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Summary: The chiral complexes [Ru(2)(PNNP)]2+ (4a) and [Ru-
(3)(PNNP)]2+ (4b), containing the non-enolized 1,3-dicarbonyl
compounds 2-((tert-butoxy)carbonyl)cyclopentanone (2) or
R-acetyl-N-benzyl-δ-Valerolactam (3), were deprotonated to the
enolato complexes5a,b. Complex4ahas a pseudo-aqueous pKa

Value of 4.6( 0.5 (with pKa(Ph3PH+) ) 2.7 as reference) and
catalyzes the 1,4-addition of2 to methylVinyl ketone with up
to 79% ee.

1,3-Dicarbonyl compounds are widely used nucleophiles for
carbon-carbon and carbon-heteroatom bond-forming reac-
tions,1 in particular in enantioselective catalytic processes.2,3 A
recent development in this area is the discovery of Lewis acidic
complexes based on ruthenium(II)2a (d6) and palladium(II)3a (d8)
that catalyze Michael additions and related reactions. Following
seminal work on the enantioselectiveR-functionalization of 1,3-
dicarbonyl compounds catalyzed by Ti/TADDOLato complexes
that includes fluorination,4 chlorination,5 hydroxylation,6 and
sulfenylation,7 we applied Ru/PNNP complexes to the asym-
metric hydroxylation6 and fluorination8 of â-keto esters and
â-keto amides. We find now that the activation of [RuCl2-
(PNNP)] (1; PNNP is (1S,2S)-N,N′-bis[o-(diphenylphosphino)-
benzylidene]cyclohexane-1,2-diamine) with (Et3O)PF6,9 fol-
lowed by reaction with theâ-keto ester2 (or with theâ-keto
lactam3) (1 equiv) in CD2Cl2 gives the dicationic adduct4a
(or 4b) as a single diastereoisomer (Scheme 1).10 These species

are rare examples of complexes containing 1,3-dicarbonyl
compounds in their non-enolized form.11

Complex4a decomposes upon isolation and was, therefore,
characterized in solution,12 whereas4b was isolated in 91% yield
by crystallization from CH2Cl2/hexane.13 Thus, the1H NMR
spectrum of4a features the signal of the methine proton Hd of
2 at δ 3.78 (δ 3.04 in the freeâ-keto ester2) (Figure 1). The
one-bond13C-1H HMQC spectrum proves that this is the signal
of the hydrogen atom Hd bound to the 2-carbon atom (C-Hd),
whose13C NMR signal appears atδ 55.5. The long-range13C-
1H HMQC shows correlations from Hd to both carbonyl carbons
and to the adjacent methylene group in the cyclopentanone
ring.14
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As all attempts at isolating4aand crystallizing4b have been
unsuccessful so far, structural information was gathered by
comparing their NMR spectra with those of the enolato
analogues5a,b,15,16 which were prepared and structurally
characterized (see below). Thus, the1H and 1H-1H NOESY
NMR spectral patterns indicate that4a and5a are structurally
similar. Both complexes feature NOE contacts of thetert-butyl
group ofâ-keto ester2 to one imine hydrogen and to one PNNP
benzylidene, suggesting that these complexes have similar
structures and the same relative configuration (Figure 1).
Additionally, the NOESY spectrum of4a shows contacts
between the methine hydrogen of theâ-keto ester (Hd) and three
protons of the PNNP ligand, namely the cyclohexyl ipso
hydrogen Ha, the imine hydrogen Hb, and the benzylidene
hydrogen Hc, indicating that Hd points up toward the cyclo-
hexane backbone of the PNNP ligand.

In an analogous manner, the relative configuration of4b was
determined by comparison with5b. In both complexes, the endo
benzylic hydrogen and the N-benzyl ortho H of theâ-keto
lactam3 display NOE contacts to the same imine hydrogen and
benzylidene ortho H atoms of the PNNP ligand.14 Again, the
enolizable hydrogen of the coordinatedâ-keto lactam points
up toward the cyclohexane backbone, as indicated by its NOE
contacts involving the PNNP cyclohexane ipso Ha, the imine
hydrogen Hb, and Hc of one PNNP benzylidene.

Deprotonation of4a,b with Et3N (1 equiv) gives the mono-
cationic enolato complexes5a,b as a single diastereoisomer
(Scheme 2).15,16The reaction is reversed by addition of HBF4‚

OEt2 (1 equiv, pKa
aq ) -3.6). The pKa of 4a on the pseudo-

aqueous scale has been measured in CD2Cl2 relative to Ph3PH+

from the equilibrium in Scheme 3 by integration of the31P-
{inverse-gated1H} NMR spectra.14 Assuming a pKa value of
2.7 for Ph3PH+, a pKa

aq value of 4.6( 0.5 is obtained for4a.17

Deprotonation of4a with PPh3 and protonation of5a with Ph3-
PH+ gave the same equilibrium position.

5a,b were isolated as air-stable solids in 64% and 55% yields,
respectively. The crystal structures of racemic5a,b show a
distorted-octahedral coordination with the PNNP ligand in a
cis-â configuration, which isΛ in the enantiomers containing
(S,S)-PNNP (Figures 2 and 3). A phenyl group of PNNP shields
theSi face of the enolato ligand, leaving theReface accessible
to electrophilic attack, with the implications for catalysis
discussed below.

Complex4a, formed in situ by treating1 with (Et3O)PF6 (2
equiv) and2 (20 equiv), catalyzes the Michael addition ofâ-keto
ester2 to the methyl vinyl ketone6 (Scheme 4). Product7 was
obtained in 94% yield and with 79% ee. TheR absolute
configuration14 of 7 is consistent with theReface attack of the
â-keto ester, which is the accessible enantioface in4a and5a.
Addition of PPh3 (1 equiv vs 4a) shuts down the catalytic
reaction,7 being formed in less than 1% yield after 24 h.
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(d, J ) 3.1 Hz,CdN), 163.5 (d,J ) 5.2 Hz,CdN), 93.1 (CdC-O).

(16) Selected NMR data of5b: 31P{1H} NMR (CD2Cl2, 121 MHz) δ
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(CD2Cl2, 300 MHz)δ 8.56 (s, 1 H,Hb′CdN), 8.54 (d, 1 H,JP,H ) 11.7 Hz,
HbCdN), 3.20-3.05 (m, 1 H,HaC-N), 2.00-1.88 (m, 1 H,Ha′C-N);
13C{1H} NMR (CD2Cl2, 176 MHz)δ 178.3 (CdC-O), 164.9 (CdN), 163.1
(C(O)N), 161.6 (d, J ) 5.3 Hz,CdN), 89.0 (CdC-O).
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Figure 1. Selected NOE contacts in4a and5a.

Figure 2. ORTEP drawing of the enolato complex5a.

Scheme 2
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Stoichiometric reactions gave additional mechanistic insight.
Complex4a reacts with6 (1.2 equiv) to give7 in 93% yield
and with 90% ee after 4 h. This enantioselectivity is comparable
to that of the catalytic reaction, suggesting that4a might be an
intermediate in catalysis. Interestingly, the enolato complex5a
does not react with6 (1 equiv) (0% yield after 48 h). No reaction
occurs upon addition of (HNEt3)BPh4 (1 equiv) as a weak acid
over 48 h.

These results are relevant to the palladium-catalyzed 1,4-
addition of 1,3-dicarbonyl compounds to enones.3a In this
context, Sodeoka recently reported that the stoichiometric 1,4-
addition of a palladium-coordinated enolate to6 is induced by
a strong acid (CF3SO3H), which was proposed to activate the
enone by protonation. However, the effect of the acid on the

enolato complex was not discussed. Our results with ruthenium
show that a strong acid protonates the enolato complex5a to
4a, which, in turn, is not acidic enough to protonate methyl
vinyl ketone (6) to a significant extent (the pKa

aq value of
protonated6 can be estimated to be∼-4). Therefore, it would
be interesting to examine the effect of the strong acid in the
case of the palladium enolato complex as well.

In summary, we have reported rare examples of late-
transition-metal complexes containing non-enolized 1,3-dicar-
bonyl compounds as ligands. Upon coordination to ruthenium,
the acidity of theâ-keto ester2 is enhanced by 6 orders of
magnitude at least. Additionally, we have shown that4a
smoothly reacts with6 to give the 1,4-addition product both
stoichiometrically and catalytically, whereas the enolato complex
5a does not react with methyl vinyl ketone6, not even in the
presence of Et3NH+. In fact, Et3NH+ is too weak an acid (pKa

aq

≈ 11) to react with the enolato ligand of5a to give a significant
amount of4a but would protonate the enolate intermediate
formed by the first step of the 1,4-addition reaction between6
and 5a, the corresponding ketone having a pKa

aq ≈ 20.
Conversely, a stronger acid would protonate5a rather than6.
The nature (including acidity) and the role of complexes of type
4 containing non-enolized 1,3-dicarbonyl compounds in metal-
assisted 1,4-addition reactions will be the object of future studies.
Finally, it should be noted that the present approach involves a
Lewis acidic metal complex and, therefore, is opposite to the
use of basic metal complexes that promote the formation of
enolato derivatives, such as Ikariya’s amido ruthenium(II)
catalyst.2a
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Figure 3. ORTEP drawing of the enolato complex5b.
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