ed. 2010, 49, 967 -970.

[14] a) A. L. M. Keulemans, A. Kwantes, T. van Bavel, Recl. Trav.
Chim. Pays-Bas 1948, 67, 298-308; for selected examples of
advances in the last two decades, see: b) M. L. Clarke, G. L.
Roff, Chem. Eur. J. 2006, 12,7978 -7986; c) C. W. Lee, H. Alper,
J. Org. Chem. 1995, 60, 499; d) C. Botteghi, G. Chelucci, G. D.
Ponte, M. Marchetti, S. Paganelli, J. Org. Chem. 1994, 59, 7125 -
7127.

[15] X. Sun, K. Frimpong, K. L. Tan, J. Am. Chem. Soc. 2010, 132,
11841-11843.

[16] A.D. Worthy, M. M. Gagnon, M. T. Dombrowski, K. L. Tan,
Org. Lett. 2009, 11, 2764 -2767.

[17] For recent examples, see: a) T. Smejkal, B. Breit, Angew. Chem.
2008, 120, 317-321; Angew. Chem. Int. Ed. 2008, 47, 311-315;
b) L. Diab, T. Smejkal, J. Geier, B. Breit, Angew. Chem. 2009,
121, 8166; Angew. Chem. Int. Ed. 2009, 48, 8022; c) P-A. Breuil,
F. Patureau, J. Reek, Angew. Chem. 2009, 121, 2196-2199;
Angew. Chem. Int. Ed. 2009, 48, 2162-2165; d) S. Das, C. D.
Incarvito, R. H. Crabtree, G. W. Brudvig, Science 2006, 312,
1941-1943; for a review on supramolecular catalysis, see: e) J.
Meeuwissen, J. N. H. Reek, Nat. Chem. 2010, 2, 615-621.

© 201 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2011, 50, 809812


http://dx.doi.org/10.1016/S0040-4039(97)01562-1
http://dx.doi.org/10.1039/b200442a
http://dx.doi.org/10.1039/b200442a
http://dx.doi.org/10.1002/1521-3757(20000901)112:17%3C3214::AID-ANGE3214%3E3.0.CO;2-T
http://dx.doi.org/10.1002/1521-3757(20000901)112:17%3C3214::AID-ANGE3214%3E3.0.CO;2-T
http://dx.doi.org/10.1002/1521-3757(20020617)114:12%3C2250::AID-ANGE2250%3E3.0.CO;2-U
http://dx.doi.org/10.1002/1521-3757(20020617)114:12%3C2250::AID-ANGE2250%3E3.0.CO;2-U
http://dx.doi.org/10.1002/1521-3773(20020617)41:12%3C2146::AID-ANIE2146%3E3.0.CO;2-2
http://dx.doi.org/10.1002/1521-3773(20020617)41:12%3C2146::AID-ANIE2146%3E3.0.CO;2-2
http://dx.doi.org/10.1002/ejoc.200600236
http://dx.doi.org/10.1002/ejoc.200600236
http://dx.doi.org/10.1021/ja983197s
http://dx.doi.org/10.1021/ja983197s
http://dx.doi.org/10.1021/ja0033537
http://dx.doi.org/10.1021/ja0033537
http://dx.doi.org/10.2174/1385272053764980
http://dx.doi.org/10.1021/cr00039a008
http://dx.doi.org/10.1021/cr00039a008
http://dx.doi.org/10.1021/ar0200596
http://dx.doi.org/10.1021/ar0200596
http://dx.doi.org/10.1002/ange.200905949
http://dx.doi.org/10.1002/chem.200600914
http://dx.doi.org/10.1021/jo00108a007
http://dx.doi.org/10.1021/jo00102a044
http://dx.doi.org/10.1021/jo00102a044
http://dx.doi.org/10.1021/ja1036226
http://dx.doi.org/10.1021/ja1036226
http://dx.doi.org/10.1021/ol900921e
http://dx.doi.org/10.1002/ange.200903620
http://dx.doi.org/10.1002/ange.200903620
http://dx.doi.org/10.1002/anie.200903620
http://dx.doi.org/10.1002/ange.200806177
http://dx.doi.org/10.1002/anie.200806177
http://dx.doi.org/10.1126/science.1127899
http://dx.doi.org/10.1126/science.1127899
http://dx.doi.org/10.1038/nchem.744
http://www.angewandte.org

