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ABSTRACT CuCl,-2H,0 and Cu(ClO4),-6H,0 are able to promote aldol addition of pyridine-2-
carboxaldehyde (pyca) with acetone, acetophenone or cyclohexenone under neutral and mild
conditions. The general and simple one pot procedure for the aldol addition to Cu(Il) complexes
accesses novel Cu complexes with a large variety of different structural motifs, from which the
aldol-addition ligand can be liberated by treatment with NHs. Neutral heteroleptic complexes in
which the ligand acts as bidentate, or homoleptic cationic complexes in which the ligand acts as
tridentate can be obtained depending on the copper salt used. The key step in these reactions is
the coordination of pyca to copper, which increases the electrophilic character of the aldehyde,
with Cu(ClOy), leading to a higher degree of activation than CuCl,, as predicted by DFT
calculations. A regio- and stereoselective double aldol addition of pyca in the reaction of
Cu(ClOy4),-6H,0 with acetone leads to the formation of a dimer copper complex in which the
novel double aldol addition product acts as a pentadentate ligand. A possible mechanism is

discussed. The work is supported by extensive crystallographic studies.
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INTRODUCTION

Copper is a cheap and ubiquitous metal and one of the most abundant transition metals present
in living systems. It is very active in promoting a large number of catalytic and stoichiometric
transformations due to its Lewis acid character and its redox activity, which makes the use of
copper complexes very attractive in modern organic chemistry.' In particular, copper is able to

promote C-C and C-heteroatom bond formation through aldol addition and related processes, and



it has been extensively used, together with chiral ligands, in the catalytic enantioselective
synthesis of chiral molecules.

Aldol reactions are among the most powerful tools for the creation of C-C bonds.** The
popularity of this reaction stems from the large library of protocols available, which allows the
chemist great control and selectivity over the final product. In these reactions, an enolizable
carbonyl compound with acidic hydrogens in the alpha position acts as a nucleophile towards an
electrophilic carbonyl, typically an aldehyde or ketone (see Scheme 1a). The control in aldol
addition relies on the choice of the enolizable carbonyl and the carbonyl electrophile precursor.
Depending on the strategy chosen, it is possible to obtain different chemoselective,
regioselective, diastereoselective, and enantioselective aldol products.’” Despite providing a
great level of control, existing methods rely on the use of additives, usually accompanied by
strongly basic or acidic conditions. For instance, strong bases such as LDA are normally used to
generate the lithium enolate. For the formation of silicon and boron enolates, additional reagents,
such as TMSCI or expensive dialkylboron triflate, are required. The ‘preformed’ enolate

subsequently reacts with the carbonyl electrophile, usually in the presence of a Lewis base or a

Lewis acid (typically TiCly) that enhances its electrophilic character (see Scheme 1b). ™ °
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Scheme 1. a) General aldol addition under strongly basic conditions. b) Aldol reaction via

preformed enolates.

Considerable efforts have gone into developing methods for the “direct” aldol reaction, in
which the compounds undergoing reaction are activated ‘in situ’ to avoid the preparation of a
‘preformed’ enolate in a separate step, as well as into finding more tolerant Lewis acids capable
of activating the carbonyl in milder conditions.” Since the seminal work by Evans, ® in which the
enantioselective addition of silyl enolates to (benzyloxy)acetaldehydes, which act as chelating
electrophiles, was achieved using a chiral Cu(Il) catalyst, a large number of copper (II)
complexes have emerged as convenient catalysts for the aldol reaction.” Despite the large
number of examples of Cu(Il) complexes employed in the aldol addition, most methodologies
are based on preactivated silyl enolates; comparatively few examples of the use of Cu(Il)
complexes in the direct aldol***'® or nitro-aldol'' reaction are known. For instance, Cu(Il)
complexes derived from ortho substituted pyridine ligands have been shown to be highly
efficient catalysts in the direct asymmetric aldol reactions of ketones while keeping very good
stereoselectivity' !,

In light of the wide use of Cu(Il) in catalysis, the formation of copper complexes with
molecules derived from aldol addition has been relatively less explored, and there is still a lack
of general protocols available to access such compounds. '* Given the great structural diversity
of Cu(Il) complexes, the study of the structures of Cu(Il)-aldol ligand complexes could also be

beneficial to the understanding of the exact catalytic mechanisms. Recently, a few examples of

self-aldol type reactions in which the product remains coordinated to copper as a ligand in the



coordination sphere of copper (II) have been published; however, these required strongly basic
conditions."

In the course of our previous studies of the Schiff condensation reactions of pyridine-2-
carboxaldehyde (pyca) with peptides and other molecules' we found some very interesting
examples of the addition of acetone to pyca in manganese(I) and rhenium(I) carbonyl systems. "’
These reactions required the previous coordination of pyca to the metal complex (by thermally
induced carbonyl substitutions) and the use of an appropriate halogen extractor reagent in order
to create a coordination vacancy. Cu(Il) complexes such as CuCl, and Cu(ClOy), are harder
Lewis acids that have several available coordination sites and flexible coordination geometries as
a result of the d’ configuration. We anticipated that the ability of copper (II) to promote aldol
addition could be exploited to design simple methods for the preparation of complexes
containing mixed N,O donors derived from the aldol additions of ketones to pyca. Our approach,
although a simple one, echoes the way that class II aldolases are used in nature, which has
inspired the development of several small molecule catalysts.'® Class II aldolases use as a
cofactor a transition metal that acts as a Lewis acid (typically Zn>" although other divalent
transition metals such as Fe*” or Co®" are known).'” Bidentate coordination of the carbonyl
substrate acidifies the a-protons, so that the resulting metal enolate can subsequently attack a
hydrogen-bonding activated carbonyl to give the aldol product upon decomplexation. We
envisioned that the use of pyca as chelate ligand would promote the activation of the electrophile
through strong bidentate coordination to Cu(Il), while the presence of additional binding sites

would be used to simultaneously acidify the a-protons of the ketone, thus facilitating the

formation of the enolate (see Fig 1).
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Figure 1. Scheme of the synthetic approach for the in situ aldol addition promoted by Cu(II).

Our aim herein is to explore the possibility of using cheap and easily available Cu(II) sources
under aerobic and neutral conditions to promote aldol reaction with several objectives in mind: 1)
To devise facile and simple procedures for the preparation of complexes containing mixed N,O
ligands via in situ aldol addition to Cu(Il) complexes, including the subsequent liberation of the
aldol product from the complex. ii) To study the dependence of the reactivity patterns on the
Cu(Il) source employed. Additionally, we report a novel and stereoselective double aldol
addition of acetone to pyca. The work is supported by extensive crystallographic analyses of the
complexes.

RESULTS AND DISCUSSION

We started our studies with the one pot reaction of CuCl,-2H,0 with 1 equivalent of pyridine-
2-carboxaldehyde (pyca) in acetone, in order to assess whether the copper complex could
promote the aldol addition under mild conditions. After 10 h at room temperature, green
microcrystals of 1a were obtained in virtually quantitative yield (92%). The structure of 1a was
studied by X-ray crystallography, revealing that complex 1a contains a *(N,0) hydroxyketone
ligand (HL1a) that results from the aldol addition of acetone to the aldehyde carbon of pyca (see

Fig 2 and Scheme 2). The coordination around copper is completed by two chloride ligands,



forming a nearly planar arrangement around the copper atom. In solid state, the molecules are
arranged in the lattice to form centrosymmetric dimers through longer Cu-Cl interactions of
2.756(2) A, as shown in Fig 2, and therefore the copper atom can be considered to lie in a nearly
square pyramidal pentacoordinated environment, in which the Addison parameter (t) is 0.18."
The quantitative formation of 1a from CuCl, is quite remarkable since it shows the ability of the
copper complex to promote the aldol addition of acetone to the pyca aldehyde in the absence of a
base and under mild conditions. Although the high thermodynamic stability of the resulting
complex is usually the driving force for the formation of the ligand in the coordination sphere of
the metal, it may make the liberation of the ligand difficult.">"> Therefore we moved next to test
whether the hydroxyketone ligand derived from the aldol addition of acetone to pyca (HLIa)
could be liberated from complex la. To our delight we found that this task can be easily
accomplished by simple treatment of the complexes with NH3/CH,Cl, (see experimental part)
which resulted in the easy liberation and isolation of the pyridyl ligand HL/Ia from the complex

1a.

Figure 2. Structure of 1a showing the association into dimers in solid state through Cu-ClI
interactions. Selected bond lengths (A) and angles (°): Cu(1)-CI(1) 2.216(2), Cu(1)-CI(2)

2.254(1), Cu(1)-CI(2A) 2.757(2), Cu(1)-N(1) 2.008(4), Cu(1)-O(1) 1.996(3), N(1)-Cu(1)-O(1)



78.40(0), Cl(1)-Cu(1)-C1(2) 96.45(6), Cl(2)-Cu(1)-CI(2A) 91.72 (5). H-Bonding: O(1)-H(1)

0.938(0), O(1)...0(2) 2.679(4), H(1)...0(2) 1.945(4), O(1)-H(1)...0(2) 133.5(3).

A possible reaction pathway for the formation of complex 1a would involve initial
coordination of one molecule of pyca as a chelate K*(N,0) to CuCl, to give an intermediate
complex I in which the electrophilic character of the aldehyde is increased, favoring the attack of
the acetone enolate to give 1a (Scheme 2). The coordination sphere of I is not saturated, so a
molecule of acetone could additionally interact with the complex, increasing the acidity of the a-
hydrogen atoms of the ketone.'”® This further facilitates the attack to the activated pyca aldehyde
so that the aldol reaction occurs under mild and neutral conditions to give complex la. All
attempts to produce a second aldol addition by reacting 1a with 1 equivalent of pyca and acetone
did not work; unreacted 1a was recovered in all cases. This is perhaps not surprising since the
coordination and activation of a second molecule of pyca and acetone are compromised due to

the presence of the pyridyl hydroxyketone ligand HL/a and the two chloride ligands.
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Scheme 2. Reaction of CuCl,-2H,0 with pyridine-2-carboxaldehyde (pyca) to give complex 1a,
featuring the k*(N,0) hydroxyketone ligand (HL!a) that results from the in situ aldol addition of
acetone to pyca. The reaction involves the intermediacy of a complex in which pyca coordinates
to CuCl, in a chelate fashion (I). Although this complex could not be isolated, addition of an
excess of pyca resulted in the precipitation of complex 2, thus demonstrating the coordination of

pyca as a chelate to Cu.

Although attempts to isolate any intermediate from the reaction mixture have failed so far, the
reaction of CuCl,-2H,0 in acetone with an excess of pyridine-2-carboxaldehyde (3 equivalents)
results in the clean precipitation of complex 2 after 15 min, which can be isolated in virtually
quantitative yield (95%). Fig 3 shows the structure of compound 2, which contains two
molecules of pyca coordinated in a chelating fashion to copper through the nitrogen atom of the

pyridine ring and the oxygen atom of the aldehyde group as k>-(N,0) chelate. The structure of 2



can be considered octahedral, although the Cu-O distances of 2.443(4) A are somewhat long for
a normal Cu-O bond, which is consistent with the Jahn-Teller distortion expected for the Cu(Il)

d’ ion.

Figure 3. Perspective view of compound 2 showing the atom numbering. Selected bond lengths
(A) and angles (°): Cu(1)-CI(1) 2.299(1), Cu(1)-N(1) 1.989(4), Cu(1)-O(1) 2.443(4), CI(1)-
Cu(1)-CI(1A), CI(1)-Cu(1)-CI(1A) 180.00(1), N(1)-Cu(1)-N(1A) 180.00(1), CI(1)-Cu(1)-N(1)

90.80(15), CI(1)-Cu(1)-O(1) 90.80(15).

IR spectroscopy shows a decrease of 82 cm™ for the v(CO) band of the coordinated aldehyde
in 2 with respect to the free pyridine-2-carboxaldehyde (1631 cm-1 vs 1713 cm™), showing that
the aldehyde has a more electrophilic character as a result of the coordination of pyca to Cu. To
further support that idea, we performed DFT calculations (a Natural Population Analysis, NPA,
see Fig 4). These calculations show that the charge on the C atom increases from +0.408 on the
isolated pyca ligand (Fig 4a) to +0.423 when the pyca ligand is coordinated to Cu as in
compound 2 (Fig 4b), as well as a decrease in the bond order from 1.826 to 1.793, thus
supporting the key role of the coordination of pyca to copper in the activation of the aldehyde
bond for the aldol addition. An obvious and easy way to vary the degree of activation of the pyca

ligand is through the ligands present in the complex. We reasoned that the use of more electron
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deficient complexes of copper would result in a greater degree of activation for the pyca ligand.
In order to further explore this perspective, we carried out similar DFT calculations on the ClO4
analogue of 2 (see Fig 4c). This shows that simply changing the chloride for perchlorate in the
coordination sphere of the metal leads to a higher degree of activation for the aldehydic ligand,
as reflected by a further decrease in bond order with respect to the free ligand (from 1.826 to
1.754), making additional coordination sites in the metal possible, and thus opening the

possibility of novel reactivities (see later discussion).
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Figure 4: Optimized geometries , bond orders, and charge on the aldehyde carbon atom obtained

from DFT calculations for (a) free pyca; (b) CuCl,(pyca),, complex 2; and (c)Cu(ClO4)2(pyca),.

We next moved to study the use of this methodology for the aldol addition of different
ketones in order to further understand this reactivity and explore the scope of this reaction. We
selected acetophenone and cyclohexenone. The latter was selected because its only enolizable o-
carbon atom is prochiral, and therefore we could evaluate whether the metal center could induce
stereoselectivity, since it is known that subtle interactions may induce large stereochemical
effects.’” The general procedure is a simple one, which consists of simply mixing CuCl,, pyca
and the corresponding ketone in THF at room temperature (see Scheme 3). In this way the

corresponding complexes 1b and 1c¢ resulting from the aldol addition of acetophenone and
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cyclohexenone were prepared in 84% and 86% yield after 16 hours at room temperature,
respectively. The structure of complexes 1b and lc¢ was determined crystallographically,
confirming the aldol addition to the pyca aldehyde and the formation of the novel pyridyl aldol

ligands in the coordination sphere of copper, as shown in Figure 5 (see later).

CuCly2H,0

1c

Scheme 3. Copper(Il) complexes with pyridine-2-carboxaldehyde, and aldol addition of

acetophenone and cyclohexenone. For the latter, a mixture of diasteroisomers (70/30) is found.

The free pyridyl aldol ligands HLI1b and HLIc were easily liberated from complexes 1b and
1¢, respectively, and isolated as an oil (HLIc) or in crystalline form (HL1b). For the latter, the
integrity of the ligand was confirmed by X ray diffraction (see SI). NMR studies of the reaction
crude of 1¢ showed the formation of 2 isomers in a 70/30 ratio. This result is not surprising since
in principle, the aldol reaction could occur through either of the two faces of the enolate, thus
leading to the formation of two diastereoisomers, each of them present as a pair of enantiomers

(SS/RR and RS/SR). Although both diastereoisomers are formed in the reaction, the X-ray
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structure obtained for complex lc¢ (fig 5c) contains only the RS/SR ligand HLIc (which is
present as pair of enantiomers in the crystal). Fig 5 shows the structure of complexes 1b and 1c.
In both structures the coordination environment around copper can be viewed as square
pyramidal (t = 0.052 for 1c¢) or distorted square pyramidal (t = 0.35 for 1b) in which the newly
generated ligand acts as k* (N,0) chelate through the nitrogen of the pyridine and the OH group,
as observed for 1a. However, the structures exhibit some notable differences. Compound 1¢ (Fig
5¢) shows the formation of chloride bridged dimers thorough ClCu interactions, similar to 1a
but with the difference that now the two OH groups are not engaged in intramolecular hydrogen
bonds with the C=0O group but instead form intermolecular O-H...O(THF) and OH...Cl
hydrogen bonds. In sharp contrast, compound 1b (Fig 5b) forms a one dimensional polymeric
chain in which the structure propagates indefinitely through longer CI(2)...Cu(1) interactions at
2.741(2) A (cf. intramolecular CI(2)-Cu(1) 2.260(2) A) as shown in Fig 5b. Additionally, there is
an intermolecular H-bond between the hydroxyl group and the terminal chlorine atom of the next
molecule, instead of the intramolecular O-H...O(ketone) observed in the structure of 1a (Fig 2).
The extent to which these secondary interactions and H bonds contribute to the observed

differences in the solid phase arrangement (dimer vs polymer) is unclear at this stage.
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Scheme 4. Deprotonation of the hydroxyl group of complexes la-b to give alkoxo-bridged

dimers 3a-b, containing the anionic ligands L/a and L1b .
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Figure 5. a) Structure of 1b showing the atom numbering. Selected bond lengths (A) and angles
(°): Cu(1)-Cl(2) 2.260(2), Cu(1)-Cl(1) 2.255(2), Cu(1)-CI(1A) 2.741(2), Cu(1)-N(1) 2.016 (6),
Cu(1)-0(1) 2.009(5), N(1)-Cu(1)-O(1) 80.0(2) CI(1)-Cu(1)-Cl(2) 95.75(8), CI(1)-Cu(1)-CI(1A)
91.71 (7). H-Bonding: O(1)-H(1) 0.938(0), O(1)...0(2) 3.205(8), H(1)...0(2) 2.696(6), O(1)-
H(1)...0(2) 114.9(4). b) Polymeric structure of 1b through CI(2)...Cu(1) interactions between
adjacent complexes, so that the geometry around Cu can be considered square pyramidal. c)
Structure of 1¢ showing the atom numbering. Selected bond lengths (A) and angles (°): Cu(1)-
CI(1) 2.225(2), Cu(1)-Cl(2) 2.259(1), Cu(1)-Cl(4) 2.756(1), Cu(1)-N(1) 1.996 (3), Cu(1)-O(1)
2.036(3), Cu(1)-Cu(2) 3.5597(7), N(1)-Cu(1)-O(1) 80.42(13) CI(1)-Cu(1)-C1(2) 97.33(5), CI(2)-
Cu(1)-Cl(4) 87.06 (4). H-Bonding: O(1)-H(1) 0.938(0), O(1)...CI(3) 3.092(3), H(1)-CI(3)
2.205(1), O(1)-H(1)...C1(3) 157.3(2), O(3)-H(3) 0.938(0), O(3)...0(90) 2.565(4), H(3)...0(90)

1.640(3), O(3)-H(3)...0(90) 168.1(2).
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The coordination of the pyridyl hydroxyketone ligand in complexes 1a-c¢ to copper through the
OH group (see above) should promote the easy removal of the hydroxyl proton. Indeed,

treatment of 1a and 1b with K,CO3; or MeONa in MeOH leads to the clean deprotonation of the

hydroxyl group to give the anionic ligands Lla and L1b and the precipitation of dimers 3a-3b

(Scheme 4) in excellent yields (92-94%, see experimental part). The structure determination of
3a confirmed the deprotonation of the OH group and subsequent concerted substitution of
chloride on another molecule, leading to the formation of dimers in which the alkoxide bridge
brings the two Cu atoms together in a central Cu,0O; ring unit (Fig 6a). The ketonic oxygen,
which in the starting 1a was H-bonded to the hydroxyl, now forms a loose bond (Cu(1)...0(2)
2.934(3) A) with copper. In addition to this, the alkoxide group also forms an additional weak
interaction Cu(1)...0(2) 2.674(2) A between dimers bringing together two Cu,O, cores to

provide an overall distorted octahedral geometry around the copper atom (Fig 6b).

Figure 6. a) Structure of 3a, showing the atom numbering. Selected bond lengths (A) and angles
(°): Cu(1)-N(1) 1.988(2), Cu(1)-O(1) 1.929(2), Cu(1)-O(2) 1.954(2), O(1)-Cu(1)-N(1) 81.46(9),
O(1)-Cu(1)-O(1A) 78.32(8), CI(1)-Cu(1)-N(1) 99.47(7). b) Interaction of the two Cu,O, rings
through the alkoxide (highlighted in red) to give an overall octahedral geometry around each Cu

center and the formation of a CusO4 central cage.
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It is worth mentioning that the deprotonation of the complex 1a can also occur after prolonged
storage in solution and in the absence of a base. Storage of compound 1a in methanol at room
temperature yielded the formation of a few crystals of 3a after 48 h. This result not only
illustrates the increased acidity of the hydroxyl groups as a result of the coordination to copper,
but the also the ability of the alkoxo/OH ligand to form bridges.As described above, the success
of the aldol reaction promoted by CuCl, seems to involve several factors. Firstly, coordination of
pyca to copper enhances the electrophilic character of the aldehyde, and secondly, the Cu(Il)
atom increases the acidity of the a-hydrogen atoms of the ketone in such a way that aldol

addition occurs under mild conditions.

4
\O

[Cu(H20)6l(ClO4)2

Scheme 5. Aldol addition of acetone to pyca in cationic Cu(Il) complexes

With this background in mind, we decided to explore the use of Cu(ClO4),-6H,0 in the aldol
addition. Replacing CI” with ClO4 results in an increase of the Lewis acidity of Cu, which in turn
leads to a higher degree of activation for the pyca aldehyde, as shown by DFT calculations (see
above, Fig 4). In addition to this, the choice of a much less coordinating ligand (ClO4 instead of
CI') not only opens up more coordination sites but should also enhance the activation of the
ketone by interacting with Cu, which is now more available for coordination. To test these ideas,

we reacted Cu(ClO4),-6H>0 and pyca with acetone or acetophenone at room temperature in THF
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(Scheme 5). The reaction resulted in the fast (cf 10 h for 1a vs 4 h for 4a) formation of cationic
homoleptic complexes 4a and 4b that are now formed by the coordination of two ligands (HLIa
and HLIb for 4a and 4b, respectively) from the aldol reaction to the pyca aldehyde. In these
structures, the ketone from the ligand HL/a or HL1b is now strongly bound to Cu (Cu(1)-O(1)
2.038(3)) in contrast with previous neutral complexes derived from CuCl, (see for instance 1a-c
and 3a) so that ligands HLIa and HLIb now act as a tridentate chelating ligands K’(N, O, O’) as
shown in Fig 7 for complexes 4a and 4b. Both structures are similar, having in both cases a
distorted octahedral geometry around the Cu that arises from the coordination of two ligands in a

tridentate fashion, reflecting the poor coordinating ability of Cl1O4” compared to CI'.

Figure 7. a) Structure of the dication in 4a, showing the atom numbering. The two ClO4 anions
have been omitted for clarity. Selected bond lengths (A) and angles (°): Cu(1)-N(1) 1.945(4),
Cu(1)-O(1) 2.038(3), Cu(1)-O(2) 2.283(4), O(1)-Cu(1)-N(1) 82.18(2), O(2)-Cu(1)-N(1) 86.47
(2), O(1)-Cu(1)-O(2) 79.54(2). b) Structure of the dication in 4b, showing the atom numbering.
The two ClOy4 anions have been omitted for clarity. Selected bond lengths (A) and angles (°):
Cu(1)-N(1) 1.966(5), Cu(1)-O(1) 1.904(4), Cu(1)-N(2A) 1.978(5), Cu(1)-O(1A) 1.948(4), Cu(1)-
O(A) 2336 (4), Cu(1)-Cu(lA) 2.948(2), N(1)-Cu(1)-N(2A) 106.4(2), N(1)-Cu(1)-O(1)

82.21(2), O(1)-Cu(1)-O(1A) 80.14(2).
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We noticed that the synthesis of 4a led to very small amounts of additional species (as
observed by "H NMR analysis of the reaction crude). After several tries to optimize the reaction
conditions to study these new species, we found that the optimal conditions were to carry out the
reaction in a CH,Cl,/acetone mixture (see experimental part). In this way, it was possible to
isolate a small fraction of pale blue crystals of the binuclear complex 5 from the synthesis of
complex 4a (15 % crystalline yield) (Fig 8a). The X-ray structure reveals that the dimer contains
a novel anionic ligand (HLS5") which results from the double aldol addition of pyca to one of the
carbons of acetone (see Fig 8b and 8c). Therefore, the dimer 5 is formed by two H>L5 ligands in

which one of the OH groups of each ligand is deprotonated and the resulting alkoxo group

Figure 8. (a) Diagram of complex 5 showing that it consists of 2 anionic HL5 ligands. (b) X ray
structure of the dication 5. The structure contains two ClO4 anions that have been omitted for
clarity. Selected bond lengths (A) and angles (°): Cu(1)-N(1) 1.966(5), Cu(1)-O(1) 1.904(4),
Cu(1)-N(2A) 1.978(5), Cu(1)-O(1A) 1.948(4), Cu(1)-O(2A) 2.336 (4), N(1)-Cu(1)-N(2A)
106.4(2), N(1)-Cu(1)-O(1) 82.21(2), O(1)-Cu(1)-O(1A) 80.14(2). (c) H>L5 ligand that results
from the double addition of pyca to the same carbon of acetone. The ligand has three stereogenic
centers; one of them, marked in red, 1S pseudo asymmetric.

Note: Compound 5 is present as a mixture of stereoisomers. The X ray diffraction structure
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shown in Fig 5b corresponds to only one of these stereoisomers. See Scheme 5 and later

discussion.

bridges together two Cu atoms in a central Cu,0, ring analogous to the one present in complex
3a and similar to the structure of other dicopper complexes prepared in the literature by other
means.”’ Although some cases of double aldol addition have been reported recently,”' these were
conducted with an excess of a strong Lewis acid such as SiCly or in strongly basic conditions. In
these examples, the double addition product does not act as a ligand. The formation of 5,
however, proceeds at room temperature and in the absence of a base, and the novel HL5 ligands
act as pentadentate k> (N,0,0°,0°”,N’") in which each pyridine arm coordinates a Cu atom.
Importantly, "H NMR analysis of the reaction crude of several reactions showed that the second
aldol reaction is regio- and stereoselective. Upon liberation of the /L5 ligand, three species are
observed, in a ratio of 47.5: 47.5: 5, all of which originate from the addition of two molecules of
pyca to the same carbon of the acetone. That is, after the first aldol addition of pyca to acetone to
give the simple aldol product, HLIa, the subsequent second aldol addition occurs via the attack
of the methylene a-carbon protons to a second molecule of pyca. This implies that the reaction is
regioselective and that the H,L5 ligand is produced exclusively as the double aldol product (i.e.,
there are no species resulting from the CHj enolate). The H,L5 ligand contains three chiral
carbons (see Fig 8c), one of which is pseudo-asymmetric, and could be present as a mixture of 4
stereoisomers: two meso compounds, RRS and RSS, and a pair of enantiomers, RR/SS (with
coincident NMR signals), see the SI for details and notation. Out of these four stereoisomers,
only the pair of enantiomers (RR/SS) and one of the meso forms are produced in significant
proportions, while the formation of the other meso form is negligible (< 5% of the double aldol

product), thus giving rise to the two majority species observed by NMR (see SI for further
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discussion and details). In other words, the double aldol addition of pyca to acetone promoted by
Cu(ClO4),-6H,0 is regio and stereoselective. Although we do not know the exact details of this
selectivity, we believe that coordination to copper plays a key role. Scheme 6 shows a tentative
mechanism for the production of 5 and the observed sterecoisomers. Initially, activation of pyca
through coordination to Cu promotes the first aldol addition with acetone to produce a
heteroleptic complex with an HLIa ligand strongly coordinated in a tridentate fashion
(compound I in Scheme 6). This complex could give the homoleptic complex 4a via a second
aldol reaction. However, the formation of 5 does not seem to involve the intermediacy of the
homoleptic complex 4a (see Scheme 6, path a), because reaction of 4a with pyca and
Cu(ClO4),-6H,0 in the presence or absence of a base (K,CO3; or KOH) does not lead to the
formation of 5. We also note that due to geometric restraints the intramolecular attack of pyca
(i.e., from coordination of pyca to the same Cu complex instead of from a second Cu complex) is
prevented (Scheme 6, path c). Therefore the formation of § appears to involve an intramolecular
mechanism. We propose that the reaction involves the initial formation of a dimer between
compound I and another Cu-pyca complex to give complex II (see Scheme 6 path b). The
formation of such a complex is key because: 1) it brings together a second molecule of pyca
activated by coordination of Cu; ii) it restrains the reaction of the HL/a ligand to the closer CH,
group (regioselectively) so that it would react with the pyca aldehyde though only one of the
enolate faces (i.e the face of the enolate pointing towards the O bridge rather than the one
pointing to the HLIa pyridine). Although the enolate can react through only one of its faces

(stereoselectively), it is able to attack both faces of the aldehyde (path b, above and below),
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yielding the two observed H>L5 species: a pair of

Scheme 6. Tentative mechanistic pathway for the stereo and regioselective formation of 5,
involving a double aldol addition of pyca to acetone. The reaction produces the novel H>LS5
ligand as a mixture of a pair of enantiomers (RR/SS) and the meso compound RSS, so two sets
of signals are observed by NMR. For the sake of clarity, the diagram only shows the attack
starting from the R-HL/Ia ligand in intermediate I to give RR and the meso compound RSS.
Attack from the other enantiomer, S-HL/Ia (not shown) leads to the formation of SS and the
meso compound SSR (same molecule as RSS). Note that the very small amount of the meso

compound RRS (5%) observed by NMR could suggest that the coordination of the ketone in
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HLlIa in I is not strong enough to completely restrict the reaction of the enolate to one of the

faces.

enantiomers (RR/SS, with coincident NMR signals) and the meso compound RSS, but
preventing the formation of the meso compound RRS. The formation of complex 5 would
involve another sequence of reaction between a pyca molecule and a HL/a ligand to complete
the formation of the dimeric complex shown in Fig 8. This is most straightforwardly realized
from the intermolecular reaction between two heteroleptic Cu(HLa)(Pyca) complexes. Repeated
attempts to produce double aldol addition of pyca to acetone under similar conditions using
CuCl, 2H,0 failed. This points out the critical role of the choice of the appropriate metal
precursor with the right balance of Lewis acidity to produce a high enough degree of activation
to the pyca aldehyde to undergo a second aldol addition to acetone while retaining regio- and
stereoselectivity. The success of the reaction to obtain S therefore requires a metal complex
precursor with enough Lewis acidity to promote a second aldol addition of pyca to acetone and
with a non-saturated coordination sphere so that formation of the O bridge can easily occur. The
latter is also provided by weakly coordinated ClO4 ligands, which also guarantee that the
product of the first aldol addition, the HL/Ia ligand, is strongly coordinated in a tridentate
fashion, thus defining the attacking face of the enolate. The very small amount of the other meso
compound could suggest, however, that the ketone coordination of HL/a is not strong enough to
induce complete stereoselectivity.

In principle, this reactivity could potentially be extended to other copper complexes that fulfill
these requirements. In order to extend this reactivity to similar electron deficient complexes of
copper, we also used Cu(BF4),-6H,0 as a metal precursor instead of Cu(ClO4)-6H,0. We found

that Cu(BF4), can also be used in this regio- and stereoselective double aldol reaction of acetone
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and pyca, producing 5-BF4, the complex analogous to 5 with BF4™ anions instead of ClO4". The
reaction proceeds with similar yields (15%, see experimental part) and the complex 5-BF, could

also be studied crystallographically (see the SI).

CONCLUSION

In conclusion, we found that the ability of copper to promote aldol addition can be used
advantageously to develop procedures for the preparation of complexes in which the products of
the aldol addition act as ligands in neutral complexes, when starting from CuCl,-2H,0, or
cationic homoleptic complexes, when starting from Cu(ClO4),-6H,O. The copper atom in these
reactions plays a twofold role: 1) the coordination of the oxygen of the ketone promotes the
formation of the corresponding enolate and ii) the coordination of the oxygen of the aldehyde
group of pyca enhances the electrophilic character of the aldehyde carbon, as shown by the
calculations. The degree of activation of the pyca aldehyde depends on the choice of the metal
precursor, thus opening a way to modulate its reactivity. More Lewis acidic Cu precursors such
as Cu(ClOy), or Cu(BF,); result in a higher degree of activation. In these cases, in addition to the
formation of the simple aldol product, a small amount of double addition of pyca to acetone

through a regio- and stereoselective reaction under mild and neutral conditions is also observed.

EXPERIMENTAL SECTION

Materials and general methods.

All reagents were purchased and used without further purification. Solvents were used as
purchased. Kieselguhr (diatomaceous earth, Merck) was used for (filtration. Column
chromatography separations were carried out using silica gel 60 (particle size 0.040-0.063 mm;

230-400 mesh; Merck, Germany) as the stationary phase, and TLC was performed on pre-coated

23



silica gel plates (0.25 mm thick, 60 F254, Merck, Germany) and observed under UV light. NMR
spectra were recorded on Agilent DD2 500 instruments. 'H and *C NMR chemical shifts () are
reported in parts per million (ppm) and are referenced to TMS, using solvents as internal
references. Coupling constants (J) are reported in hertz (Hz). Standard abbreviations are used to
indicate multiplicity: s = singlet, d = doublet, t = triplet, m = multiplet. 'H and *C assignments
were performed by utilizing 2D NMR methods (COSY, gradient CRISIS-HSQC, and gradient
CRISIS-HMBC).”* Some quaternary carbon atoms were not detected, but they were located with
the help of a 'H->C HMBC experiment. IR spectra of solid samples were recorded with a
Frontier Perkin Elmer Spectrum RX I FT-IR instrument. The magnetic moments were calculated
from magnetic susceptibilities which were measured in Unidade de Magnetosusceptibilidade of
Santiago de Compostela University. Elemental analyses were performed using a Perkin-Elmer
2400B microanalyzer. XRPD measurement (X-Ray Powder Diffraction) was performed in the
Laboratory of Instrumental Techniques of the University of Valladolid (L.T.I,

www.laboratoriotecnicasinstrumentales.es) using a Bruker Discover D8. The XRPD patterns of

all 1solated compounds were coincident with those predicted by the software package
MERCURY from the X-ray single crystal analysis (see SI) thus confirming the identity of the
bulk product. High resolution mass spectra were recorded at the mass spectrometry service of the
Laboratory of Instrumental Techniques of the University of Valladolid as well. A MS-TOF (MS:
Bruker Maxis Impact) by electrospray ionization (positive and negative ESI) was utilized. The

HRMS spectra were analyzed using Bruker DataAnalysis 4.1© (www.bruker.com).

Synthesis of complex 1a
To a green solution of CuCl,-2H,0 (0.170 g, 1 mmol) in acetone (15 mL) was added pyridine-

2-carboxaldehyde (pyca) (0.107 g, 1 mmol) with stirring. After 10 hours, a green precipitate
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appeared. The solid was isolated by filtration with a fritted funnel. Yield 0.275 g, 92%. Anal.
Calcd. for CoH;;CLL,CuNO;: C 36.06, H 3.70, N 4.67. Found C 36.23, H 3.63, N 4.17. pes(293K)
1.61 MB. A crystal suitable for X-ray determination was obtained by slow evaporation of a
solution of CuCl,-2H,0 with pyca in acetone.

Synthesis of complex 1b

To a green solution of CuCl,-2H,0 (0.170 g, 1 mmol) in THF (15 mL) was added pyridine-2-
carboxaldehyde (pyca) (0.107 g, 1 mmol) and acetophenone in excess (0.600 g, 5 mmol) with
stirring for 16 hours. The resulting solution was concentrated, and hexane was added to obtain a
green precipitate that was isolated by filtration and washed with hexane (3 x 10 mL). Yield 0.303
g, 84%. Anal. Calcd. for C4H;3CLL,CuNO;: C 46.49, H 3.62, N 3.87. Found C 46.35, H 3.63, N
3.92. pes(293K) 1.52 MB. A crystal suitable for X-ray determination was obtained by slow
evaporation of a solution of CuCl,-2H,0 (0.1 mmol) with pyca (0.1 mmol) in acetophenone (1
mL).

Synthesis of complex 1c

To a green solution of CuCly'2H,O (0.170 g, 1 mmol) in THF was added pyridine-2-
carboxaldehyde (pyca) (0.107 g, 1 mmol) and 2-cyclohexen-1-one in excess (0.480 g, 5 mmol),
and the solution was stirred for 16 hours. After this time, an oil precipitate appeared. The crude
was stirred with THF/ether 1:4 in an ultrasonic bath until a solid precipitate was obtained, which
was isolated by filtration with a fritted funnel and dried under vacuum. Yield 0.290 g, 86%.
Anal. Calced. for Ci,H;3C1,CuNO: C 42.68, H 3.88, N 4.15. Found C 42.31, H 3.57, N 4.03.
Hei(293K) 1.46 MB. A crystal suitable for X-ray determination was obtained by slow
evaporation of a solution of CuCl,-2H,0 (0.1 mmol) with pyca (0.1 mmol) in cyclohexenone (1

mL).
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Synthesis of complex 2

To a green solution of CuCl,-2H,0 (0.170 g, 1 mmol) in methanol was added pyridine-2-
carboxaldehyde (pyca) (0.321 g, 3 mmol) with stirring. After 15 min, a green precipitate
appeared, and the solid was isolated by filtration with a fritted funnel. Yield 0.330 g, 92%. Anal.
Calcd. for Ci,H;oCLCuN,O,: C 41.34, H 2.89, N 8.03. Found C 41.28, H 2.75, N 8.17. IR v
(C=0) 1631 cm™. A crystal suitable for X-ray determination was obtained by slow evaporation
of CuCl,-2H,0 with pyca in methanol/H,O.

Synthesis of complex 3a

To a green solution of 1a (0.283 g, 1 mmol) in methanol was added sodium methoxide (0.054
g, 1 mmol) with stirring. After 15 min a green precipitate appeared. The solid was collected in a
frit, washed with water, and dried by suction. Yield 0.243 g, 92%. Anal. Calcd. for
Ci8H20ClL,CuyN,O4: C 35.45, H 3.40, N 5.91. Found C 35.84, H 3.38, N 5.57. See magnetism
data in the SI. A crystal suitable for X-ray determination was prepared as follows: solid 1a
(0.150 g, 0.5 mmol) was dissolved in 5 mL of water in a vial (2 cm diameter, 10 cm height), and
was covered with a layer of MeONa (0.5 mmol) in 5 mL of MeOH. The vial was left open to air.
After several days of slow diffusion, a crop of suitable crystals had grown on the wall of the vial.

Synthesis of complex 3b

Complex 3b was prepared as described above for complex 3a from a green solution of 1b
(0.360 g, 1 mmol) in methanol and MeONa (0.054 g, 1 mmol). Yield 0.304 g, 94%. Anal. Calcd.
for Cy3H24CI1,CuaN,O4: C 51.70, H 3.72, N 4.31. Found C 51.73, H 3.91, N 4.45.

Synthesis of complex 4a

To a light blue solution of Cu(ClO4),-6H,0 (0.370 g, 1 mmol) in acetone was added pyridine-

2-carboxaldehyde (pyca) (0.214 g, 2 mmol) with stirring. After 4 h, a green precipitate appeared,
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which was isolated by filtration with a fritted funnel. Yield 0.510 g, 86%. Anal. Calcd. for
Ci1sH2»CuClhN,Opp: C 36.47, H 3.74, N 4.73. Found C 36.42, H 3.63, N 4.79. p.x(293K) 1.51
MB. IR v (C=0) 1692 cm™. A crystal suitable for X-ray determination was obtained by slow
diffusion of Cu(ClO4),-6H,O and pyca in acetone. Note: No detectable amount of 5 was
observed by following this procedure.

Synthesis of complex 4b

To a light blue solution of Cu(ClO4),:6H,0 (0.370 g, 1 mmol) in acetophenone was added
pyridine-2-carboxaldehyde (pyca) (0.214 g, 2 mmol) with stirring. After 10 hours, a green
precipitate appeared, which was isolated by filtration with a fritted funnel. Yield 0.765 g, 91 %.
Anal. Calcd. for CpgHCuCI,N,Oj,-acetophenone: C 46.91 H 3.66, N 3.91. Found C 46.74, H
3.78, N 3.42. n(293K) 1.01 MB. A crystal suitable for X-ray determination was obtained by
slow evaporation of a solution of Cu(ClO4),-6H,0O with pyca in acetophenone.

Synthesis of complex 5

Slow crystallization at room temperature was required to obtain and isolate complex 5. A layer
consisting of a solution of Cu(ClOy),-6H,0 (0.185 g, 0.5 mmol) in 10 mL of dichloromethane
was deposited at the bottom of a vial (2 cm diameter, 10 cm height). A second layer of a solution
of pyridine-2-carboxaldehyde (pyca) (0.107 g, 1 mmol) in acetone (10 mL) was carefully
deposited on top. As the solvents diffused at room temperature over 48 h, light blue-green
crystals of complex § appeared, which were dried under vacuum. Yield 0.032 g, 15%. Anal.
Calcd. for C3oH30CLL,CusN4O4: C 41.49, H 3.48, N 6.45. Found C 41.22, H 3.15, N 6.17.
Note: Compound 5 is present as a mixture of stereoisomers.

Synthesis of complex SBF4
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Slow crystallization was required to obtain and isolate complex SBF,4 A layer consisting of a
solution of Cu(BF,4),-6H,0 (0.173 g, 0.5 mmol) in 10 mL of dichloromethane was deposited at
the bottom of a vial (2 cm diameter, 10 cm height). A second layer of a solution of pyridine-2-
carboxaldehyde (pyca) (0.107 g, 1 mmol) in acetone (10 mL) was carefully deposited on top. As
the solvents diffused, light blue-green crystals of complex SBF4 appeared. Yield 0.032 g, 15%.
Anal. Calcd. for C3oH34B,CuyFsN4Og: C 40.98, H 3.90, N 6.37. Found C 40.78, H 3.78, N 6.81.
Magnetism data are in the SI. IR v (C=0) 1710 cm".

General procedure to obtain free ligands HL1a-c and H,L5.

Typically, to a suspension of complexes 1a-c¢ (1 mmol) in dichloromethane (15 mL) was added
NH; (25% aq) (3 x 15 mL). After 10 minutes the organic phase was extracted, dried with
MgSO,, and filtered through Kieselguhr. The resulting yellow-white oils/solids of the free
ligands HLIa-c were evaporated to dryness, and the residues were dissolved in 1:1
AcOEt/hexane and filtered through silica gel. In the case of H,LJ liberation, the residue of the
simple aldol addition was separated by chromatography using AcOEt/hexane mixtures. A 1:1
mixture was used to elute H/La (the simple aldol product). Subsequently, a 3:1 mixture was used
to elute HLL5.

4-hydroxy-4-(pyridin-2-yl)butan-2-one, (HLIa) >

'H NMR (500 MHz, CDCl;) & 8.52 (ddd, J=4.9, 1.8, 1.0 Hz, 1H, H°?), 7.70 (td, J= 7.7, 1.8
Hz, 1H, H*™), 7.45 (dq, J = 7.8, 1.0 Hz, 1H, H’™), 7.20 (ddd, J = 7.5, 4.8, 1.1 Hz, 1H, H’™),
5.19 (dd, J = 8.5, 3.6 Hz, 1H, H*"), 4.19 (s, 1H, OH), 3.04 (dd, J = 17.1, 3.6 Hz, 1H, H"),
291 (dd, J = 17.1, 8.4 Hz, 1H, H"), 2.21 (s, 3H, CH3). °C NMR (126 MHz, CDCL): &
207.45 C°, 161.51 C*™, 148.14 C°™, 136.57 C*™, 122.23 C°™, 120.35 C*", 69.54 C", 50.60

C™M230.73 C“™*ppm. Anal. Calcd. for C 65.44, H 6.71, N 8.48. Found C 65.52, H 6.63, N 8.33.
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HR-MS (positive ion mode ESI-TOF): m/z for CoH; NNaO, [M+Na]+ calcd. 188.0682. Found
188.0687 (-2.7 pm error). IR v (C=0) 1721 cm’™.
3-hydroxy-1-phenyl-3-(pyridin-2-yl)propan-1-one, (HLIb)**

'H NMR (500 MHz, CDCls) & 8.53 (ddd, J = 4.9, 1.8, 0.9 Hz, 1H, H*™), 8.01-7.92 (m,
2H,H*®™), 7.70 (td, J=7.7, 1.7 Hz, 1H, H*™), 7.61-7.51 (m, 2H, H*™ and H*™), 7.44 (t, J= 7.8
Hz, 2H, H>*™), 7.19 (ddd, J = 7.5, 4.8, 1.1 Hz, 1H, H™), 5.39 (dd, J = 8.2, 3.6 Hz, 1H, H"),
436 (s, 1H, OH), 3.62 (dd, J = 17.4, 3.7 Hz, 1H, H™"?), 3.45 (dd, J = 17.4, 8.2 Hz, 1H, H™"?).
BC NMR (126 MHz, CDCl3) & 199.92 C°, 161.54 C*™, 148.56 C°™, 136.84 C*™, 136.71 C*™,
133.46 C*™ 128.60 C*™ 128.22 C*™ 122.41 H™, 120.49 H>™, 70.19 C™M, 45.97 C“™2 ppm.
Anal. Calcd. for C 73.99, H 5.77, N 6.16. Found C 73.75, H 5.59, N 6.06. HR-MS (positive ion
mode ESI-TOF): m/z for C4H;3NNaO, [MJrNa]Jr calcd. 250,0838. Found 250,0840 (-0.6 pm
error).

(S)-6-((R)-6-(hydroxy(pyridin-2-yl)methyl)cyclohex-2-en-1-one and (R)-6-((R)-
hydroxy(pyridin-2-yl)methyl)cyclohex-2-en-1-one, (HLIc)

'H NMR (500 MHz, CDCls) & 8.55 (ddd, J = 4.9, 1.8, 1.0 Hz, 1H, H™ *) 7,68 (td, J = 7.7,
1.7 Hz, 1H, H*™ )7 41 (dt, J = 8.0, 1.1 Hz, 1H, H*™ *%), 7.21 (ddd, J= 7.5, 4.9, 1.3 Hz, 1H,
HOP- 2 16,97 (dt, J = 9.8, 4.1, 1H, H =) "6 10 (dd, J = 10.0, 2.8 Hz, H> €=y 6 03
(dt, J =10.0, 2.0 Hz, 1H, H> =0ty 5 60 (d, J=2.93 Hz, 1H, H” sy 520 (d, J=5.9
Hz, 1H, H7 HChanty 5 96 (ddd, J = 13.4, 6.0, 4.7 Hz, 1H, H**), 2.87 (ddd, J = 13.2, 4.7, 2.9
Hz, 1H, H*™), 2.35 (dtd, J = 8.0, 4.2, 2.2 Hz, 2H, H*™"), 1.89 — 1.79 (m, 1H, H® *), 1.63 —
1.50 (m, 1H, H®**™). C NMR (126 MHz, CDCl;) & 202.89 C*™ 160.30 C*P* i
151.16C* - anti 148 20 COP-anti 136,80, C*P¥ ™ 130,01 CHEON 129,83 CACO 12258

3Py anti 101 7 ¥y anti 73 57 7t 70 70 €7 52,75 €O 48.72 €O 25.82 €M 24.60
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C*™ ppm. Anal. Caled. for C 70.92, H 6.45, N 6.89. Found C 70.79, H 6.38, N 6.93. HR-MS
(positive ion mode ESI-TOF): m/z for C;,H3NNaO, [M-l-Na]+ calcd. 226,0838. Found 226,0844
(-2.6 pm error).

Note: SR is the syn isomer and RR is the anti isomer of the aldol addition.

4-hydroxy-3-(hydroxy(pyridin-2-yl)methyl)-4-(pyridin-2-yl)butan-2-one, (H>L5)

'H NMR (500 MHz, CDCl3) & 8.55 (ddd, J = 9.5, 4.9, 1.8, 2H, H°P¥RR5S) '8 49 (ddd, J = 4.9,
1.8, 0.9 Hz, 2H, H*P®S%) 770 (td, J = 7.7, 1.6, 2H, H* P **%) 7,66 (td, J= 7.8, 1.7, 2H, H™*
RSSy 7.54-7.48 (m, 2H, H> ™ RRSS) 745 (dd, J = 7.8, 0.9 Hz, 2H, H>P*%%), 7.21 (ddd, J = 7.6,
4.8, 1.2 Hz, 2H, H P **SSY 715 (ddd, J = 7.7, 4.8, 1.1 Hz, 2H, H™*5%) 537 (d, J = 5.8 Hz,
1H, CHOH *®%), 5,12 (d, J = 2.8 Hz, 1H, CHOH ***%), 5.01 (d, J = 5.8 Hz, 2H, CHOH®® ),
3.99 (dd, J = 5.9, 2.8 Hz, 1H, CHCO *%%) 375 (t, J = 5.8 Hz, 1H, CHCO®®), 1.99 (s, 3H,
CH3"5), 1.81 (s, 3H, CH3 ®*5%). 13C NMR (126 MHz, CDCl5)  213.6 CO®S5, 211.2 CCORR,
160.4C> P RVSS 1160.4C7PYRSS| 148,650 RS 148,03 OPYRSS 11367147y RRSS 136 59 4PY-RSS,
122.59 2P RRSS 199 91 SPYRSS 119111 P P-RRSS 120,69 PYRSS 73,50 C2CHOMRSS 73 05 € HOM:
RRISS 75 (g ¢ CHOML RRISS 1 g1 CCHCORSS 1 75 (CHCO, RRISS 33 5¢ CH3RSS 31 ¢ (CH3, RR/SS
ppm. HR-MS (positive ion mode ESI-TOF): m/z for C;sH;7N,0; [MJrH]+ calc 273,1234. Found
273,1235 (-0.7 pm error).

Note: A small amount (typically < 5%) of the meso form SRR is also present. 6 8.46 (m, 1H,
H™), 522 (d, J= 5.5 Hz, 2H, CHOH), 3.90 (t, J= 5.4 Hz, 1H, CHCO), 2.14 (s, 3H, CH3) ppm.
The rest of the signals overlapped with the signals of the other two major isomers.

Computational Details.

All calculations were performed using the Gaussian 09 software package, > using the

PBE1PBE method. This hybrid Hartree-Fock/density functional model is based on the Perdew-

30



Burke-Erzenhof (PBE) functional, where the HF/DFT exchange ratio is fixed a priori to 1:4, and
was used to optimize the ground state geometries. Geometry optimizations were performed
without symmetry restrictions, using initial coordinates derived from X-ray data of the same
compounds when available, and frequency analyses were performed to ensure that a minimum
structure with no imaginary frequencies was achieved in each case. On the basis of the optimized
ground geometries, a Natural Bond Order (NBO) analysis was performed at the PBE1PBE level
associated with the PCM method (in acetone) to introduce the solvent effects.’® In the
calculations, effective core potentials (ECP) and their associated SDD basis set were used for the
copper atoms,”’ while the light elements (Cl, O, N, C, and H) were described with the cc-pVTZ
basis.”® The graphical representations of the compounds in their ground state geometries were
made using GaussView.”’

X-Ray Diffraction Study of 1a-c, 2, 3a-b, 4a-b, 5: Diffraction data were collected using an
Oxford Diffraction Supernova diffractometer, equipped with an Atlas CCD area detector and a
four-circle kappa goniometer. For the data collection, Mo or Cu micro-focus sources with
multilayer optics were used. Data integration, scaling and empirical absorption correction were
carried out using the CrysAlis Pro software package. *° The structure was solved using direct
methods and refined by Full-Matrix-Least-Squares against F* with SHELX ' under OLEX2.*?
The non-hydrogen atoms were refined anisotropically and hydrogen atoms were placed at
idealised positions and refined using the riding model. Graphics were made with OLEX2 and
MERCURY. ** Crystal data, particular details and CCDC reference numbers are given in Table
1.
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Pyca, pyridine-2-carboxaldehyde.
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Formula

M,

crystal system
space group

a[A]

b[A]

c[A]

o []

B

v [°]

V [A%]

Z

p[Mgm™]

#(Mo Ko [mm']
crystal size [mm]
F(000)

0 range [°]

reflns collected
indep. refl. [R(int)]

GOF on F?

1a

C1sHCLCu,N, 0,4
599.25
triclinic
P1
8.5131(8)
8.6879(8)
9.1287(7)
93.824(7)
114.005(9)
105.792(9)
581.28(10)
1

1.712

2.316

0.2084%0.1521x0.1131

302.0

4.974 to 57.186
3724

2577 1[0.0309]

1.086

Data/restraints/parameters2577/0/137

Ry (onF, I>2c (1))

wR,(on £, all data)

Max/min Ap [eA”]

CCDC number

0.0583

0.1081

0.67/-0.36

1576053

1b

C14H13CLCuNO,
361.69
orthorhombic
Pbca

7.8681(5)
17.6088(18)
20.976(3)

90

90

90

2906.1(5)

8

1.653

1.869
0.29%0.0827%0.0605
1464.0

4.626 to 57.162
7468

3294 [0.0814]
1.036
3294/0/181
0.0794

0.1774
0.53/-0.47

1576054

1c

Cy3H34CL,Cu,N,Os
747.45
monoclinic
P2,/c
19.0706(5)
11.9615(3)
14.8605(4)
90
107.578(3)
90
3231.57(16)
4

1.536

1.685

0.3484%0.136x0.1154

1528.0
4.076 to 57.218
13830

7192 [0.0258]
1.033
7192/0/370
0.0479

0.1195
0.61/-0.44

1576055

C2H,,CLCuN,0,
348.66
monoclinic
P2,/c
7.2339(7)
8.4932(11)
11.2227(10)
90.00
94.101(9)
90.00
687.75(13)
2

1.684

1.973

0.295% 0.128 % 0.094

350.0
5.64 10 57.56
2743

1547 [0.0324]
0.895

89/0

0.0574
0.1693
1.27/-0.54

1491834
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Formula

M,

crystal system
space group

a[A]

b[A]

c[A]

o []

B

v [°]

V [A%]

Z

p[Mgm™]

#(Mo Ko [mm']
crystal size [mm]
F(000)

0 range [°]

reflns collected
indep. refl. [R(int)]

GOF on F?

Data/restraints/parameters

Ry (onF, I>2c (1))
wR,(on F7, all data)
Max/min Ap [eA”]

CCDC number

3a

C36H40CL4CusN4Os
1052.68
orthorhombic
Fddd
14.5777(7)
21.1806(8)
29.7098(12)

90

90

90

9173.3(7)

8

1.524

2.111
0.387x0.246x0.147
4256.0

5.332 t0 59.024
7783
277510.0366]
1.076
2775/0/128
0.0384

0.0991
0.45/-0.47

1576056

4a

Ci3HCLCuN, Oy,
592.81

triclinic

P1

7.8646(5)
8.5460(8)
9.4424(8)
75.641(7)
79.517(6)
76.302(7)
592.18(9)

1

1.662

1.213
0.2631x0.1911x0.1005
303.0

4.492 t0 57.176
3773

2655 [0.0227]
1.050
2655/68/189
0.0614

0.1717

0.50/-0.34

1576057

4b

C36H34CLCuUN,O 5
837.09
monoclinic
P2i/n
12.9342(3)
10.6919(3)
26.9101(7)
90

94.257(2)

90
3711.16(15)
4

1.498

0.801
0.4313x0.3083%0.2226
1724.0

4.1 to 59.688
20894

8957 [0.0255]
1.045
8957/136/544
0.0624
0.2078

0.70/-0.59

1576058

C36H46CLCuN4Oy g
1020.75
triclinic

P1

7.5652(7)
11.0310(11)
14.7049(14)
104.540(9)
103.136(9)
103.882(8)
1097.9(2)

1

1.544

2.992
0.1552x0.0704%0.0552
526.0

6.522 to 143.61
6996

4168 [0.0556]
0.977
4168/68/314
0.0739

0.2413

0.55/-0.70

1576059
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SIMPLE ADDITION DOUBLE ADDITION

SYNOPSIS: A general and simple one pot procedure for the aldol addition to Cu(Il) complexes
is reported. The method accesses novel Cu complexes with a large variety of different structural
motifs, from which the aldol-addition ligand can be liberated by treatment with NHj. A regio-
and stereoselective double aldol addition of pyca in which the novel double aldol addition

product acts as a pentadentate ligand is also described.
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