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Abstract: The racemic carbonate complex [Co(en)2O2CO]+

Cl¢ (en = 1,2-ethylenediamine) and (S)-[H3NCH-
((CH2)nNHMe2)CH2NH3]

3+ 3Cl¢ (n = 1–4) react (water, char-
coal, 100 88C) to give [Co(en)2((S)-H2NCH-
((CH2)nNHMe2)CH2NH2)]4+ 4 Cl¢ (3a–dH4+ 4 Cl¢) as a mix-
ture of L/D diastereomers that separate on chiral-phase
Sephadex columns. These are treated with NaOH/Na+ BArf

¢

(BArf = B(3,5-C6H3(CF3)2)4) to give lipophilic L- and D-3a–
d3+ 3BArf

¢ , which are screened as catalysts (10 mol%) for
additions of dialkyl malonates to nitroalkenes. Optimal results
are obtained with L-3c3+ 3BArf

¢ (CH2Cl2, ¢35 88C; 98–82%
yields and 99–93% ee for six b-arylnitroethenes). The mono-
functional catalysts L- and D-[Co(en)3]

3+ 3 BArf
¢ give enan-

tioselectivities of < 10% ee with equal loadings of Et3N. The
crystal structure of D-3aH4+ 4Cl¢ provides a starting point for
speculation regarding transition-state assemblies.

During the past two decades, numerous types of small-
molecule hydrogen-bond-donor catalysts have been devel-
oped, almost always under the umbrella of “organocataly-
sis”.[1, 2] These have included many chiral, enantiopure species,
and applications to a variety of enantioselective organic
reactions.[2] We have sought to broaden this field to include
inorganic and organometallic hydrogen-bond donors that
feature earth-abundant metals and chirality motifs not
normally achievable in organic architectures.[3–5] Allied
themes have been studied by Meggers and others.[6–8] Impor-
tantly, the performances of hydrogen-bond-donor catalysts
are often markedly improved when they are rendered
bifunctional.[5b, 9–11] For example, thioureas constitute
a widely applied class of twofold NH bond donors,[2, 10,12]

and the incorporation of tertiary amines can give catalysts
that afford superior rates, yields, and enantioselectivities in
addition reactions.[10]

In previous studies, our attention has been drawn to
Werner complexes of cobalt(III) and 1,2-diamines.[3] These
represent textbook examples of substitution inert low-spin d6

complexes, and are therefore incapable of traditional-metal-
based substrate activation. However, the coordinated NH
groups are superb hydrogen-bond donors.[3] Furthermore,
salts of the helically chiral ethylenediamine substituted
cations [Co(en)2(A)(A’)]n+ and [Co(en)3]

3+ (13+) are the first
inorganic molecules to be separated into enantiomers.[13] The
mirror images of the trication 13+ are depicted in Scheme 1,

together with the L/D descriptors employed to distinguish the
cobalt configurations. By using lipophilic anions such as BArf

¢

(B(3,5-C6H3(CF3)2)4
¢), this species could be solubilized in

nonpolar solvents that do not compete with substrates for the
hydrogen bonding sites.[3a] However, while L- or D-13+

3BArf
¢ proved to be competent catalysts, enantioselectivities

have been modest in all reactions assayed to date (� 33 % ee).
Hence, two related families of catalysts were targeted. As

shown in Scheme 1, one involved analogues with 1,2-disub-
stituted diamines. As described elsewhere, those with aryl
substituents have afforded greatly improved enantioselecti-
vities.[3b] The other involved the exchange of one or more of
the 1,2-ethylenediamine ligands by analogues with w-dime-
thylaminoalkyl substituents, H2NCH((CH2)nNMe2)CH2NH2

(n = a, 1; b, 2; c, 3; d, 4; L1–L4).[14] Herein, we report that
when a single ethylenediamine ligand in 13+ is replaced by Ln
with a suitable methylene spacer length (n), exceptional
catalysts are obtained that match or exceed the highest
enantioselectivities realized with hydrogen-bond donors to
date.

Scheme 1. Design of families of cobalt(III) hydrogen-bond-donor cata-
lysts.
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As depicted in Scheme 2, the triply protonated triamine
ligands (S)-Ln(HCl)3 (n = 1–4, 0.92–0.83 equiv)[14] and the
racemic carbonate complex [Co(en)2O2CO]+ Cl¢ [15] were
combined in water in the presence of activated charcoal and
heated to 100 88C. In this process, the charcoal labilizes the
normally substitution inert cobalt(III) starting material,[16]

and the carbonate ligand that is displaced acts as a dibase,
deprotonating the two ¢NH3

+ moieties of (S)-Ln(HCl)3.
The resulting tetracation salts [Co(en)2((S)-H2NCH-
((CH2)nNMe2H)CH2NH2)]4+ 4Cl¢ (3 a-d H4+ 4Cl¢) were
separated from redistribution products using a DOWEX
50WX2 ion exchange resin column (Scheme 2). This gave
hydrates of 3a–d H4+ 4Cl¢ as orange powders in 59–33%
yields (based upon the limiting triamine) as mixtures of L/D
diastereomers (a, 30:70; b–d, 70–72:30–28), consistent with
the use of a racemic cobalt carbonate precursor.

The reusable chiral support Sephadex has often been
employed to separate enantiomeric and diastereomeric
cobalt(III) diamine complexes.[17] When 3a-d H4+ 4Cl¢ were
eluted from Sephadex columns with tartrate gradients, 2Na+

d-tart2¢, two well resolved bands were obtained. These were
eluted through DOWEX columns to exchange the tartrate
anions back to chloride anions. The resulting L- and D-3a–d
H4+ 4Cl¢ were characterized by NMR (1H/13C{1H}, D2O) and
elemental analyses as summarized in the Supporting Infor-
mation. The cobalt configurations were assigned by CD
spectroscopy as illustrated in Figure 1 (inset) and the
Supporting Information, and that of D-3a H4+ 4Cl¢ was
confirmed by the crystal structure shown in Figure 2.

It was next sought to solubilize deprotonated analogues of
the diastereomerically pure cations in organic media. Thus, L-
and D-3 a–d H4+ 4Cl¢ were treated with aqueous NaOH
(1.0 equiv) and then CH2Cl2 solutions of Na+ BArf

¢ . Workups
gave L- and D-[Co(en)2((S)-H2NCH((CH2)nNMe2)CH2-
NH2)]3+ 3BArf

¢·xH2O (3a–d3+ 3 BArf
¢·x H2O; x = 9–12) as

orange solids in 92–87% and 95–84% yields, respectively (51–
25% overall from Ln). Attempts to completely remove the
hydrate molecules, which are presumably hydrogen bonded to
the NH moieties in a “second coordination sphere”, resulted
in decomposition (40–80 88C, vacuum; see the Supporting
Information).

The diastereomerically pure BArf
¢ salts were screened as

catalysts (10 mol %) for additions of dimethyl malonate (5-
Me, 1.2 equiv) to trans-b-nitrostyrene (4a) at room temper-
ature. This transformation has been effected by other hydro-
gen-bond-donor catalysts, always in conjunction with an
external or internal base,[3b, 5, 18] as well as transition-metal
catalysts.[19] In accord with the oxidative and hydrolytic
stabilities of cobalt(III) diamine complexes, reactions were

Scheme 2. Syntheses of bifunctional catalysts 3a–d3+ 3BArf
¢ from (S)-

Ln(HCl)3 (n = 1–4).

Figure 2. The crystal structure of the tetracation of D-3a H4+

4Cl¢·3H2O with ellipsoids set at 50 % probability. For key bond lengths
and angles, see the Supporting Information.[22]

Figure 1. Rates of reaction of trans-b-nitrostyrene (4a) and dimethyl
malonate (5-Me, 1.2 equiv) in CD2Cl2 in the presence of an internal
standard and catalyst (2 mol%; all runs at equal concentrations, RT):
(&) L-13+ 3BArf

¢/Et3N, (^) L-3c3+ 3BArf
¢ , (~) D-3c3+ 3BArf

¢ , and
(not depicted) L-13+ 3BArf

¢ (<3% conversion after 2 h); Inset: CD
spectra of L-3b-d H4+ 4Cl¢ and D-3b–d H4+ 4Cl¢ . For additional
spectra, see the Supporting Information.
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carried out in air. Conversions into the addition product 6a-
Me were assayed by 1H NMR in the presence of an internal
standard. Key data are summarized in Scheme 3.

When either diastereomer of 3a3+ 3BArf
¢ was employed

in CD2Cl2, reactions were sluggish at room temperature and
6a-Me was obtained in only 21–11% ee (entries 1, 2).
However, L-3b3+ 3BArf

¢ was
a much more effective catalyst
(entry 3), affording 85% conversion
to 6 a-Me of 75% ee (R major) after
24 h. In contrast, the diastereomer
D-3b3+ 3BArf

¢ was a sluggish cata-
lyst (entry 4), and gave 6a-Me of
only 9% ee (R major). When the
methylene tether was further
lengthened to give L- and D-3c3+

3BArf
¢ , both diastereomers exhib-

ited much faster rates (� 99% con-
versions, 2–4 h; entries 5–6). How-
ever, the L diastereomer again gave
a much more enantioselective reac-
tion (86 % vs. 5% ee). Finally, L-
and D-3d3+ 3 BArf

¢ gave somewhat
slower rates, with more comparable
enantioselectivities (48 % vs. 33%
ee ; entries 7, 8). Interestingly, in
every case the dominant product
configuration was controlled by the
ligand-based carbon stereocenter.

The most enantioselective catalysts, L-3b-d3+ 3BArf
¢ ,

were further studied. With L-3 c3+ 3BArf
¢ , the ee values

decreased when reactions were conducted in acetonitrile or
acetone (entries 9, 10 vs. 5). However, L-3c,d3+ 3BArf

¢

afforded much higher enantioselectivities when reactions
were conducted at ¢35 88C (entries 13, 14), with the former
giving 97% conversion to 6a-Me of 97 % ee after 15 h.
Accordingly, these conditions were applied to a variety of
other substrates according to Scheme 4. The yield data are for
isolated products.

As shown in Scheme 4, enantioselectivities decreased only
slightly when dimethyl malonate was replaced by the diethyl
or dibenzyl esters (from 97 % to 95 % ee). When electron-
donating or -withdrawing substituents were introduced on the
phenyl ring of 4a, the ee values remained high (99–93% ee).
Similar values were obtained with other aryl moieties such as
1-naphthyl and 2-furyl (97–96% ee). However, particularly
noteworthy were analogous additions to b-alkylnitroethenes.
These afforded adducts of 94–90% ee, a rarely seen level of
asymmetric induction, as further analyzed in the Supporting
Information.

In view of these excellent results, the rates of several
catalytic systems were monitored by 1H NMR using 2%
loadings in CD2Cl2 at ambient temperature. As shown in
Figure 1, when the monofunctional complex L-13+ 3BArf

¢

(Scheme 1), augmented by an equimolar quantity of Et3N,
was compared to bifunctional L-3c3+ 3BArf

¢ , nearly equal
rates were found. However, the former system gave only
a 9% ee, as opposed to 81 % for the latter. The less
enantioselective diastereomeric catalyst D-3 c3+ 3BArf

¢ gave
a slower rate. Importantly, when L-13+ 3BArf

¢ was employed
in the absence of an external base, there was no detectable
conversion after 2 h (< 3%).

The trends in Scheme 3 raise a number of issues. Efficacies
in enantioselective catalysis are normally analyzed in the
context of a DDG� value for two competing diastereomeric

Scheme 3. Optimization of conditions for catalysis.

Scheme 4. Scope of additions under optimum conditions.
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transition states. Given the lower symmetries of L-3b-d3+

3BArf
¢ (C1) compared to the trication 13+ or substituted

analogues 23+ (Scheme 1; both D3), a much wider range of
ternary assemblies are possible. Since the carbon configura-
tions of the catalysts set the dominant product configurations,
we suggest that the malonate esters simultaneously interact
with the dimethylamino groups and the proximal NH donor
sites, and that this somehow fixes the nitroethene C=C
enantioface that is predominantly attacked.[10a, 20] For the
system in Figure 2 (protonated form of a poor catalyst), this
would correspond to N7 (after rotation about C6¢C7) and the
nearest hydrogen atoms on N1, N5, or N6. In any event,
Scheme 3 establishes a “sweet spot” with respect to both rate
and enantioselectivity with three methylene groups and L/S
cobalt/carbon configurations.[21]

In conclusion, we have shown that the performance of
hydrogen-bond-donor catalysts based upon the “second
coordination sphere” of Werner cobalt(III) diamine com-
plexes can be dramatically enhanced by incorporating addi-
tional functionality. Such cobalt systems are exciting new
additions to the pool of chiral building blocks for enantiose-
lective catalysts. Since many more NH bonds are available to
simultaneously participate in transition-state assemblies than
with thioureas or related NH bond donors, these species
should also give rise to new chemistries not realizable with
established catalysts. Finally, it is worth noting that few of the
reviews on organocatalysis[1, 2] attempt to treat related systems
with “spectator” metal fragments that do not directly
participate in bond-breaking or -making. This unfortunate
emphasis on pedigree over functionality only serves to
obscure logical mechanism-based connections and impede
the discovery of new classes of catalysts. Indeed, given the
countless numbers of classical coordination compounds
featuring NH donor ligands, it is highly probable that many
additional families of metal-containing hydrogen-bond-donor
catalysts have been in existence for some time.
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Savelýeva, M. A. Moscalenko, A. F. Smolyakov, Y. N. Belokon,
Adv. Synth. Catal. 2014, 356, 1803 – 1810.

[8] For relevant studies with achiral metal-containing hydrogen-
bond-donor catalysts, see: a) D. M. Nickerson, A. E. Mattson,
Chem. Eur. J. 2012, 18, 8310 – 8314; b) D. M. Nickerson, V. V.
Angeles, T. J. Auvil, S. S. So, A. E. Mattson, Chem. Commun.
2013, 49, 4289 – 4291.

[9] H. Hiemstra, H. Wynberg, J. Am. Chem. Soc. 1981, 103, 417 –
430.

[10] a) T. Okino, Y. Hoashi, T. Furukawa, X. Xu, Y. Takemoto, J. Am.
Chem. Soc. 2005, 127, 119 – 125; b) H. Miyabe, Y. Takemoto,
Bull. Chem. Soc. Jpn. 2008, 81, 785 – 795; c) W.-Y. Siau, J. Wang,
Catal. Sci. Technol. 2011, 1, 1298 – 1310; d) O. V. Serdyuk, C. M.
Heckel, S. B. Tsogoeva, Org. Biomol. Chem. 2013, 11, 7051 –
7071; e) F. E. Held, S. B. Tsogoeva, Catal. Sci. Technol. 2016, 6,
645 – 667.

[11] For the related concept of organomulticatalysis, see a) S.
Piovesana, D. M. S. Schietroma, M. Bella, Angew. Chem. Int.
Ed. 2011, 50, 6216 – 6232; Angew. Chem. 2011, 123, 6340 – 6357;
b) R. C. Wende, P. R. Schreiner, Green Chem. 2012, 14, 1821 –
1849.

[12] Z. Zhang, P. R. Schreiner, Chem. Soc. Rev. 2009, 38, 1187 – 1198.
[13] a) A. Werner, Ber. Dtsch. Chem. Ges. 1911, 44, 1887 – 1898; V. L.

King is listed as an author for the experimental section; b) A.
Werner, Ber. Dtsch. Chem. Ges. 1911, 44, 2445 – 2455; c) A.
Werner, Ber. Dtsch. Chem. Ges. 1911, 44, 3272 – 3278; d) A.
Werner, Ber. Dtsch. Chem. Ges. 1911, 44, 3279 – 3284; e) A.
Werner, Ber. Dtsch. Chem. Ges. 1912, 45, 121 – 130.

[14] a) S. K. Ghosh, C. Ganzmann, J. A. Gladysz, Tetrahedron:
Asymmetry 2015, 26, 1273 – 1280; b) as illustrated in Scheme 1,
(S)-L1 and (S)-L2–4 have opposite relative configurations at
carbon.

[15] J. Springbørg, C. E. Sch�ffer, Inorg. Synth. 1973, 14, 63 – 68.
[16] Charcoal is believed to function as a redox catalyst, generating

small quantities of substitution-labile cobalt(II) salts: a) B. E.
Douglas, J. Am. Chem. Soc. 1954, 76, 1020 – 1021; b) D. Sen,
W. C. Fernelius, J. Inorg. Nucl. Chem. 1959, 10, 269 – 274;
c) “Synthesis and Spectroscopy of Transition Metal Complexes”:
A. Bianchi, A. Bencini in Inorganic and Bio-Inorganic Chemis-
try, Vol. II, part of Encyclopedia of Life Support Systems
(EOLSS) (Ed.: I. Bertini), EOLSS Publishers Co. Ltd.,
Oxford, 2009, pp. 150 – 256.

[17] a) Y. Yoshikawa, K. Yamasaki, Coord. Chem. Rev. 1979, 28,
205 – 229; b) H. Yoneda, J. Chromatogr. 1985, 318, 59 – 91.

[18] a) H. Li, Y. Wang, L. Tang, L. Deng, J. Am. Chem. Soc. 2004, 126,
9906 – 9907; b) J. Ye, D. J. Dixon, P. S. Hynes, Chem. Commun.
2005, 4481 – 4483; c) J. M. Andr¦s, R. Manzano, R. Pedrosa,
Chem. Eur. J. 2008, 14, 5116 – 5119; d) X.-J. Li, K. Liu, H. Ma, J.

Angewandte
ChemieCommunications

4359Angew. Chem. Int. Ed. 2016, 55, 4356 –4360 Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1002/anie.200400650
http://dx.doi.org/10.1002/anie.200400650
http://dx.doi.org/10.1002/ange.200400650
http://dx.doi.org/10.1002/chem.201301996
http://dx.doi.org/10.1002/chem.201301996
http://dx.doi.org/10.1021/cr400215u
http://dx.doi.org/10.1002/anie.200503132
http://dx.doi.org/10.1002/anie.200503132
http://dx.doi.org/10.1002/ange.200503132
http://dx.doi.org/10.1021/cr068373r
http://dx.doi.org/10.1002/asia.200700415
http://dx.doi.org/10.1002/chem.200800226
http://dx.doi.org/10.1002/chem.200800226
http://dx.doi.org/10.1021/acscentsci.5b00035
http://dx.doi.org/10.1021/cs500134z
http://dx.doi.org/10.1021/om500704u
http://dx.doi.org/10.1021/om500704u
http://dx.doi.org/10.1021/om500705s
http://dx.doi.org/10.1021/om500705s
http://dx.doi.org/10.1021/ja403777k
http://dx.doi.org/10.1002/anie.201306997
http://dx.doi.org/10.1002/anie.201306997
http://dx.doi.org/10.1002/ange.201306997
http://dx.doi.org/10.1002/ange.201306997
http://dx.doi.org/10.1039/C4CC04636F
http://dx.doi.org/10.1039/C5QO00132C
http://dx.doi.org/10.1039/C5QO00132C
http://dx.doi.org/10.1002/adsc.201400091
http://dx.doi.org/10.1002/chem.201201206
http://dx.doi.org/10.1039/C2CC37073E
http://dx.doi.org/10.1039/C2CC37073E
http://dx.doi.org/10.1021/ja00392a029
http://dx.doi.org/10.1021/ja00392a029
http://dx.doi.org/10.1021/ja044370p
http://dx.doi.org/10.1021/ja044370p
http://dx.doi.org/10.1246/bcsj.81.785
http://dx.doi.org/10.1039/c1cy00271f
http://dx.doi.org/10.1039/c3ob41403e
http://dx.doi.org/10.1039/c3ob41403e
http://dx.doi.org/10.1039/C5CY01894C
http://dx.doi.org/10.1039/C5CY01894C
http://dx.doi.org/10.1002/anie.201005955
http://dx.doi.org/10.1002/anie.201005955
http://dx.doi.org/10.1002/ange.201005955
http://dx.doi.org/10.1039/c2gc35160a
http://dx.doi.org/10.1039/c2gc35160a
http://dx.doi.org/10.1039/b801793j
http://dx.doi.org/10.1002/cber.19110440297
http://dx.doi.org/10.1002/cber.19110440369
http://dx.doi.org/10.1002/cber.191104403193
http://dx.doi.org/10.1002/cber.191104403194
http://dx.doi.org/10.1002/cber.19120450116
http://dx.doi.org/10.1016/j.tetasy.2015.09.012
http://dx.doi.org/10.1016/j.tetasy.2015.09.012
http://dx.doi.org/10.1021/ja01633a023
http://dx.doi.org/10.1016/0022-1902(59)80120-2
http://dx.doi.org/10.1016/S0010-8545(00)82014-7
http://dx.doi.org/10.1016/S0010-8545(00)82014-7
http://dx.doi.org/10.1021/ja047281l
http://dx.doi.org/10.1021/ja047281l
http://dx.doi.org/10.1039/b508833j
http://dx.doi.org/10.1039/b508833j
http://dx.doi.org/10.1002/chem.200800633
http://www.angewandte.org


Nie, J.-A. Ma, Synlett 2008, 3242 – 3246; e) D. Almaşi, D. A.
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