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Introduction

Metal enolates are an important class of reagents that find
widespread use in many synthetic methods.[1] Among these,
late transition-metal enolates are finding important uses in a
number of carbon–carbon bond-forming reactions,[2] includ-
ing many catalytic transformations, most of them involving

aldol-type additions[3] and cross-coupling reactions.[4] In
recent years, they have also found use in catalytic Michael
addition reactions,[5] that is, enolate conjugate additions to
a,b-unsaturated carbonyl compounds or other related func-
tionalities.[6] Although the reactivity of late transition-metal
enolates has been thoroughly studied,[7] very few examples
of Michael additions of isolated complexes have been re-
ported, in spite of the increasing importance of this reac-
tion.[8] The competitive acid–base exchange that may occur
between the enolate and the acidic a,b-unsaturated ketone,
to yield a mixture of enolate complexes, may represent a po-
tential source of difficulties in this type of reactions.[9]

We have reported recently the synthesis and structural
characteristics[10] of metallacyclic, O-bound nickel enolates
1–3, which are stabilized by the diphosphine
iPr2PCH2CH2PiPr2 (dippe). The metallacyclic nature of
these compounds disfavors the acid–base process and, there-
fore, converts them into suitable candidates for the above
purpose. Indeed, compound 1 has been shown to react
cleanly with an enolizable aldehyde[10a,b] like MeC(O)H, to
give the C�C coupling product 4. In addition, we have re-
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ported[8a] that the cyclic structure of the enolate prevents
the migration of the metal center between different oxygen
atoms, as occurs in classic Michael additions (Scheme 1).
This feature allows the isolation and characterization of un-
usual [2+4] cycloadduct intermediates, which subsequently
evolve into open-chain addition products. Herein, we de-
scribe in full[8a] the reactivity of nickel enolates 1–3 toward
the a,b-unsaturated ketones methyl vinyl ketone (MVK)
and trans-3-pente-2-one (abbreviated methyl propenyl
ketone, MPK).

Results and Discussion

Reactions with methyl vinyl ketone : The cyclic enolates 1–3
react readily with MVK at room temperature, but while 2
and 3, which contain a methyl-substituted enolate carbon,
yield a single product, the reaction of the unsubstituted eno-
late 1 is more complex and gives rise to four products in a
stepwise manner. Hence, for the sake of simplicity the reac-
tivity of 2 and 3 will be considered first.

The two compounds 5 and 6 which are formed upon treat-
ment of enolates 2 and 3, respectively, with MVK at room
temperature (Scheme 2), are moderately air-stable crystal-
line solids, which can be readily characterized by analytical
and spectroscopic techniques (see Experimental Section). In

addition, most valuable structural information is provided in
this case and in others later discussed by their carbonylation
reactions, affording [Ni(CO)2ACHTUNGTRENNUNG(dippe)] along with the bicyclic
lactones 7 and 8, respectively. The NMR spectra of 5–8 are
consistent with the represented spirocyclic structures, which
can be taken as suggesting that the C�C bond-forming step
leading to 5 and 6 involves a [2+4] addition of the enolate
to the a,b-unsaturated ketone. Compound 5 is formed in a
stereoselective manner, and only one diastereoisomer has
been detected.[11] The high selectivity strongly suggests a
synchronous generation of the two stereogenic centers. Ob-
servation for 5 and 7 of NOE crosspeaks between the
CHMe unique hydrogen atom and one of the aromatic reso-
nances in the NOESY spectra of the two compounds indi-
cates that the accompanying Me substituent and the phenyl-
ene unit maintain the relative trans configuration that is
present in the starting enolate 2.

Additional, unequivocal evidence for the stereochemistry
of 5 and 6 has been provided by a single-crystal X-ray analy-
sis of 5.[8a] As shown in Figure 1, this compound contains a
spirocyclic organic fragment displaying an almost planar
metallacyclic unit and a six-membered tetrahydropyrane

ring. The latter displays a half-
chair conformation, with the
ONi and C6H4 substituents oc-
cupying axial and equatorial
positions, respectively. As ex-
pected, the methyl substituent
at C8 is trans to the aryl group.
The nickel center has a distort-
ed square-planar geometry,

characterized by Ni�O1 and Ni�C1 distances of 1.846(1)
and 1.932(2) N, respectively, and by Ni�P bonds which are
somewhat different in lengths (Ni�P1=2.158(1); Ni�P2=
2.207(1) N). While the Ni�O1 bond length is comparable to
that found in structurally characterized nickel enolate,[10] hy-
droxo[12] and alkoxo[13] compounds, the C7�O1 bond is suffi-
ciently short (1.365(2) N), indicating some partial double-
bond character, being, in fact, significantly shorter than the
C7�O2 bond length of 1.469(2) N. The latter distance is ac-
tually somewhat longer than that of a conventional single
C�O bond (1.43 N).[14] These and other structural data justi-
fies representation of the electronic structure of 5 (and by
extension of 6 and related compounds) in terms of a reso-
nance hybrid of canonical forms I and II. These are reminis-

cent of the hyperconjugative
resonance description usually
invoked to explain the so-
called anomeric effect, ob-
served in cyclic acetals and
ethers, in which an electroneg-
ative substituent bound to the
atom next to the oxygen atom
tends to occupy the axial posi-
tion, as happens with the ONi
substituent of the tetrahydro-
pyrane ring of 5.[15] However,

Scheme 1.

Scheme 2.
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the anomeric effect is probably not involved in determining
the preferred configuration of the dihydropyrane ring of 5,
as the bonding scheme depicted by I$II (Scheme 3) in-
volves the transfer of electron density from the lone pairs of
the alkoxide fragment to the C�O(C) s* orbital. In turn,
these are controlled by the relative orientations of the orbi-
tals, which are imposed by the rigid and flat metallacyclic
fragment and not by the 6-membered ring configuration.

As mentioned at the beginning, the reaction of the unsub-
stituted enolate 1 with MVK is more complex and gives rise
to four different products, 9–12, with the structures repre-

sented in Scheme 4. Reacting 1 with stoichiometric amounts
of MVK, at room temperature, for 1 h, by using THF as the
reaction solvent yields a mixture of 9, 10, and 11, in an ap-
proximate ratio of 6:1:2. If this reaction mixture is stirred
for about 24 h at room temperature, compound 9 converts
into 10, while 11 remains unaltered. However, the use of
two equivalents of MVK produces 9 and 11, exclusively, al-
though, once more, the former compound slowly disappears
with time when the reaction mixture is further stirred at
room temperature. As represented in Scheme 2, these obser-
vations may be explained by assuming that the stoichiomet-
ric reaction of 1 and MVK gives a mixture of 9 and 10, with
the former rearranging slowly into the latter, while in the
presence of additional amounts of MVK, enolate 10 under-
goes further reaction and converts into the bicyclic deriva-
tive 11, which incorporates two molecules of the a,b-unsatu-
rated ketone.

A bicyclic structure can also be proposed for 9 (see
below) and therefore compounds 9 and 11 (and also 5 and
6) are closely related from a structural point of view. Since,
as represented in Scheme 2, 9 is proposed to rearrange to
the open enolate structure 10, compound 11 can be expected

Figure 1. ORTEP drawing of 5. Selected bond lengths (N) and angles (8):
Ni�O1 1.846(1), Ni�C1 1.932(2), Ni�P1 2.158(1), Ni�P2 2.207(1), O1�C7
1.365(2), O2�C7 1.469(2), O2�C11 1.377(2), C10�C11 1.317(3); O1-Ni-
C1 86.16(7), O1-Ni-P2 84.84(5), P1-Ni-P2 88.56(3), C7-O1-Ni 117.7(1),
O1-C7-O2 109.4(1).

Scheme 3.

Scheme 4.
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to experience a similar rearrangement. Indeed, isolated sam-
ples of 11 convert slowly, over a period of 24 h, to an iso-
meric, open structure, characteristic of the disubstituted eno-
late 12. On this basis, it could also be expected that com-
pound 5 could undergo an isomerization of this kind, but we
have not investigated this system any further. We have
found that the ring-opening process is noticeably accelerated
by the presence of added water, and this has allowed us to
design improved experimental conditions for the isolation of
complexes 10, 11, and 12.

Characterization of the mixtures of products of this reac-
tion is difficult, not only because of the diversity of the spe-
cies, but also because of their lability, which has prevented
isolation of some of them as analytically pure samples.
Nonetheless, observation in the 31P{1H} NMR spectra of AX
spin systems, with characteristic chemical shifts and coupling
constants for each individual compound, considerably facili-
tates their identification and allows monitoring of their for-
mation and subsequent rearrangement. In addition, the car-
bonylation of the nickelacycles is a highly selective reaction
which gives the corresponding lactones in good yields. In
this way, even if a mixture of lactones (and other carbonyla-
tion products, vide infra) is generated from the correspond-
ing mixture of the open enolate, or the isomeric bicyclic
structures (Scheme 5), their separation by standard chroma-
tographic methods poses no problem. Structural identifica-
tion of lactones 13–16 of Scheme 4 is unequivocal and
straightforward; therefore, this reactivity provides a structur-

al probe for the nature of the organometallic precursors 9–
12.

Referring to the bicyclic compound 11 as a representative
example, which may be prepared as an analytically pure mi-
crocrystalline solid, partial conversion into the isomeric spe-
cies 12 (Scheme 2) occurs readily during the workup proce-
dure, so that the isolated solid often contains about 4–5%
of 12. Notwithstanding, when this mixture is allowed to
react with CO, the lactone 15 can be isolated as the main re-
action organic product. NMR spectroscopic data presented
in the Experimental Section are in accord with the proposed
structure, which has been unequivocally confirmed by X-ray
crystallography (Figure 2). As can be seen, the stereochem-

istry of the product is the same as that of 5, with the
CH2CH2CO2R group placed trans to the aromatic ring. As a
whole, the formation of 11 from 1 and two molecules of
MVC, represents a case of remarkable stereoselectivity, as
the intermediate complex 10 is also formed exclusively with
the Z-substitution pattern at the double bond. It is worth
mentioning that the lactone 15 and the bicyclic compound 5
adopt the same conformation in the solid state, with the aryl
group and the acetal oxygen atom occupying equatorial and
axial positions, respectively (Figure 2). However, the alter-
nation in the C�O distances discussed previously for 5, does
not exist for lactone 15, and moreover, the relatively short
C�ONi distance of 1.365(2) N found in 5 is confronted by a
corresponding C1�O3 distance of 1.4680(14) N in 15. This
and other structural features of 5, probably present in the
analogous spirocyclic units of 9 and 11, suggest a pro-
nounced weakening of the dihydropyrane C�O bond by the
strongly electron-donating alkoxide fragment, which is
absent in the more stable dihydropyrane rings of the organic
compounds.

The enolate compounds 10 and 12 have been isolated in a
pure form and characterized by microanalysis and spectros-
copy. Carbonylation of 10 affords lactone 14, which exhibits
a molecular ion with m/z=216 uma in the mass spectrum,
indicating incorporation into the organic ligand of the eno-
late precursor 10 of only one molecule of MVK. In contrast,Scheme 5.

Figure 2. ORTEP view of compound 15. Selected distances (N) and
angles (8): C11�O4 1.204(2), C11�O3 1.367(2), C1�O3 1.4680(14), C1�
O1 1.4116(14), O1�C2 1.4054(14), C2�C3 1.319(2); O1-C1-O3 107.41(9).
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the molecular ions of 15 and 16 have m/z=286 uma, reveal-
ing the presence of two molecules of MVK as part of the or-
ganic ligand of compounds 11 and 12. Compound 9 is a very
reactive intermediate which cannot be isolated in a pure
form. However, optimization of the reaction time and re-
agents ratio allowed accumulation of a sufficient concentra-
tion of this species, which was subsequently carbonylated.
From the resulting mixture of products, lactone 13 was iso-
lated as the major organic component.

To gain information on the isomerization of the bicyclic
compounds 9 and 11 to the enolates 10 and 12, respectively,
and to ascertain the role of added water in this process, we
have studied the reaction of the latter substance with the bi-
cyclic compound 6 described in this paper. As shown in
Scheme 6, compound 6 adds a molecule of water across the

C=C bond to afford the hydrate 17. The reaction is some-
what slow, but can be completed at 40 8C, in the presence of
five equivalents of H2O. The IR spectrum of 17 displays a
broad absorption at approximately 3200 cm�1 which reveals
the presence of an OH functionality, also responsible for a
low-field resonance (about d=8.7 ppm) found in the
1H NMR spectrum of 17. In accord with the nature of this
compound, its 1H NMR spectrum shows no signals attributa-
ble to olefinic protons. The 31P{1H} NMR spectrum of this
compound is highly reminiscent of that of some transient
species detected during the reaction of 1 with MVC in the
presence of added water, suggesting that these could corre-
spond to analogous hydrate derivatives. Indeed, the
31P{1H} NMR spectrum of one such species matches that of
a product, 18, generated by reaction of a pure sample of
compound 11 with water. Compound 18 proves too unstable
to be isolated, as it readily evolves to the corresponding
open Michael-like adduct 12 under the reaction conditions
(Scheme 7). Notwithstanding this, careful analysis of the
complex NMR spectra of the reaction mixture allowed full
assignation of its 1H and 13C resonances, confirming its iden-
tity. Thus, it seems likely that these hydrate complexes may
be intermediates in the water-catalyzed ring-opening of the
cycloadducts. The stability of 17 toward further rearrange-
ment is probably due to the absence of eliminable hydrogen
atoms on the six-membered ring. The observed reactivity of
the C=C bond of 6 and 11 toward H2O is not unexpected as

the analogous reaction of tetrahydropyran with water or al-
cohols is a well-known reaction, routinely used in synthesis
as a protection method for the OH group.[16]

Reactions with methyl propenyl ketone (MPK): To achieve
a deeper understanding of the reactivity of nickel enolates
with a,b-unsaturated ketones, we have studied the analo-
gous reactions of methyl propenyl ketone. Somewhat sur-
prisingly, the methyl-substituted enolates 2 and 3 do not
react with MPK under ordinary conditions, while the unsub-
stituted compound 1 yields cleanly a single product 19
(Scheme 8). This has been formulated as a substituted eno-
late resulting from a C�C bond-forming reaction between
the enolate carbon and the Me-substituted carbon atom of
MPK. Characterization of 19 from the available data is
straightforward (see Experimental Section), and monitoring
its formation by 31P{1H} NMR spectroscopy reveals the in-
termediacy of a product (20 in Scheme 8) which proves to
be too reactive to be isolated. As in similar instances al-
ready discussed, carbonylation of a reaction mixture en-
riched in 20 allows isolation of the spirocyclic lactone 21
from a mixture of products that contain also the isomeric,
monocyclic lactone 22, [Ni(CO)2ACHTUNGTRENNUNG(dippe)], and the lactone
resulting from the carbonylation of the unreacted parent
enolate 1.[10b] Both 21 and 22 can be readily isolated from
this reaction mixture, although 22 is best produced from iso-
lated samples of 19 and CO. Comparison of their IR and
NMR spectroscopic properties with those of related lactones
(Schemes 1 and 4) demonstrates the close structural rela-
tionship which exists among these compounds. Once more,
as the carbonylation reaction does not alter the structure of
the organic chelating ligand within the metallacyclic unit of
20, it can be assumed that this molecule is a [2+4] cycload-

Scheme 6.

Scheme 7.
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duct analogous to 5, 6, 9, and 11, and that its formation pre-
cedes that of the open chain, Michael-type product 19.

In close analogy with the related spirocyclic structures de-
scribed in this work, compound 20 is formed as a single dia-
stereomeric pair. The identity of the preferred diastereomer
has been assigned on the basis of the 2D NOESY spectrum
of the corresponding carbonylation product 21. The assigna-
tion was helped with molecular models (DFT) of the two
possible diastereomers, represented in Figure 3 together
with a schematic representation of the spatial (NOE) rela-
tionships. The identity of the signals corresponding to Ha

and Hs can be readily established on the basis of their cou-
pling with Hm, which displays 3JH,H values of 12 and 6 Hz,
consistent with approximately antiperiplanar and gauche
dispositions, respectively. The observed product displays a
distinct and selective NOE crosspeak between one of the
ortho protons of the aromatic ring, Har, and Hs. This is con-
sistent with diastereomer RS,SR (Figure 3a), while the other
configuration (RR,SS; Figure 3b) should display the oppo-

site relationship (for example, Har�Ha). Additional cross-
peaks linking Hm and Hs, as well as a nonspecific NOE inter-
action between the C5-Me and the two diastereotopic meth-
ylene protons provide additional support for the conforma-
tional assignment.

The high diastereoselectivity which characterizes the for-
mation of the bicyclic organometallic products suggests that
these are formed in a concerted manner, by means of an in-
verse electronic demand Diels–Alder mechanism.[17] The
fact that the formation of the cyclic adducts always precedes
that of the open-chain products provides additional support
for a cycloadddition mechanism. As shown in Scheme 9, the
syn distribution of the Me and aryl groups in 20 (conformer
a) in 21) implies the exo approach of the MVK molecule to
complex 1 with regard to the enolate oxygen atom. This is
in contrast with most Diels–Alder reactions, which usually
display the opposite selectivity due to favorable orbital in-
teractions between the lone electron pairs of the heteroatom
and the LUMO of the diene in the transition state (AlderVs

Rule). To identify the origin of
the high stereoselectivity of the
reaction of 1 with MVK, we
have modeled this reaction by
using DFT calculations.

Theoretical modeling of the re-
action of the nickel cyclic eno-
lates with MPK : As we have
shown previously,[10b] the struc-
ture and reactivity of cyclic
nickel enolates can be appro-
priately modeled with the DFT
methods implemented in the

Scheme 8.

Figure 3. Molecular models for the two possible diastereoisomers of 21 (only one enantiomer represented),
and relevant spatial (NOE) relationships. a) observed product (SR,RS); b) not observed (SS,RR).
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Spartan Pro package, using the BP86 functional and the nu-
merical basis set DN*. The calculations have been per-
formed on molecules containing three different diphosphine
ligands, displaying hydrogen (dpe), methyl (dmpe), or iso-
propyl (dippe) substituents at phosphorus. As in the previ-
ous paper, the preferred disposition of the isopropyl groups
of the dippe ligand were previously determined by a molec-
ular mechanics conformational analysis, fixing the positions
of the core atoms of the organometallic complex, and then
subjecting the five most stable conformers to full DFT opti-
mization without imposed restrictions.

First, we will examine the structure and energetics of the
organometallic cycloadducts. In contrast with the starting
metallacyclic enolates, the organic moiety of these products
is nonplanar, giving rise to two different conformations for
the diphosphine ligand, which we have termed c1 and c2. In
addition, the six-membered dihydropyrane ring can adopt
two possible half-chair conformations, with the ONi sub-
stituent occupying the axial (ax) or equatorial (eq) positions,
respectively. Hence, considering the possible exo or endo
stereochemical outcome of the addition reaction, eight pos-
sible product configurations have to be taken into account
for each ligand. These are shown in Figure 4 for the dmpe
ligand, together with their energies relative to the reagents
(dmpe enolate+MPK). Table 1 collects some key bond
lengths as well as the relative energies calculated for the
products in their different configurations for the three di-
phosphine ligands.

It can be noted that, independently of the diphosphine
ligand, the absolute energy minimum corresponds to the c1-
ax-exo configuration, which is the same adopted by com-
pound 5 in its solid-state structure. The geometric parame-
ters calculated for these conformers are in good agreement
(in general within 5%) with the experimental structure. The
alternance of the C�O bond lengths of the acetal functional-
ity is correctly reproduced by the calculations, which predict
a short NiO1�C1 bond (1.39 N) and a long C1�O2C bond
(1.49 N).

Not unexpectedly, the effect of the configuration of the
diphosphine or the exo–endo isomerism on the modeled

bond lengths is very small (see Table 1). More noteworthy,
these distances are neither affected by the axial or equatori-
al disposition of the ONi group. This can be taken in sup-
port by the lack of influence of the six-membered ring con-
formation on the pronounced bond length alternation char-
acteristic of these molecules. Therefore, the stabilization of

Scheme 9.

Figure 4. Eight possible configurations and relative energies (Kcalmol�1)
of the dmpe cycloaddition product.
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the exo-ax conformation is most likely due to steric causes
rather than to the anomeric effect. Thus, it is readily noticed
that the ax conformation is more stable for the exo configu-
ration, but the difference is not so clear-cut for the endo iso-
mers. A closer examination of the geometry of the exo de-
rivatives reveals that the eq conformers display unfavorable
axial–axial interactions between the aryl substituent and the
C5-bound methyl group. Obviously, as the exo and endo
configurations differ precisely in the disposition of the C5-
Me group, the situation is the opposite for the latter, in
which axial–axial interactions would occur between the
mentioned C5-Me group and the O�Ni group in the ax con-
formation. However, as the steric encumbrance of the O�Ni
entity is small, the energy difference between the ax and eq
conformers in the endo configuration is small.

Analogously to the axial/equatorial preference, the prefer-
ence for the exo versus the endo isomers can be explained
on the basis of steric interactions. As already mentioned, the
absolute energy minimum corresponds to the c1-ax-exo mol-
ecule, which is approximately 2 Kcalmol�1 more stable than
the corresponding endo conformer (c1-ax-endo) in the dmpe
models. A close look at the structures of these two isomers
shows that the endo conformer is destabilized by an unfavor-
able interaction between a
methyl group of the dmpe
ligand and the C5-Me group,
while the latter points away
from the metal fragment in the
exo. An interesting conse-
quence of this observation is
that the relative stability of the
reaction products is controlled
by the steric bulk of the ligand
attached to the metal center.
This conclusion is supported by
the stability trends found for
the unhindered dpe and the
bulkier dippe ligands (Table 1).

We have limited the time-con-
suming calculation of the dippe
derivatives to the more impor-
tant ax conformers, but it can
be seen that both series of
molecules follow similar
trends, allowing conclusions:
1) for the three ligands, the ab-
solute energy minima corre-
spond to the ax-exo configura-
tion and 2) the thermochemical
balance in favor of the exo
product clearly increases with
the ligand bulk, for example,
dippe>dmpe>dpe. It is worth
mentioning that the strict steric
requirements of the dippe
ligand shifts the preferred con-
formation of the dihosphine

ligand to c2. Another interesting point is that the reaction is
somewhat less exothermic (by approximately 1 Kcalmol�1)
for dpe than for the tertiary phosphine ligands dmpe and
dippe. The lower reactivity of the former can be traced out
to the lower ligand basicity, which results in decreased nu-
cleophilic character of the corresponding enolate. This is re-
flected in the lower energy of its HOMO, which is 6.5 and
7.4 eV below those of the dmpe and dippe enolates, respec-
tively.

According to the precedent discussion, the stereoelectivity
observed in the reaction of 1 with MPK is the same favored
by the thermodynamic factors, for example, the relative sta-
bility of the possible products. However, the experimental
observations suggest that the bicyclic organometallic prod-
ucts are probably formed through a cycloaddition mecha-
nism, and this would imply a kinetic rather than thermody-
namic control of the product stereochemistry. To check this
possibility, we have searched for the transition states leading
to such concerted cycloaddition with the three diphosphine
ligands, to confirm whether such a mechanism is consistent
with the observed stereoselectivity.

Table 2 collects the relative energies and some key bond
lengths of the most stable conformers found for the transi-

Table 1. Key bond lengths[a] and relative energies[b] calculated for the bicyclic adducts of type 20 bearing the
different diphosphine ligands.

Ligand exo
Anomer[c] P–P conf.[d] C1�C6 O1�C1 O2�C1 O2�C3 C3�C4 Ni�O1 E [b]

dpe
ax C1 1.54 1.40 1.47 1.38 1.36 1.85 �11.6
eq C1 1.55 1.39 1.48 1.37 1.35 1.84 �4.5

dmpe
ax C1 1.55 1.39 1.49 1.37 1.35 1.87 �12.4
eq C1 1.54 1.38 1.50 1.37 1.36 1.87 �6.2

dippe ax C2 1.54 1.39 1.49 1.37 1.35 1.88 �12.6

Ligand endo Eexo�Eendo
[e]

Anomer[c] P–P conf.[d] C1�C6 O1�C1 O2�C1 O2�C3 C3�C4 Ni�O1 E[b]

dpe
ax C1 1.54 1.40 1.48 1.37 1.35 1.83 �10.8 �0.3
eq C1 1.55 1.40 1.47 1.37 1.35 1.85 �11.3

dmpe
ax C1 1.55 1.39 1.49 1.37 1.35 1.87 �10.1 �2.3
eq C2 1.55 1.39 1.50 1.37 1.35 1.86 �9.6

dippe ax C2 1.55 1.39 1.50 1.37 35 1.88 �7.2 �5.4

[a] See Scheme 6 for numbering scheme. [b] Energies are relative to the corresponding enolate complex+
MPK. [c] Relative to the axial (ax) or equatorial (eq) position of the ONi group. [d] Most stable conformation
of the diphosphine ligand. [e] Energy difference between the most energetically favored isomers.

Table 2. Key bond lengths[a] and relative energies[b] calculated for transition states corresponding to the addi-
tion of MPK to enolate molecules of type 1 containing different diphosphine ligands.

Ligand exo
P–P conf.[c] C1�C6 O1�C1 O2�C1 O2�C3 C3�C4 C5�C6 Ni�O1 E[b]

dpe C1 1.40 1.33 3.21 1.25 1.44 2.06 1.89 14.0
dmpe C2 1.41 1.32 3.21 1.26 1.44 2.07 1.90 11.2
dippe C2 1.41 1.32 3.24 1.26 1.44 2.09 1.92 11.3

Ligand endo Eexo�Eendo
[d]

P–P conf.[c] C1�C6 O1�C1 O2�C1 O2�C3 C3�C4 C5�C6 Ni�O1 E[b]

dpe C2 1.41 1.32 3.17 1.25 1.44 2.03 1.89 14.1 �0.2
dmpe C1 1.41 1.32 3.36 1.25 1.44 2.03 1.90 11.9 �0.7
dippe C1 1.41 1.32 3.34 1.25 1.44 2.04 1.91 13.4 �2.1

[a] See Scheme 6 for numbering scheme. [b] Energies are relative to the corresponding enolate complex+
MPK. [c] Most stable conformation of the diphosphine ligand. [d] Energy difference between the most ener-
getically favored isomers.
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tion states with the three diphosphines, and Figure 5 repre-
sents the exo and endo states, for the real dippe ligand. The
geometry of the transition states is scarcely sensitive to the
nature of the diphosphine or the exo/endo orientation of the

enone, and as can be seen in Table 2, all of them display
close bond lengths and angles. Their general configuration,
featuring almost planar enone and enolate fragments, indi-
cate that the transition state is reached in an early stage of
the addition process.

These transition states are far from expected for a perfect-
ly concerted cycloaddion process. Thus, while there is an ap-
preciable degree of bonding between the C5 and C6 atoms,
the long C1···O2 distance (approximately 3.2 N) indicates a
very weak interaction. In spite of this, the relative disposi-
tion of the enone and enolate fragments favors the cancella-
tion of the electric dipoles due to the negatively, O2, and
positively C1 charged atoms, favoring the formation of the
C�O bond. No intermediate stationary points could be
found when the transition states are allowed to evolve to
their corresponding cyclic products, and therefore the ste-
reoselectivity of the process is much the same as if the two
bonds were formed simultaneously. Obviously, the large sep-
aration between the carbonyl C3 and the enolate oxygen
O1’ prevents any significant orbital interactions at the endo
transition states.

Both in the exo and endo configurations, the orientation
of the enone fragment minimizes the steric repulsions by
placing its C5-bound methyl group in an antiperiplanar posi-
tion relative to C6. In such an arrangement, the orientation
of the C5-Me group, which dictates the relative stability of
the exo and endo bicyclic products, is nearly the same in the
two transition states. As a consequence, the energy discrimi-
nation between the endo and exo approaching modes for
the dpe or the dmpe ligands is very low (less than 1 Kcal
mol�1). However, as the size of the diphosphine ligand in-
creases, the endo transition states become increasingly de-
stabilized by the proximity of the C3-Me group of the MPK
fragment, which, in contrast, remains relatively unhindered
in the exo configuration. The destabilization becomes signif-
icant for the dippe system, and the energy difference be-
tween the two transition states (approximately, 2 Kcalmol)

is sufficient to ensure more than 97% selectivity in favor of
the exo selectivity, in good agreement with the experiment.

The coincidence of the kinetic and thermodynamic prefer-
ences of the addition reaction makes difficult to decide
where the control step of the reaction steroeselectivity is.
The energy difference in favor of the exo product (5.4 Kcal
mol�1) would lead to virtually complete selectivity under
thermodynamic control conditions, while kinetic control
could allow for a very small amount of the endo product,
albeit in the limits of the experimental detection threshold.
As shown by the bond stretch energy calculation, the C1�
O2 bond is relatively weak, a mechanism for the thermody-
namic control of the selectivity by reversible heterolytic dis-
sociation of this bond cannot be ruled out. However, the ex-
perimental observation that the isomerization of the cyclic
adducts to open-chain products is catalyzed by added water
suggests that the ring-opening process may not be such a
facile process under the reaction conditions.

Conclusion

Like other metal enolates, nickel enolates 1–3 react with
a,b-unsaturated ketones to give addition products. However,
their reactivity displays some interesting features which con-
trast with those observed in classic Michael reactions. Most
important is the observation of biciyclic products, which
later evolve into open-chain products. The structure of the
former adducts and the high stereoselectivity that character-
izes their formation strongly suggests that they are formed
in a [2+4] cycloadditon process. DFT calculations indicate
that such a process involves an early and nonsymmetric
transition state, with the C�C bond formation taking place
before the C and O atoms can actually interact, although
the result would be indistinguishable from that of a truly
concerted mechanism. Thus, the high degree of exo selectivi-
ty observed in the addition of 1 to MPK may be appropri-
ately explained by the steric interactions of the bulky Ni–
dippe fragment with the enone in such a transition state, but
thermodynamic control of the stereochemistry cannot be
fully excluded. In both experimental and calculated struc-
tures, the cyclic adducts display remarkably dissimilar C�O
bond lengths in the acetal functionality. This feature evinces
a weakening of the dihydropyrane C�O bond by the strong-
ly electron-donating alkoxy oxygen atom (O�Ni), and can
be related to the tendency displayed by these complexes to
undergo ring opening. Also in contrast with the usual Mi-
chael additions, the final products arise from a proton-trans-
fer process (that can be catalyzed by water) and not from
the migration of the metal center between oxygen atoms.
This results in the regeneration of the enolate functionality
in the final products. It is very likely that the ability of the
metal centre to jump between oxygen atoms is thwarted by
the rigid metallacyclic structure, and in this sense it can be
advanced that analogous [2+4] cycloadducts will be proba-
bly be observed in other conjugate addition reactions if the
migration of the metal center is prevented. In the absence

Figure 5. More stable conformations for the exo (a) and endo (b) transi-
tion states calculated for the reaction of the enolate 1 with MPK.
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of proton-transfer reactions, these cycloadducts may prove
fairly stable. As we have shown in this work, these may find
use in the synthesis of new organic molecules with a high
level of stereoselectivity, expanding the already broad scope
of applications of conjugated additions.

Experimental Section

All preparations and other operations were carried out under oxygen-
free nitrogen by conventional Schlenk techniques. Solvents were rigor-
ously dried and degassed before use. Microanalyses were performed by
the Microanalytical Service of the Instituto de Investigaciones QuAmicas
(Sevilla, Spain). Mass spectra of organic compounds (electronic impact)
were measured at the General Research Service Center (CITIUS) of the
University of Sevilla. IR spectra were recorded on a Bruker Vector 22
spectrometer, and NMR spectra on Bruker DRX 300, 400 and 500 MHz
spectrometers. The 1H and 13C{1H} NMR spectroscopic resonances of the
solvent were used as the internal standard, but the chemical shifts are re-
ported with respect to TMS, and 31P{1H} NMR spectroscopic shifts are
referenced to external 85% H3PO4. Where necessary, the spectral assig-
nations have been helped with 2D COSY, HETCOR, and NOESY spec-
tra. The nickel enolates 1–3 had been already prepared in our laborator-
y.[10b] The b.p. of petroleum ether was 40–60 8C.

ACHTUNGTRENNUNG[Ni ACHTUNGTRENNUNG(C6H4-o-C(C(H)(Me)CH2CH=C(Me)O)O ACHTUNGTRENNUNG(dippe)] (5): MVK (21 mL,
0.25 mmol) was added to a stirred suspension of complex 2 (117 mg,
0.25 mmol) in THF (5 mL) at �78 8C. The mixture was stirred for 1 h at
room temperature, after which time another half-equivalent (10.5 mL) of
MVK was added. After 1 h, the reaction was shown to be complete by
31P{1H} NMR spectroscopy. The solvent was removed to obtain an orange
oil which was washed twice with petroleum ether (20 mL). The complex
was extracted with Et2O (20 mL) and this solution was filtered. The
volume was reduced and cooled to �30 8C to provide 106 mg (81%) of
yellow needles. 1H NMR (C6D6, 20 8C): d=0.77 (dd, 3H, 3JH,P=11.7,
3JH,H=7.0 Hz; CH3), 0.79 (m, 2H; CH2), 0.82 (dd, 3H, 3JH,P=12.0, 3JH,H=

7.0 Hz; CH3), 0.93 (dd, 3H, 3JH,P=12.2, 3JH,H=7.1 Hz; CH3), 1.07 (m, 6H;
CH3), 1.12 (m, 2H; CH2), 1.14 (d, 3H, 3JH,H=6.3 Hz; CH3), 1.22 (dd, 3H,
3JH,P=17.0, 3JH,H=7.3 Hz; CH3), 1.38 (dd, 3H, 3JH,P=15.6, 3JH,H=7.2 Hz;
CH3), 1.46 (dd, 3H, 3JH,P=15.0, 3JH,H=7.1 Hz; CH3), 1.93 (m, 2H; CH),
1.98 (s, 3H; CH3), 2.00 (m, 1H; CH), 2.15 (m, 2H; CHH, CH), 2.49 (m,
1H; CHH), 2.57 (m, 1H; CH), 4.75 (d, 1H, 3JH,H=5.2 Hz; =CH), 7.18
(m, 2H; CHar), 7.29 (m, 1H; CHar), 7.35 ppm (m, 1H; CHar);
31P{1H} NMR (C6D6, 20 8C): AX spin system, dA=73.7, dX=76.7 ppm,
JA,X=23 Hz; 13C{1H} NMR (C6D6, 20 8C): d=16.1 (dd, 1JC,P=19, 2JC,P=
11 Hz; CH2), 17.8 (d, 2JC,P=6 Hz; CH3), 17.9 (d, 2JC,P=5 Hz; CH3), 18.4
(d, 2JC,P=3 Hz; CH3), 18.6 (s; CH3), 19.6 (d, 2JC,P=5 Hz; CH3), 20.8 (d,
2JC,P=6 Hz; CH3), 21.2 (d, 2JC,P=6 Hz; CH3), 21.3 (s; CH3), 22.6 (dd,
1JC,P=25, 2JC,P=24 Hz; CH2), 23.2 (d, 1JC,P=16 Hz; CH), 24.5 (d, 1JC,P=
18 Hz; CH), 25.1 (d, 1JC,P=21 Hz; 2WCH), 28.3 (s; CH2), 36.6 (s; CH),
93.8 (s; =CH), 117.3 (d, 3JC,P=13 Hz; O�C�O), 123.4 (s; CHar), 123.6 (s;
CHar), 125.0 (d, JC,P=7 Hz; CHar), 137.2 (m; CHar), 150.1 (s; =C�O),
159.0 (dd, 2JC,P=27, 89 Hz; Car�Ni), 165.7 ppm (s; Car�C�O); IR (Nujol):
ñ=1680 cm�1 (C=C); elemental analysis calcd for C27H46P2O2Ni: C 62.0,
H 8.9; found: C 61.8, H 8.9.

ACHTUNGTRENNUNG[Ni ACHTUNGTRENNUNG(C6H4)-o-C(C(Me)2CH2CH=C(Me)O)O ACHTUNGTRENNUNG(dippe)] (6): This compound
was prepared as yellow needles in 83% yield by following the same pro-
cedure as for 5. 1H NMR (C6D6, 20 8C): d=0.69 (m, 2H; CH2), 0.74 (dd,
3H, 3JH,P=11.0, 3JH,H=7.0 Hz; CH3), 0.84 (dd, 3H, 3JH,P=10.6, 3JH,H=

7.1 Hz; CH3), 0.88 (m, 2H; CH2), 0.92 (dd, 3H, 3JH,P=12.7, 3JH,H=7.0 Hz;
CH3), 1.08 (m, 6H; CH3), 1.24 (dd, 3H, 3JH,P=16.6 Hz, 3JH,H=7.1 Hz,
CH3), 1.33 (s, 3H; CH3), 1.33 (dd, 3H, 3JH,P=16.0, 3JH,H=7.5 Hz; CH3),
1.40 (dd, 3H, 3JH,P=14.0, 3JH,H=7.0 Hz; CH3), 1.52 (s, 3H; CH3), 1.68 (m,
1H; CH), 1.81 (m, 2H; CH, CHH), 1.97 (s, 3H; CH3), 2.06 (m, 1H; CH),
2.37 (m, 1H; CH), 2.74 (m, 1H; CHH), 4.70 (d, 1H; 3JH,H=3.5 Hz; =
CH), 7.13 (m, 2H; CarH), 7.26 (t, 1H, 3JH,H=6.6 Hz; CarH), 7.60 ppm (d,
1H, 3JH,H=7.1 Hz; CarH); 31P{1H} NMR (C6D6, 20 8C): AX spin system,
dA=72.7, dX=75.9 ppm, JA,X=21 Hz; 13C{1H} NMR (C6D6, 20 8C): d=

15.6 (dd, 1JC,P=19, 2JC,P=11 Hz; CH2), 16.9 (d, 2JC,P=6 Hz; CH3), 17.5 (d,
2JC,P=6 Hz; CH3), 17.7 (d, 2JC,P=2 Hz; CH3), 19.0 (s; CH3), 19.5 (d,
2JC,P=4 Hz; CH3), 20.2 (d, 2JC,P=6 Hz; CH3), 20.8 (d, 2JC,P=6 Hz; CH3),
21.0 (s; CH3), 21.5 (d, 2JC,P=6 Hz; CH3), 22.0 (d, 1JC,P=15 Hz; CH), 23.0
(dd, 1JC,P=26, 2JC,P=23 Hz; CH2), 24.1 (d, 1JC,P=19 Hz; CH), 25.2 (d,
1JC,P=18 Hz; CH), 25.5 (s; CH3), 26.0 (d, 1JC,P=22 Hz; CH), 27.2 (s;
CH3), 36.5 (s; C), 36.7 (s; CH2), 93.7 (s;=CH), 118.4 (d, 3JC,P=12 Hz; O�
C�O), 122.1 (s; CarH), 124.9 (d, JC,P=7 Hz; CarH), 125.6 (s; CarH), 137.0
(m; CarH), 148.9 (s; =C�O), 158.7 (dd, 2JC,P=90, 26 Hz; Car�Ni), 164.4 (s;
Car�C�O); IR (Nujol): ñ=1675 cm�1 (C=C); elemental analysis calcd
for C28H48P2O2Ni: C 62.6, H 9.0; found: C 62.2, H 8.8.

ACHTUNGTRENNUNG[Ni ACHTUNGTRENNUNG(C6H4-o-C(=CHCH2CH2C(O)Me)O) ACHTUNGTRENNUNG(dippe)] (10): Complex 1
(100 mg, 0.23 mmol) was dissolved in THF (20 mL) containing (4.1 mL,
0.23 mmol) of water. The mixture was cooled to �80 8C and MVK was
added (19 mL, 0.23 mmol). The solution was stirred at room temperature
for 6 h. 31P{1H} NMR monitoring of the reaction mixture showed that it
contained 10 as the major component, together with minor amounts of 1
and 11. The solvent was stripped off under vacuum and the yellow resi-
due was extracted with Et2O and filtered. Partial evaporation of the sol-
vent and cooling at �20 8C led to the isolation of a crystalline sample of
10, impurified by minor amounts of 1 (10%) and 14 (5%). Yield: 52%;
1H NMR (C6D6, 20 8C): d=0.73 (dd, 6H, 3JH,P=11.6, 3JH,H=7.0 Hz; CH3),
0.77 (m, 2H; CH2), 0.93 (dd, 6H, 3JH,P=12.9, 3JH,H=7.1 Hz; CH3), 1.04
(m, 2H; CH2), 1.11 (dd, 6H, 3JH,P=17.1, 3JH,H=7.3 Hz; CH3), 1.38 (dd,
6H, 3JH,P=15.5, 3JH,H=7.2 Hz; CH3), 1.86 (s, 3H; CH3), 1.98 (m, 2H;
CH), 2.12 (m, 2H; CH), 2.56 (t, 2H, 3JH,H=7.7 Hz; CH2), 2.98 (td, 2H,
3JH,H=7.7, 7.2 Hz; CH2�CH=), 5.11 (t, 1H, 3JH,H=7.2 Hz; =CH), 7.16 (m,
2H; CarH), 7.34 (t, 1H, 3JH,H=5.8 Hz; CarH), 7.69 ppm (d, 1H; 3JH,H=

5.3 Hz; CarH); 31P{1H} NMR (C6D6, 20 8C): AX spin system, dA=73.3,
dX=77.5 ppm, JA,X=22 Hz; 13C{1H} NMR (C6D6, 20 8C): d=16.1 (dd,
1JC,P=20, 2JC,P=10 Hz; CH2), 18.1 (d, 2JC,P=4 Hz; CH3), 18.2 (s; CH3),
19.3 (d, 2JC,P=4 Hz; CH3), 21.1 (d, 2JC,P=6 Hz; CH3), 21.7 (s; CH2), 22.4
(dd, 1JC,P=26, 2JC,P=23 Hz; CH2), 23.9 (d, 1JC,P=17 Hz; CH), 25.2 (d,
1JC,P=21 Hz; CH), 29.3 (s; CH3), 45.5 (s; CH2), 90.5 (s; =CH), 121.4 (s;
CarH), 123.3 (s; CarH), 124.3 (d, JC,P=7 Hz; CarH), 137.5 (m; CarH), 156.1
(s; Car�C�O), 158.2 (dd, 2JC,P=88, 26 Hz; Car�Ni), 169.9 (d, 3JC,P=15 Hz;
C�O), 208.9 ppm (s, C=O); IR (Nujol): ñ=1710 (C=O), 1610 cm�1 (C=
C).

ACHTUNGTRENNUNG[Ni ACHTUNGTRENNUNG(C6H4-o-C(CH ACHTUNGTRENNUNG(CH2CH2C(O)Me)CH2CH=C(Me)O)O ACHTUNGTRENNUNG(dippe)] (11):
MVK was added (96 mL, 1.15 mmol) to a cooled (�80 8C) solution of
complex 1 (100 mg, 0.23 mmol) in THF (30 mL). The mixture was stirred
at room temperature over 24 h, and then the solvent was evaporated
under vacuum. The resulting residue was washed with petroleum ether,
extracted with Et2O and filtered. After partial concentration of the solu-
tion, cooling to �20 8C furnished compound 11 as yellow crystals in 46%
yield. The product was usually found to be impurified with small amounts
of 12 (up to 5%), due to the unavoidable isomerization of 11 during the
workup operations. Yield: 46%; 1H NMR (C6D6, 20 8C): d=0.77 (dd, 3H,
3JH,P=11.5, 3JH,H=7.0 Hz; CH3), 0.80 (m, 2H; CH2), 0.90 (m, 6H; CH3),
1.06 (m, 6H; CH3), 1.12 (m, 2H; CH2), 1.25 (dd, 3H, 3JH,P=16.9, 3JH,H=

7.2 Hz; CH3), 1.41 (m, 6H; CH3), 1.58 (s, 3H; CH3�C=O), 1.77 (m, 2H;
CHH), 1.88 (m, 3H; 2CH, CHH), 1.95 (s, 3H; CH3), 2.01 (m, 1H; CH),
2.15 (m, 4H; 2CH, 2CHH), 2.34 (m, 1H; CHH), 4.71 (d, 1H, 3JH,H=

4.7 Hz; CH), 7.14 (s, 2H; CarH), 7.27 ppm (s, 2H; CarH); 31P{1H} NMR
(C6D6, 20 8C): AX spin system, dA=74.0, dX=76.8 ppm, JA,X=24 Hz;
13C{1H} NMR (C6D6, 20 8C): d=16.0 (dd, 1JC,P=19, 2JC,P=11 Hz; CH2),
17.6 (s; CH3), 17.8 (s; CH3), 18.4 (s; CH3), 18.5 (s; CH3), 18.9 (s; CH3),
19.7 (d, 2JC,P=5 Hz; CH3), 20.9 (d, 2JC,P=5 Hz; CH3), 21.2 (d, 2JC,P=6 Hz;
CH3), 21.3 (s; CH3), 22.8 (m; CH2, CH), 24.7 (d, 1JC,P=19 Hz; CH), 24.9
(d, 1JC,P=21 Hz; CH), 25.3 (d, 1JC,P=21 Hz; CH), 25.9 (s; CH2CO), 27.1
(s; CH2�CH2CO), 28.7 (s; CH3�C=O), 41.3 (s; CH-ring), 42.2 (s; CH2-
ring), 93.4 (s; =CH), 116.9 (d, 3JC,P=12 Hz; O�C�O), 123.3 (s; CarH),
123.7 (s; CarH), 125.2 (d, JC,P=6 Hz; CarH), 137.4 (s; CarH), 158.8 (dd,
2JC,P=89, 27 Hz; Car�Ni), 150.0 (s; O�C=), 165.7 (s; Car�C�O),
207.2 ppm (s; C=O); IR (Nujol): ñ=1710 (C=O), 1670 cm�1

ACHTUNGTRENNUNG(C=C); ele-
mental analysis calcd for C30H50P2O3Ni: C 62.2, H 8.7; found: C 61.7, H
8.5.
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ACHTUNGTRENNUNG[Ni ACHTUNGTRENNUNG(C6H4-o-C(=C ACHTUNGTRENNUNG(CH2CH2C(O)Me)2O) ACHTUNGTRENNUNG(dippe)] (12): This compound
was prepared according to the procedure described for 11, but in this
case the mixture was stirred at room temperature over 48 h. After this
time, the solvent was removed, leaving an orange oil which was washed
twice with petroleum ether. Extraction with Et2O, filtration and concen-
tration of the filtrate and cooling to �20 8C for several hours provided
yellow crystals of the complex. Yield: 58%; 1H NMR (C6D6, 20 8C): d=
0.74 (dd, 6H, 3JH,P=11.7, 3JH,H=7.0 Hz; CH3), 0.81 (m, 2H; CH2), 0.96
(dd, 6H, 3JH,P=12.6, 3JH,H=7.0 Hz; CH3), 1.03 (m, 2H; CH2), 1.12 (dd,
6H, 3JH,P=16.5, 3JH,H=7.6 Hz; CH3), 1.40 (dd, 6H, 3JH,P=15.8, 3JH,H=

7.1 Hz; CH3), 1.69 (s, 3H; CH3CO), 1.90 (s, 3H; CH3CO), 1.95 (m, 2H;
CH), 2.20 (m, 2H; CH), 2.54 (t, 2H, 3JH,H=7.8 Hz; CH2�C=), 2.67 (t,
2H, 3JH,H=8.1 Hz; CH2�C=), 2.90 (t, 2H, 3JH,H=8.1 Hz; CH2CO), 3.00 (t,
2H, 3JH,H=7.8 Hz; CH2CO), 7.11 (t, 1H, 3JH,H=7.5 Hz; CarH), 7.21 (t,
1H, 3JH,H=7.5 Hz; CarH), 7.38 (t, 1H, 3JH,H� 3JH,P=6.8 Hz; CarH),
7.79 ppm (d, 1H,3JH,H=7.2 Hz; CarH); 31P{1H} NMR (C6D6, 20 8C): AX
spin system, dA=72.2, dX=75.5 ppm, JA,X=19 Hz; 13C{1H} NMR (C6D6,
20 8C): d=15.6 (m; CH2), 18.1 (d, 2JC,P=4 Hz; CH3), 18.2 (s; CH3), 19.5
(d, 2JC,P=5 Hz; CH3), 21.7 (d, 2JC,P=6 Hz; CH3), 22.6 (dd, 1JC,P=26,
2JC,P=22 Hz; CH2), 23.8 (d, 1JC,P=17 Hz; CH), 25.2 (d, 1JC,P=21 Hz;
CH), 26.6 (s; CH2CO), 28.7 (s; CH2CO), 29.2 (s; CH3CO), 43.6 (s;
CH2C=), 43.7 (s, CH2C=), 104.5 (s; =C), 123.2 (s; CarH), 123.6 (s; CarH),
128.0 (s; CarH), 138.1 (s; CarH), 155.0 (d, 3JC,P=2 Hz; Car�C�O), 160.4
(dd, 2JC,P=87, 25 Hz; Car�Ni), 164.9 (s; C�O), 207.3 (s; C=O), 208.5 ppm
(s; C=O); IR (Nujol) ñ1705 (C=O), 1595 cm�1 (C=C); elemental analysis
calcd for C30H50P2O3Ni: C 62.2, H 8.7; found: C 61.7, H 8.5.

Synthesis of the bicyclic lactones C(O) ACHTUNGTRENNUNG(C6H4-o-C(C(R1)(R2)CH2CH=

C(Me)O)O (R1, R2=H, Me, 7; Me, Me, 8, and H, CH2CH2COMe, 15):
These compounds were prepared by carbonylation of their corresponding
organometallic precursors, as exemplified below for 7. A stream of CO
was bubbled for 5 min through a solution of compound 5 (100 mg,
0.17 mmol) in THF at room temperature. The resulting pale-yellow solu-
tion was evaporated to dryness and the oily residue was extracted with
petroleum ether (30 mL) and filtered. The solution contains the organic
product together with [Ni(CO)2 ACHTUNGTRENNUNG(dippe)], which were separated by spin-
ning-band chromatography on a silica rotor, using a petroleum ether/di-
ethyl ether 4:1 mixture.

Compound 7: Yield, 59%. 1H NMR (C6D6, 20 8C): d=0.41 (d, 3H,
3JH,H=6.0 Hz; CH3), 1.61 (d, 3H, 4JH,H=0.8 Hz; CH3), 1.81 (m, 1H;
CHH), 2.06 (m, 2H; CHH, CH), 4.58 (d, 1H, 3JH,H=5.0 Hz; =CH), 6.90
(t, 1H, 3JH,H=6.8 Hz; CHar), 7.04 (m, 2H; CHar), 7.60 ppm (d, 1H, 3JH,H=

7.6 Hz; CHar);
13C{1H} NMR (C6D6, 20 8C): d=15.2 (s; CH3), 19.2 (s;

CH3), 26.0 (s; CH2), 32.7 (s; CH), 97.4 (s; =CH), 106.5 (s; O�C�O),
121.8 (s; CHar), 125.1 (s; CHar), 127.7 (s; Car�C=O), 130.2 (s; CHar), 133.8
(s; CHar), 147.2 (s; Car�C�O), 148.4 (s; =C�O), 167.6 ppm (s; C=O);
HREIMS: m/z : calcd for C14H14O3: 230.0943; found: 230.0940; IR
(Nujol): ñ=1775, 1685 cm�1.

Compound 8 : Prepared from 6 and purified by using a 1:1 mixture of pe-
troleum ether/diethyl ether as eluant. Yield: 62%; 1H NMR (C6D6,
20 8C): d=0.57 (s, 3H; CH3), 1.00 (s, 3H; CH3), 1.49 (dd, 1H, 3JH,H=16.7,
3JH,H=5.4 Hz; CHH), 1.59 (s, 3H; CH3), 2.34 (d, 1H, 2JH,H=16.0 Hz;
CHH), 4.53 (m, 1H;=CH), 6.89 (t, 1H, 3JH,H=7.5 Hz; CarH), 7.00 (t, 1H,
3JH,H=7.5 Hz; CarH), 7.13 (d, 1H, 3JH,H=7.7 Hz; CarH), 7.62 ppm (d, 1H,
3JH,H=7.6 Hz; CarH); 13C{1H} NMR (C6D6, 20 8C): d=18.9 (s; CH3), 22.6
(s; CH3), 23.2 (s; CH3), 33.9 (s; CH2), 34.2 (s; C�ACHTUNGTRENNUNG(CH3)2), 96.9 (s; =CH),
108.7 (s; O�C�O), 123.7 (s; CarH), 125.2 (s; CarH), 128.3 (s; Car�C=O),
130.1 (s; CarH), 133.2 (s; CarH), 146.2 (s; Car�C�O), 147.5 (s; =C�O),
167.4 ppm (s; C=O); IR (Nujol): ñ=1780 (O�C=O), 1700 cm�1 (C=C);
HREIMS: m/z : calcd for C15H16O3: 244.1099; found: 244.1101.

Compound 15 : Prepared from 11 and purified by crystallization from
CH2Cl2. Yield: 32%. 1H NMR (C6D6, 20 8C): d=1.19 (m, 2H; CHH),
1.79 (m, 3H; CH3�C=O), 2.01 (s, 3H; CH3), 2.06 (m, 1H; CHH), 2.26
(m, 2H; CHH), 2.36 (m, 2H; CHH, CH), 4.85 (d, 1H, 3JH,H=5.5 Hz; =
CH), 7.59 (d, 1H, 3JH,H=7.6 Hz; CarH), 7.66 (t, 1H, 3JH,H=7.5 Hz; CarH),
7.79 (t, 1H, 3JH,H=7.5 Hz; CarH), 7.90 ppm (d, 1H, 3JH,H=7.6 Hz; CarH);
13C{1H} NMR (C6D6, 20 8C): d=19.5 (s; CH3�C=O), 23.7 (s; CH2), 23.8
(s; CH2), 29.9 (s; CH3), 36.9 (s; CH), 40.3 (s; CH2), 97.2 (s; =CH), 107.1
(s; O�C�O), 122.8 (s; CarH), 125.7 (s; CarH), 127.3 (s; Car�C=O), 131.2

(s; CarH), 135.1 (s; CarH), 147.4 (s; Car�C�O), 148.8 (s; =C�O), 168.5 (s;
C=O), 207.6 ppm (s; CH3�C=O); IR (Nujol): ñ=1770, 1715, 1700 cm�1

(C=O); HREIMS: m/z : calcd for C15H16O3: 286.1205; found: 286.1203.

Preparation of the bicyclic lactone C(O) ACHTUNGTRENNUNG(C6H4-o-C(CH2CH2CH=

C(Me)O)O (13): MVK (95 mL, 1.15 mmol) was added to a solution of
complex 1 (100 mg, 0.23 mmol) in THF (25 mL) at �78 8C. The mixture
was stirred for 20 min at room temperature, after which time the major
product was complex 9, together with smaller amounts of the starting ma-
terial and of complex 10. At this moment CO was bubbled for 5 min, the
solvent was evaporated under vacuum and the resulting residue was ex-
tracted with Et2O (30 mL) and filtered. This solution contains a mixture
of the compounds 13, C(O)C6H4-o-C ACHTUNGTRENNUNG(=CH")O,[10b] 14, and [Ni(CO)2-
ACHTUNGTRENNUNG(dippe)], which were separated by spinning-band chromatography, using
as eluent a 4:1 mixture of petroleum ether/Et2O. Yield: 40%; 1H NMR
(C6D6, 20 8C): d=1.43 (m, 1H; CHH), 1.60 (m, 3H; CH3), 1.73 (m, 2H;
CHH), 2.28 (m, 1H; CHH), 4.54 (d, 1H, 3JH,H=4.8 Hz; =CH), 6.85 (m,
2H; CarH), 6.97 (d, 1H, 3JH,H=3.8 Hz; CarH), 7.61 ppm (d, 1H, 3JH,H=

7.6 Hz; CarH); 13C{1H} NMR (C6D6, 20 8C): d=17.5 (s; CH2), 19.4 (s;
CH3), 29.0 (s; CH2), 96.9 (s; =CH), 103.6 (s; O�C�O), 121.9 (s; CarH),
125.3 (s; CarH), 128.2 (s; Car�C=O), 130.2 (s; CarH), 133.6 (s; CarH), 148.4
(s; Car�C�O), 148.8 (s;=C�O), 167.1 ppm (s; C=O); IR (Nujol): ñ=1775
(O�C=O), 1685 cm�1 (C=C); HREIMS: m/z : ca1cd for C13H12O3:
216.0786; found: 216.0786.

Synthesis of the lactones C(O) ACHTUNGTRENNUNG(C6H4-o-C(=C(R1)(R2))O (R1, R2=H,
CH2CH2COMe, 14 and R1=R2=CH2CH2COMe, 16): The synthesis of
these compounds was carried out by reaction of the corresponding organ-
ometallic complexes as described for 7.

Compound 14 : Prepared from 10, and purified by using a 1:1 mixture of
petroleum ether and diethyl ether. The product is the last to elute, after
the nickel carbonyl and the lactones 13 and 15. Yield: 55%; 1H NMR
(C6D6, 20 8C): d=1.57 (s, 3H; CH3), 1.99 (t, 2H, 3JH,H=6.8 Hz; CH2),
2.50 (q, 2H, 3JH,H=7.1 Hz; CH2), 5.33 (t, 1H, 3JH,H=7.8 Hz; =CH), 6.77
(t, 1H, 3JH,H=7.4 Hz; CarH), 6.85 (d, 1H, 3JH,H=7.8 Hz; CarH), 6.90 (t,
1H, 3JH,H=7.6 Hz; CarH), 7.55 ppm (d, 1H, 3JH,H=7.7 Hz; CarH);
13C{1H} NMR (C6D6, 20 8C): d=20.0 (s; CH2), 28.8 (s; CH3), 41.9 (s;
CH2), 106.8 (s; =CH), 119.3 (s; CarH), 124.6 (s; Car�C=O), 124.9 (s;
CarH), 129.0 (s; CarH), 133.4 (s; CarH), 139.2 (s; Car�C�O), 146.0 (s; C�
O), 165.9 (s; O�C=O), 205.1 ppm (s; CH3�C=O); IR (Nujol): ñ=1775
(O�C=O), ñ=1710 (C=O), 1605 cm�1 (C=C); HREIMS: m/z calcd for
C13H12O3: 216.0786; found: 216.0782.

Compound 16 : Prepared from 12 and purified by using Et2O as eluant.
1H NMR (C6D6, 20 8C): d=1.60 (s, 3H; CH3), 1.62 (s, 3H; CH3), 2.02 (t,
2H, 3JH,H=8.0 Hz; CH2), 2.16 (t, 2H, 3JH,H=7.6 Hz; CH2), 2.53 (t, 4H,
3JH,H=7.7 Hz; CH2), 6.79 (t, 1H, 3JH,H=7.5 Hz; CarH), 6.99 (t, 1H, 3JH,H=

7.7 Hz; CarH), 7.48 (d, 1H, 3JH,H=8.0 Hz; CarH), 7.68 ppm (d, 1H, 3JH,H=

7.7 Hz; CarH); 13C{1H} NMR (C6D6, 20 8C): d=24.7 (s; CH2), 26.3 (s;
CH2), 29.4 (s; CH3), 29.6 (s; CH3), 41.3 (s; CH2), 41.8 (s; CH2), 122.9 (s;
CarH), 125.1 (s; =C), 125.8 (s; CarH), 126.2 (s; Car�C=O), 129.0 (s; CarH),
134.4 (s; CarH), 138.4 (s; Car�C�O), 142.8 (s; =C�O), 166.1 (s; O�C=O),
205.7 (s; CH3�C=O), 205.9 ppm (s; CH3�C=O); IR (Nujol): ñ=1765 (O�
C=O), 1705 (C=O), 1610 cm�1 (C=C); HREIMS: m/z : calcd for
C17H18O4: 286.1205; found: 286.1200.

Hydrate complexes C(O) ACHTUNGTRENNUNG(C6H4-o-C(C(R1)(R2)CH2CH2C(OH)(Me)O)O
(R1=R2=Me, 17; R1=H, R2=CH2CH2COMe, 18):

Compound 17: Water (73 mL, 3.5 mmol) was added to a solution of com-
plex 6 (380 mg, 0.70 mmol) in THF (3.5 mL), and the resulting mixture
was stirred for 5.5 h at 40 8C. After this time, the solvent was evaporated
under reduced pressure and the resulting solid was washed with 20 mL of
petroleum ether, extracted with 30 mL of toluene, and filtered. Concen-
tration of the solution, addition of some Et2O, and cooling to �30 8C pro-
vided yellow crystals. Yield: 46%; 1H NMR (C6D6, 20 8C) d=0.69 (m,
6H; CH3), 0.80 (dd, 3H, 3JH,P=12.1, 3JH,H=7.0 Hz; CH3), 0.87 (m, 2H;
CH2), 0.95 (dd, 3H, 3JH,P=13.5, 3JH,H=7.0 Hz; CH3), 1.06 (dd, 3H, 3JH,P=

17.7, 3JH,H=7.4 Hz; CH3), 1.18 (m, 2H; CH2), 1.22 (dd, 3H, 3JH,P=17.3,
3JH,H=7.2 Hz; CH3), 1.40 (m, 7H; CHH, 2WCH3), 1.42 (s, 6H; CH3), 1.78
(s, 3H; CH3), 1.87 (m, 1H; CH), 1.95 (m, 1H; CH), 2.07 (m, 2H; CHH,
CH), 2.19 (m, 1H; CH), 2.30 (td, 1H, 2JH,H=13.4, 3JH,H=4.5 Hz; CHH),
2.96 (td, 1H, 2JH,H=13.2, 3JH,H=4.2 Hz; CHH), 7.14 (m, 3H; CarH), 7.51
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(m, 1H; CarH), 8.74 ppm (s, 1H; OH); 31P{1H} NMR (C6D6, 20 8C): AX
spin system, dA=67.0, dX=75.7 ppm, JA,X=19 Hz; 13C{1H} NMR (C6D6,
20 8C): d=16.7 (dd, 1JC,P=21, 2JC,P=10 Hz; CH2), 17.9 (d, 2JC,P=5 Hz;
CH3), 18.3 (d, 2JC,P=6 Hz; CH3), 18.6 (d, 2JC,P=4 Hz; CH3), 19.5 (s;
CH3), 19.7 (d, 2JC,P=4 Hz; CH3), 21.0 (d, 2JC,P=7 Hz; CH3), 21.4 (m;
CH3, CH2), 22.7 (d, 2JC,P=7 Hz; CH3), 23.9 (d, 1JC,P=16 Hz; CH), 24.8 (d,
1JC,P=19 Hz; CH), 25.3 (s; CH3), 25.3 (d, 1JC,P=14 Hz; CH), 26.5 (d,
1JC,P=24 Hz; CH), 29.0 (s; CH3), 31.4 (s; CH3), 32.5 (s; CH2), 35.5 (s;
CH2), 37.7 (s; C), 99.0 (s; C�OH), 119.2 (d, 3JC,P=13 Hz; O�C�O), 122.1
(s; CarH), 125.5 (s; CarH), 127.1 (s; CarH), 136.4 (dd, JC,P=4, 8 Hz; CarH),
156.0 (dd, 2JC,P=86, 29 Hz; Car�Ni), 163.9 ppm (s; Car�C�O); IR (Nujol):
ñ=3200 cm�1 (OH); elemental analysis calcd for C28H50P2O3Ni: C 60.6,
H 9.1; found: C 60.6, H 9.1.

Compound 18 : This complex was formed when the bycyclic complex 18
was treated with water at room temperature in THF. It was characterized
in solution, but it proved too unstable for isolation. 1H NMR (C6D6,
20 8C): d=0.74 (m, 8H; CH2, CH3), 0.92 (m, 3H; CH3), 1.07 (m, 8H;
CH2, CH3), 1.32 (dd, 3H, 3JH,P=17.6, 3JH,H=7.0 Hz; CH3), 1.44 (dd, 3H,
3JH,P=14.4, 3JH,H=7.0 Hz; CH3), 1.51 (dd, 3H, 3JH,P=17.3, 3JH,H=7.0 Hz;
CH3), 1.56 (s, 3H; CH3), 1.74 (s, 3H; CH3�C=O), 1.80 (m, 1H; CH), 1.87
(m, 2H; CHH), 2.04 (m, 5H; CHH, CH), 2.17 (m, 2H; CHH), 2.30 (m,
1H; CH), 2.43 (m, 2H; CHH, CH), 7.18 (m, 2H; CarH), 7.35 (m, 2H;
CarH), 8.59 ppm (s, 1H; OH); 31P{1H} NMR (C6D6, 20 8C): AX spin
system, dA=68.5, dX=77.3 ppm, JA,X=22 Hz; 13C{1H} NMR (C6D6,
20 8C): d=16.3 (dd, 1JC,P=21, 2JC,P=10 Hz; CH2), 17.1 (d, 2JC,P=6 Hz;
CH3), 18.0 (d, 2JC,P=6 Hz; CH3), 18.2 (d, 2JC,P=5 Hz; CH3), 19.0 (d,
2JC,P=3 Hz; CH3), 19.3 (s; CH3), 20.7 (d, 2JC,P=7 Hz; CH3), 21.1 (t, JC,P=
23 Hz; CH2), 21.6 (d, 2JC,P=6 Hz; CH3), 22.0 (d, 2JC,P=6 Hz; CH3), 22.9
(s; CH2), 23.1 (d, 1JC,P=16 Hz; CH), 25.0 (d, 1JC,P=23 Hz; CH), 25.2 (d,
1JC,P=16 Hz; CH), 25.8 (d, 1JC,P=23 Hz; CH), 26.8 (s; CH2), 28.9 (s;
CH3�C=O), 30.8 (s; CH3), 38.8 (s; CH2), 42.0 (s; CH2), 45.5 (s; CH), 98.3
(s; C�OH), 117.7 (d, 3JC,P=13 Hz; O�C�O), 123.7 (s; CarH), 124.3 (s;
CarH), 125.4 (d, JC,P=6 Hz; CarH), 136.4 (m; CarH), 155.7 (dd, 2JC,P=86,
30 Hz; Car�Ni), 165.7 (s; Car�C�O), 207.0 (s; C=O).

ACHTUNGTRENNUNG[Ni ACHTUNGTRENNUNG(C6H4-o-C ACHTUNGTRENNUNG(=CHCH ACHTUNGTRENNUNG(CH3)CH2C(O)CH3)O) ACHTUNGTRENNUNG(dippe)] (19): MPK
(98 mL, 1 mmol) of was added to a solution of complex 1 (100 mg,
0.2 mmol) in THF (5 mL) at �78 8C. The reaction mixture was stirred for
24 h at room temperature, after which time the solvent was evaporated
under reduced pressure and the residue was extracted with of Et2O
(20 mL). Concentration of the solution and cooling to �30 8C provided
75 mg (72%) of yellow crystals. 1H NMR (C6D6, 20 8C): d=0.73 (m, 6H;
CH3), 0.77 (m, 2H; CH2), 0.93 (m, 6H; CH3), 1.06 (m, 2H; CH2), 1.10
(m, 6H; CH3), 1.35 (d, 3H, 2JH,H=7 Hz; CH3�CH), 1.38 (m, 6H; CH3),
1.95 (m, 2H; CH), 1.97 (s, 3H; CH3�C=O), 2.06 (m, 1H; CH), 2.24 (m,
1H; CH), 2.43 (dd, 1H, 2JH,H=14.6, 3JH,H=7.9 Hz; CHH), 2.73 (dd, 1H,
2JH,H=14.6, 3JH,H=6.3 Hz; CHH), 3.87 (m, 1H; CH3�CH), 4.92 (d, 1H,
3JH,H=8.1 Hz; =CH), 7.16 (m, 2H; CHar), 7.33 (m, 1H; CHar), 7.65 ppm
(m, 1H; CHar);

31P{1H} NMR (C6D6, 20 8C): AX spin system, dA=73.7,
dX=77.4 ppm, JA,X=22 Hz; 13C{1H} NMR (C6D6, 20 8C): d=16.5 (dd,
1JC,P=20, 2JC,P=10 Hz; CH2), 18.4 (s; CH3), 18.4 (d, 2JC,P=5 Hz; CH3),
18.7 (d, 2JC,P=4 Hz; CH3), 18.9 (s; CH3), 19.5 (d, 2JC,P=4 Hz; CH3), 20.0
(d, 2JC,P=5 Hz; CH3), 21.5 (d, 2JC,P=5 Hz; CH3), 21.6 (d, 2JC,P=5 Hz;
CH3), 22.9 (s, CH3�CH), 23.0 (dd, 1JC,P=26, 2JC,P=23 Hz; CH2), 24.0 (d,
1JC,P=17 Hz; CH), 24.7 (d, 1JC,P=17 Hz; CH), 25.6 (d, 1JC,P=22 Hz; CH),
25.8 (d, 1JC,P=22 Hz; CH), 28.1 (s; CH3�CH), 30.5 (s; CH3�C=O), 53.2
(s; CH2), 98.2 (s; =CH), 121.8 (s; CHar), 123.6 (s; CHar), 124.7 (d, JC,P=
7 Hz; CHar), 138.1 (m; CHar), 156.6 (s; Car�C�O), 158.9 (dd, 2JC,P=27,
87 Hz; Car�Ni), 208.4 (s; C=O); IR (Nujol): ñ=1710 (C=O), 1605 cm�1

(C=C); elemental analysis calcd for C27H46P2O2Ni: C 62.0, H 8.9; found:
C 61.6, H 8.9.

Synthesis of the bicyclic lactone C(O) ACHTUNGTRENNUNG(C6H4-p-C ACHTUNGTRENNUNG(CH2CH ACHTUNGTRENNUNG(CH3)CH=C-
ACHTUNGTRENNUNG(CH3)O)O (21): A mixture of complex 1 (100 mg, 0.2 mmol) and MPK
was stirred for 45 min at room temperature. 31P{1H} NMR showed that 5
was the major species. Through this solution, a stream of CO was bub-
bled for 5 min at room temperature and the solvent was removed under
vacuum. The residue was extracted with 30 mL of petroleum ether, the
resulting solution was taken to dryness and the residue underwent spin-
ning-band chromatography. Elution with 3:2 petroleum ether/Et2O gave

compound 7 (24 mg, 53%) as a white solid. 1H NMR (C6D6, 20 8C): d=
0.81 (d, 3H, 3JH,H=7.0 Hz; CH3�CH), 1.39 (dd, 1H, 2JH,H=13.4, 3JH,H=

6.0 Hz; CHsH), 1.46 (dd, 1H, 2JH,H=13.2, 3JH,H=12.0 Hz; CHHa), 1.61
(m, 3H; CH3�C=), 2.57 (m, 1H; CHm), 4.45 (m, 1H; =CH), 6.86 (t, 1H,
3JH,H=7.3 Hz; CHar), 6.98 (m, 2H; CHar), 7.63 ppm (d, 1H, 3JH,H=7.3 Hz;
CHar);

13C{1H} NMR (C6D6, 20 8C): d=19.2 (s; CH3�C=), 20.5 (s; CH3�
CH), 23.6 (s; CHm), 37.8 (s; CHsHa), 104.0 (s; =CH), 104.2 (s; O�C�O),
121.9 (s; CHar), 125.2 (s; CHar), 127.0 (s; Car�C=O), 130.3 (s; CHar), 133.6
(s; CHar), 147.9 (s; Car�C�O), 148.3 (s; =C�O), 167.2 ppm (s; O�C=O);
IR (Nujol): ñ=1775 (C=O), 1685 cm�1 (C=C); HREIMS: m/z : calcd for
C14H14O3: 230.0943; found: 230.0940.

Synthesis of the lactone C(O) ACHTUNGTRENNUNG(C6H4-o-C ACHTUNGTRENNUNG(=CH(CHMeCH2COMe))O
(22): This compound was prepared in 53% yield from complex 19 follow-
ing the same procedure described for 7, and purified by spinning-band
chromatography using a 2:3 mixture of petroleum ether and Et2O as
eluent. 1H NMR (C6D6, 20 8C): d=1.00 (d, 3H; 3JH,H=6.9 Hz; CH3), 1.65
(s, 3H; CH3�C=O), 2.04 (dd, 1H, 2JH,H=16.3, 3JH,H=6.6 Hz; CHH), 2.16
(dd, 1H, 2JH,H=16.3, 3JHH=6.8 Hz; CHH), 3.27 (m, 1H; CH), 5.23 (d,
1H, 3JH,H=9.2 Hz; =CH), 6.78 (t, 1H, 3JH,H=7.1 Hz; CarH), 6.91 (m, 2H;
CarH), 7.54 ppm (d, 1H, 3JH,H=7.7 Hz; CarH); 13C{1H} NMR (C6D6,
20 8C): d=20.0 (s; CH3), 27.3 (s; CH), 29.1 (s; CH3�C=O), 49.6 (s; CH2),
112.1 (s;=CH), 119.4 (s; CarH), 124.5 (s; Car�C=O), 125.0 (s; CarH), 129.1
(s; CarH), 133.5 (s; CarH), 139.3 (s; Car�C�O), 144.8 (s; =C�O), 165.9 (s;
O�C=O), 205.0 ppm (s; CH3�C=O); IR (Nujol): ñ=1610 (C=C), 1780
(O�C=O), 1715 cm�1 (C=O); HREIMS: m/z : calcd for C14H14O3:
230.0943; found: 230.0941.

Computational details : All calculations were performed by using the
package Spartan Pro.[18] Initial guess of the molecular geometry was ob-
tained with the semiempirical PM3 method, and the resulting structures
were fully optimized without restrictions by DFT methods, using the
BP86 functional and the numerical basis set DN*, which includes d-type
polarization functions for all non-hydrogen atoms. The gradient correc-
tion was included in a perturbative manner only after convergence on a
local potential was achieved (pBP method). The geometry of the minima
and saddle-points of the potential surface were checked with frequency
calculations. For the calculation of the geometry of “real” molecules con-
taining iso-propyl substituents, a guess model of the molecular geometry
was built starting from the results of a previous calculation on the simpli-
fied molecules, and those underwent molecular mechanics conformation-
al analysis (MMFF, Merck Molecular Force Field), while maintaining
fixed positions of the core atoms. The geometry of the five more stable
conformers underwent full optimization without restraints by using the
DFT method, and the lower computed energies were used in the thermo-
chemical and activation barrier calculations.

Crystal structure of 15 : A summary of the conditions for data collection
is given in Table 3. A pale-yellow crystal of prismatic shape was coated
with an epoxy resin and mounted on a Siemens Smart CCD diffractome-
ter equipped with a normal focus, 2.4 kW sealed tube X-ray source
(MoKa radiation, l=0.71073 N) operating a 50 kV and 10 mA. Data were
collected over a quadrant of reciprocal space by a combination of three
sets of exposures. Each set had a different f angle for the crystal and
each exposure of 20 s; covered 0.38 in w. The crystal to detector distance
was 4.51 cm. Coverage of the unique set was over 99% complete to at
least 238 in q. Unit cell dimensions were determined by a least-squares fit
of 40 reflections with I>20s(I) and 68<2q<648. The first 30 frames of
data were recollected at the end of the data polarization effects. The
structure was solved by direct methods and refined in the orthorrombic
space group P212121. Full-matrix least-square refinement with anisotropic
thermal parameters for carbon and oxygen atoms and isotropic for hy-
drogen atoms was carried out by using SHELXTL minimizing
w(F 2

o�F 2
c)

2. Because oxygen atoms are the heavier atoms in the structure
and the data was collected by using MoKa radiation, the absolute struc-
ture could not be determined. Final difference synthesis showed no sig-
nificant electron density.

All calculations were performed by using:[19] SMART software for data
collection; SAINT for data reduction and SHELXTL to solve and refine
the structure and prepare material for publication. CCDC-620100 con-
tains the supplementary crystallographic data for this paper. These data
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can be obtained free of charge from the Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Table 3. Crystal data and structure refinement for 15.

Empirical formula C17H18O4

FW 286.31
T [K] 143(2)
l [N] 0.71073
Crystal system orthorombic
Space group P212121
Unit cell dimensions
a [N] 7.9188(11)
b [N] 9.801(2)
c [N] 19.158(3)
V [N3], Z 1487.0, 4
1calcd [gcm

�3] 1.279
Absorption coefficient [mm�1] 0.091
F(000) 608
Crystal size [mm] 0.35W0.24W0.20
V range for data collection [8] 2.78 to 32.31
Limiting indices �11 h=11, �14=k=3, �17 L=27
Reflns collected 7520
Independent reflns 3965 (Rint=0.0394)
Refinement method full-matrix least-squares on F 2

Data/restraints/parameters 3965/0/262
Gof on F2 1.020
Final R indices [I>2s(I)] R1=0.0394, wR2=0.0956
R indices (all data) R1=0.0440, wR2=0.0988
Absolute structure parameter 0.5(8)
Largest diff. peak and hole [eN�3] 0.194 and �0.218
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