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ABSTRACT: In this study we analyze a series of intramolecular
[2þ2þ2] cycloadditions of enediynes catalyzed by the Wilkinson’s complex with the B3LYP method. We are interested in
the changes observed in the rate-determining oxidative coupling
step of acyclic and cyclic enediynes as a function of the type of
enediyne tether and the substituents present in the alkyne
moieties in the case of acyclic systems. Our results show that
the oxidative coupling step occurs between the two alkyne groups when the active catalyst is the RhClPH3 species, irrespective of the
tether, the substituents of the alkyne groups, and the cyclic or acyclic nature of the enediynes. The same alkynealkyne coupling is
favored in the cycloaddition of cyclic enediynes catalyzed by RhCl(PH3)2 as the active catalyst. With this catalyst, however, the
preferred coupling in acyclic enediynes depends on the nature of the tether and substituents. Carbon-, oxygen-, and nitrogentethered enediynes with terminal alkynes favor the alkynealkyne oxidative coupling, whereas when the alkynes have an alkyl
substituent, the enyne coupling is favored.

’ INTRODUCTION
Cycloaddition reactions play an important role in the organic
synthesis of polycyclic compounds. Among them, the [2þ2þ2]
cycloaddition reaction of triynes catalyzed by transition metals
represents an attractive and elegant synthetic method to provide
highly substituted benzene derivatives. The intermolecular and
intramolecular versions of this reaction have been thoroughly
analyzed using theoretical1 and experimental tools,2,3 as well as
by combining the two approaches.4 This [2þ2þ2] cycloaddition
reaction can also occur intramolecularly in cyclic and acyclic
enediynes to yield substituted cyclohexadienes. Interestingly, this
cycloaddition can take place enantioselectively to form enantioenriched cyclohexadienes with two chiral carbon centers when
a chiral catalyst is used.5 In 2007, Tanaka studied for the ﬁrst time
the enantioselective intramolecular cycloaddition of enediynes to
form cyclohexadiene compounds using diﬀerent Rh-chiral
complexes.5a Shortly after, Shibata et al. reported enantioselective intramolecular [2þ2þ2] cycloadditions of various enediynes with an (E)-oleﬁnic moiety using the Rh-(S)-H8-BINAP
catalyst.5b Over the past few years, we have developed enantioselective rhodium(I)-catalyzed [2þ2þ2] cycloaddition processes of enediynes6 and azamacrocyclic enediynes.6,7
The oxidative coupling step of enediynes, which is usually the
rate-determining step in cycloaddition processes,1,4 can take
place following two possible reaction pathways, as indicated in
Scheme 1. One is through the oxidative coupling of the enyne
moiety, aﬀording metallacyclopentene C (A to C), and the other
through the oxidative coupling of the two alkyne moieties,
r 2011 American Chemical Society

aﬀording metallacyclopentadiene D (B to D). The existence of
these two paths gives Shibata et al.5b a possible explanation for
the diﬀerence of enantiomeric excess (ee) observed depending
on the tether when a rhodium-chiral complex was used in the
cycloaddition process. If the selectivity were induced during the
oxidative coupling step (A to C, via initial enyne coupling), which
has a relatively high barrier, it would be greater, as the energy
diﬀerence between the transition states (TSs) leading to the two
diﬀerent diastereoisomers can be relatively large, resulting in a
signiﬁcant ee. In contrast, if the selectivity is induced after the
rate-determining step (D to 2, via initial alkynealkyne
coupling), the ee is small, as all further steps after oxidative
coupling involve low barriers,1,4 and the diﬀerence in TS energies
leading to the two diﬀerent enantiomers will therefore be smaller.
The main goal of the present study is to analyze the reaction
pathway in the oxidative coupling step as a function of the
enediyne tethers and the substituent of the alkyne termini used.
To this end, we have performed density functional theory (DFT)
calculations of the oxidative coupling step for several species 1
(Scheme 1). In particular, we have analyzed diﬀerent tethers
(Z and Z0 = O, NH, CH2, CH3SO2N, and C(COOCH3)2) and
two alkyne termini substituents (R = H and CH3).
For this study we have used the Wilkinson’s catalyst, RhCl(PPh3)3, because it is the most used catalyst in the [2þ2þ2]
cycloaddition processes studied by our group.1h,7,8 It should be
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Scheme 1. Possible Routes for the [2þ2þ2] Cycloaddition
Process in Enediynes

Figure 1. Relative Gibbs energy at 298 K for the oxidative coupling
steps: alkynealkyne coupling (blue) and enyne coupling (black) of the
oxygen-tethered enediyne when R = H and the active catalyst is
RhClPPh3 or RhClPH3.

noted that we have not used a chiral catalyst, as we are not
interested in reproducing the experimentally observed ee (a task
that can only be achieved using highly accurate computationally
expensive theoretical methods) but rather in comparing pathways
1 f A f C f 2 and 1 f B f D f 2 for diﬀerent tethers and
alkyne termini substituents to discuss their eﬀects in the oxidative
coupling step of enediynes. Furthermore, from the experimental
point of view, few Rh-chiral catalysts are available, although it is
possible to produce in situ distinct chiral complexes starting from
the [RhCl(COD)]2 complex with chiral phosphine ligands,
where the COD (cyclooctadiene) ligands are exchanged by
chiral phosphines, obtaining chiral complexes of RhCl(P^P)*
type (with bisphosphine ligands) or RhCl(P*)n type (with
monophosphine ligands).7,9

’ COMPUTATIONAL DETAILS
The geometries of the reactants, intermediates, and TSs were
optimized using the DFT B3LYP10 hybrid exchangecorrelation functional with the Gaussian03 program package.11 All geometry optimizations were performed without symmetry constraints. Analytical
Hessians were computed to determine the nature of stationary points
(one and zero imaginary frequencies for TSs and minima, respectively)
and to calculate unscaled zero-point energies (ZPEs) as well as thermal
corrections and entropy eﬀects using the standard statisticalmechanics
relationships for an ideal gas.12 These two latter terms were computed at
298.15 K and 1 atm to provide the reported relative Gibbs energies. The
all-electron cc-pVDZ basis set was employed for the nonmetal atoms
such as P, O, N, S, C, and H,13,14 and the cc-pVDZ-PP basis set
containing an eﬀective core relativistic pseudopotential was used for
Rh.15 Relative energies were computed taking into account the total
number of present molecules. The Ph groups in the catalyst were
substituted by H atoms to reduce the computational complexity of the
calculations involving these ligands. Substitution of PPh3 by PH3 is a
common procedure in theoretical organometallic chemistry.1a,e,16,17 In
addition, we have previously conﬁrmed that, despite the electronic and

steric diﬀerences, substitution of PPh3 by PH3 does not introduce
signiﬁcant changes in the thermodynamics and kinetics of the cyclotrimerization of three acetylene molecules.1h,17 Moreover, in the present
work we have analyzed the eﬀect of changing PPh3 groups by PH3
substituents for some selected cases. Solvent eﬀects have not been
included, as we have assumed that they are minor due to the absence of
charged or polarized intermediates and TSs in the reaction mechanism.1f

’ RESULTS AND DISCUSSION
We have chosen diﬀerent enediynes of type 1 to study the two
possible oxidative coupling steps. The study has focused on the
oxidative coupling step rather than on the whole reaction
mechanism, as this is the rate-determining step. The oxidative
coupling to the metal catalyst can take place at the enyne moiety
of enediynes or between the two distant alkyne moieties to give
the metallacyclopentene (C) or metallacyclopentadiene (D),
respectively (see Scheme 1).
We have divided our study into two parts. First, we study the
oxidative coupling in the [2þ2þ2] cycloaddition reaction of a
series of acyclic enediynes with diﬀerent tethers and alkyne
substituents. Second, we analyze the same step for cyclic
enediynes and compare the results with those obtained for
acyclic enediynes.
Acyclic Enediynes. The present general study that involves a
relatively large series of different tethers and substituents will be
performed considering RhCl(PH3)2 and RhClPH3 as the active
species. The reaction proceeds only if the Wilkinson’s catalyst
loses one or two of the three coordinated phosphine ligands.
Since both the resulting RhCl(PH3)2 and RhClPH3 active
species catalyze this oxidative coupling step, we have considered
the two possibilities. In order to be sure that the qualitative
results obtained do not change due to substitution of PPh3 by
PH3 ligands, we have decided to study the oxidative coupling
steps of the oxygen-tethered enediyne with the real catalyst,
RhCl(PPh3)3, and compare the results obtained with those
yielded by the model catalyst, RhCl(PH3)3. As mentioned above,
the oxidative coupling takes place when the Wilkinson’s catalyst
loses one or two of the three attached phosphine ligands. In a
previous study,1h we observed that the active species in the
oxidative coupling between two alkyne moieties is RhClPPh3,
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Table 1. Enthalpy and Gibbs Energy Barriers for the Oxidative Coupling Step of the Oxygen-, Nitrogen-, and CarbonTethered Enediynesa
RhCl(PH3)2
Z
O

R
H
CH3

NH

Figure 2. Relative Gibbs energy at 298 K for the oxidative coupling
steps: alkynealkyne coupling (blue) and enyne coupling (black) of the
oxygen-tethered enediyne when R = CH3 groups and the active catalyst
is RhClPPh3 or RhClPH3.

and for this reason we discuss only the effects of the substitution
of PPh3 by PH3 in RhClPPh3.
Figure 1 shows the Gibbs energy barriers of the oxidative
coupling step between two alkynes and an enyne moiety of the
oxygen-tethered enediyne of type 1 with terminal alkynes. Thus,
irrespective of the catalyst used (RhClPPh3 or RhClPH3), the
lower barriers for the oxidative step are those corresponding to
the coupling of the two alkynes, whereas the enyne coupling has
higher barriers. Figure 2 illustrates the Gibbs energy barriers of
the oxidative coupling steps of the oxygen-tethered enediyne
with alkynes having a CH3 substituent. The results demonstrate that in this case the alkynealkyne coupling and the
enyne coupling have similar energy barriers regardless of the
catalyst used.
These results indicate that the substitution of the PPh3 ligands
by PH3 reduces the energy barriers by about 1520 kcal/mol.
This is not surprising taking into account our previous results
that already show a smaller barrier for the PPh3 ligand1h and from
the fact that PPh3 has a larger σ-donation and smaller π-backdonation as compared to PH3. Results of Figures 1 and 2
demonstrate that, qualitatively, the conclusions one can draw
from the RhClPPh3 active catalyst are the same as those found
with RhClPH3. Therefore, to make the study computationally
aﬀordable, we will apply the model of the Wilkinson’s catalyst
(RhCl(PH3)3) to study the preferred reaction pathway of
enediynes type 1, and we expect that, even though the energy
barriers will be higher than those we would obtain using
RhCl(PPh3)3, the qualitative results aﬀorded by the model catalyst
will be the same as those one would achieve using the actual
catalyst. Finally, it is worth noting that the barriers for the
alkynealkyne coupling increase by about 10 kcal/mol and
those for the enyne coupling by ca. 2 kcal/mol when going from
terminal alkynes to alkynes having a methyl substituent. This
increase in the energy barriers is in line with the experimental
result by Tanaka and co-workers showing a clear reduction of
reactivity for the oxygen tether 1 complex with R = CH3 as compared to that having R = H.5a
Now we will examine the enediynes type 1 taking into account
the two possible active species that catalyze the oxidative
coupling steps. Table 1 lists the enthalpy and Gibbs energy
barriers of the oxidative coupling step between two alkynes and
an enyne moiety of the oxygen-, nitrogen-, and carbon-tethered

CH2

oxidative coupling

ΔH

‡

ΔG

RhClPH3

‡

ΔH‡

ΔG‡
19.8

/// þ ///

17.4

26.5

21.4

/// þ //

25.5

32.1

32.8

29.6

/// þ ///

26.0

35.7

30.4

29.5

/// þ //

26.2

33.3

34.9

31.7

H

/// þ ///
/// þ //

23.1
28.2

31.9
35.2

28.3
36.3

25.4
32.6

CH3

/// þ ///

27.5

39.4

31.4

32.6

/// þ //

26.8

36.4

34.2

32.9

H

/// þ ///

23.4

32.0

27.0

24.9

/// þ //

30.7

38.1

38.7

35.2

CH3

/// þ ///

31.0

42.3

35.1

35.6

/// þ //

30.9

39.3

39.6

37.3

In bold the oxidative coupling with the lowest ΔG‡ for each case.
Energies are in kcal/mol.
a

enediynes of type 1 (Scheme 1) with terminal alkynes and
alkynes substituted by CH3 groups for both the RhCl(PH3)2and RhClPH3-catalyzed processes.
For terminal alkynes, irrespective of the tether considered and
the number of PH3 ligands attached to the Rh, the lower barriers
for the oxidative coupling step are those corresponding to the
coupling of the two distant alkynes (path 1 f B f D f 2,
Scheme 1), with higher Gibbs energy barriers for the enyne
oxidative coupling leading to the formation of the rhodacyclopentene species (C). In particular, for the oxygen, nitrogen, and
carbon tethers, the barriers are 5.6, 3.3, and 6.1 kcal/mol larger
for the enyne coupling when the Rh has two attached PH3 ligands
and 9.8, 7.2, and 10.3 kcal/mol when the Rh has only one
coordinated PH3 ligand. In all cases studied, the oxidative
coupling step is favored when it is catalyzed by the RhClPH3
catalyst due to entropic eﬀects. In fact, the enthalpy barrier is
always lower for the RhCl(PH3)2 catalytic species, although
when entropic eﬀects are included, the catalysis by the RhClPH3
species becomes the most favored.
For the enyne coupling, we examined the coordination to the
Rh catalyst with the two diﬀerent faces of the alkene moiety for
the three cases, and we found the TSs for the two attacks. The
Gibbs energy for the carbon-tethered enediyne (Figure 3)
demonstrates that the preferred pathway is through the transition
state TS-face-1 with a Gibbs energy barrier of 38.1 kcal/mol,
while the barrier for the transition state TS-face-2 is 1.1 kcal/mol
higher.18
When R in enediynes 1 are CH3 groups (Table 1), the barriers
for the enyne coupling increase slightly (in the range 0.31.9
kcal/mol). On the other hand, the barriers for the alkynealkyne
coupling increase by about 710 kcal/mol with respect to the
terminal cases. As a result, for the RhCl(PH3)2 catalyst, the enyne
coupling through the metallacyclopentene intermediate (path 1
f A f C f 2) becomes favored with Gibbs energy barriers of
33.3 kcal/mol for oxygen-tethered, 36.4 kcal/mol for nitrogentethered, and 39.3 kcal/mol for carbon-tethered enediynes.
When there is only one coordinated PH3 ligand, the reaction pathway preferred is always the alkynealkyne coupling
with 29.5, 32.6, and 35.6 kcal/mol for oxygen-, nitrogen-, and
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Figure 3. Optimized structures (B3LYP/cc-pVDZ-PP) for TS-face-1 (left) and TS-face-2 (right) with the most relevant bond lengths (Å) and angles
(deg).

Table 2. Deformation Energies (ΔEdef) of the Oxygen-,
Nitrogen-, and Carbon-Tethered Enediynes and the RhCl(PH3)2 Active Catalyst in the Oxidative Coupling Stepa

O

NH

CH2

a

ΔEdefligand

ΔEdefcat

ΔEdef

/// þ ///

73.0

56.7

129.8

/// þ //

61.2

56.7

117.9

CH3

/// þ ///

87.7

56.6

144.4

/// þ //

61.7

50.9

112.7

H

/// þ ///

78.6

56.7

135.3

/// þ //

65.7

44.7

110.4

CH3

/// þ ///

87.2

57.1

144.4

H

/// þ //
/// þ ///

66.2
75.9

53.7
56.6

119.9
132.5

/// þ //

71.2

52.7

123.9

CH3

/// þ ///

90.4

56.9

147.3

/// þ //

71.0

52.9

123.9

H

Energies are in kcal/mol.

carbon-tethered enediynes (Table 1), respectively, although
energy diﬀerences between the barriers for the two paths become
signiﬁcantly smaller (less than 2 kcal/mol). In summary, we have
found that the presence of appropriate substituents to the alkynes
decreases the reactivity and, at the same time, favors the enyne
coupling. For the case of the RhCl(PH3)2 catalyst, the enyne
coupling becomes the preferred reaction path for the oxidative
addition.
The increase in the alkynealkyne coupling barriers for R = CH3
can be explained by looking at the deformation energies (ΔEdef)
of the TSs given in Table 2. ΔEdef is the energy needed to modify
the geometry of the free reactants (ligand and catalyst) to the
geometry that they have in the TS. This energy can be split into
the deformation energy of the enediynes (ΔEdefligand) and the
catalyst (ΔEdefcat). Table 2 lists ΔEdef values for the RhCl(PH3)2
catalyst. ΔEdef values of the RhClPH3 species show similar
trends, as can be seen in the Supporting Information (Table

Figure 4. Schematic representation of the molecular structure of the
ligand in the transition state corresponding to the alkynealkyne
coupling.

S1). It is worth noting that the barriers of the alkynealkyne
coupling for the three cases (oxygen-, nitrogen-, and carbontethered enediynes) increase almost by the same amount when
the H atom of the alkyne is changed by a CH3 group (Table 1) for
the two catalysts analyzed. However, when the RhClPH3 is
employed, this increase is not suﬃcient to change the preferred
pathway for the oxidative coupling, as found for the RhCl(PH3)2
catalyst.
The deformation energy of the catalyst fragment is similar in
almost all cases (5056 kcal/mol). However, in the case of the
enyne coupling of the nitrogen tether with R = H, the energy
deformation of the catalyst is lower by about 10 kcal/mol because
the RhP distances are shorter (2.32 Å) in the TS than in other
catalyst fragments (ca. 2.45 Å) and, therefore, closer to the RhP
distances in the optimized RhCl(PH3)2 fragment (2.18 and 2.25
Å). More interesting are the values of ΔEdefligand for alkyne
alkyne coupling in oxygen-, nitrogen-, and carbon-tethered
enediynes, which increase by ca. 9 to 14 kcal/mol when the
alkynes have a CH3 substituent. Therefore, the alkynealkyne
coupling for methyl-substituted alkynes requires higher ligand
deformation energies in the TS. Not surprisingly, the presence of
bulky groups attached to the alkyne moieties forces a larger
bending of the CtCR groups as the two alkyne groups
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Table 3. Reaction Enthalpy and Gibbs Reaction Energy for
the Conversion of the Oxygen-, Nitrogen-, and CarbonTethered Enediynes (1) to the Rhodacyclopentadiene Intermediates (D)a
RhCl(PH3)2
R=H
Z

ΔHr

RhClPH3

R = CH3

ΔGr

ΔHr

Table 5. Enthalpy and Gibbs Energy Barriers for the Oxidative Coupling Step of the Enediynes Containing Nitrogen
with CH3SO2N Groups and Carbon with Dimethyl Malonate
Groups As Tethersa

ΔGr

R=H
ΔHr

RhCl(PH3)2
Z, Z0

R = CH3

ΔGr

ΔHr

CH3SO2N

ΔGr

O

47.9 34.1 35.9 20.5 32.5 31.3 21.7 19.2

NH

46.0 32.1 36.5 19.2 30.6 29.5 22.3 17.7

H
CH3

CH2 45.0 31.3 33.9 17.1 29.1 28.1 16.9 13.6
a

R

C(COOCH3)2 H

Energies are in kcal/mol.
CH3

Table 4. Reaction Enthalpy and Gibbs Reaction Energy for
the Conversion of the Oxygen-, Nitrogen-, and CarbonTethered Enediynes (1) to the Rhodacyclopentene Intermediates (C)a
RhCl(PH3)2
R=H

R = CH3

R=H

R = CH3

ΔHr

ΔGr

ΔHr

ΔGr

ΔHr

ΔGr

ΔHr

ΔGr

O

20.7

9.4

14.8

2.3

7.5

7.6

3.1

2.0

NH

15.7

4.2

12.9

1.9

3.5

3.3

2.1

1.4

CH2

16.0

5.2

5.2

8.8

3.2

1.6

6.8

8.2

Z

a

RhClPH3

oxidative coupling

ΔH‡

ΔG‡

ΔH‡

ΔG‡

/// þ ///

16.8

24.5

21.0

19.2

/// þ //

26.4

35.5

32.2

28.9

/// þ ///

23.5

33.1

28.8

27.8

/// þ //

28.4

37.5

34.5

31.1

/// þ ///

18.1

26.2

23.7

21.3

/// þ //

31.9

41.3

39.3

37.8

/// þ ///
/// þ //

26.6
34.2

37.9
45.6

32.1
35.3

32.8
37.3

a
In bold the oxidative coupling with the lowest ΔG‡ for each case.
Energies are in kcal/mol.

Table 6. Deformation Energy (ΔEdef) of the Nitrogen- (with
CH3SO2N groups) and Carbon- (with dimethyl malonate
groups) Tethered Enediyne Fragment and the RhCl(PH3)2
Active Catalyst Fragment in the Oxidative Coupling Stepa

CH3SO2N

Energies are in kcal/mol.

become closer in the TS in order to avoid steric congestion
between bulky R groups, as depicted in Figure 4, thus leading to
higher deformation energies. In contrast, the deformation energies of the enyne coupling are almost equal for both R = H and
CH3 in all cases. We therefore predict that the bulkier the groups
attached to the alkyne moiety, the larger the preference for the
enyne coupling.
In addition, results in Table 1 indicate that electronegative
tethers reduce the barrier of the oxidative coupling. To ﬁnd an
explanation, we have examined the thermodynamics of the 1 f
D and 1 f C conversions for Z = O, NH, and CH2 and R = H and
CH3 (Tables 3 and 4).
By comparing the results of Tables 3 and 4 it is seen that
thermodynamically the 1 f D process is much more favored
than the 1 f C conversion. The reason for the higher exergonicity of the 1 f D reaction has to be found in the fact that the
two rings formed during the 1 f D conversion are less strained
than those generated in the 1 f C transformation. It is also likely
that the ﬁve-membered ring in D bears some metalloaromaticity
that may help to stabilize this intermediate. Not unexpectedly,
the most exergonic alkynealkyne coupling also has smaller
energy barriers (Table 1). This alkynealkyne coupling is
especially favored for the terminal alkynes as compared to
methyl-substituted alkynes. This is not surprising since it is well
known that highly substituted internal alkynes are thermodynamically more stable (lower exergonicity, Tables 3 and 4) and less
reactive (higher energy barriers, Table 1) than terminal ones.19
As stated for the TS, we attributed the lower stability of D in the
case of R = CH3 to the steric repulsion between the two methyl
groups both in the TS and in the product D and also to the lower
reactivity of internal alkynes. The observed reduction of the

RhClPH3

C(COOMe)2

ΔEdefcat

ΔEdef

H

/// þ ///

78.6

55.9

134.5

CH3

/// þ //
/// þ ///

67.7
91.3

48.8
56.3

116.5
147.6

/// þ //

69.0

53.2

122.1

H

/// þ ///

77.1

56.9

134.0

/// þ //

75.2

52.4

127.6

/// þ ///

90.6

57.4

148.0

/// þ //

75.7

53.1

128.8

CH3
a

ΔEdefligand

Energies are in kcal/mol.

exergonicity for alkynealkyne coupling in methyl-substituted
alkynes is in line with the increase in the energy barrier for the 1
f D transformation (see Table 1). As seen before, this increase
in the case of the process with R = CH3 catalyzed by RhCl(PH3)2
is important enough to change the preference for oxidative
coupling from alkynealkyne to enyne coupling. Finally, Tables 3 and 4 show that in all cases the more electronegative the
tether, the more exergonic the reaction. The same is found for the
complete transformation from 1 f 2 (see Table S2 of the
Supporting Information), and it is likely due to the fact that the
formation of a tetrahydrofuran ring is somewhat more favorable
than that of a pyrrolidine ring, which in turn is preferred over that
of the cyclopentane ring. This oﬀers an explanation for the
observed increase in the energy barrier in the order Z = O < NH
< CH2.
We are interested not only in the eﬀect of the tether electronegativity but also in the eﬀect of including bulky groups in the
tether. For this reason we have analyzed the two aforementioned
oxidative coupling reaction pathways for the nitrogen and carbon
tethers with mesyl (CH3SO2N) and dimethyl malonate groups
[(CH3COO)2C], respectively. Nitrogen tether CH3SO2N has
been used to model the tosyl group TsN in order to reduce the
computational cost. The TsN and the malonate tethers have
been extensively used in experimental works.5a,c,69,20,21
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Table 7. Enthalpy and Gibbs Energy Barriers at 298 K for the Oxidative Coupling Step of the Unsymmetrical Enediyne with an
Oxygen- and Nitrogen- (with CH3SO2N groups) Tethered Enediynea

a

In bold the oxidative coupling with the lowest ΔG‡ for each case. Energies are in kcal/mol.

Table 5 lists the enthalpy and the Gibbs energy barriers that
correspond to the oxidative coupling step between the enyne
moiety and the alkynealkyne moieties for the CH3SO2N- and
C(COOCH3)2-tethered enediynes with terminal alkynes and
alkynes substituted by CH3 groups and for the two active
catalysts considered in the study. As found for the unsubstituted
tethers, the barriers for the oxidative coupling are lower (29
kcal/mol) for the more electronegative CH3SO2N tether. In
general, the alkynealkyne coupling is favored with respect to
unsubstituted tethers (Table 1) by 3 to 7 kcal/mol, while barriers
for the enyne coupling remain almost unchanged or increase a
little. As a result, in all cases the alkynealkyne coupling is
preferred irrespective of whether the enediynic compound presents terminal alkynes or substituted alkynes. This shows that the
substituents on the nitrogen and carbon tethers can also have a
signiﬁcant eﬀect in the reaction pathway followed. Indeed, it is
found that substitution of NH and CH2 tethers by CH3SO2N
and C(COOCH3)2 groups in enediynes with R = CH3 changes
the preferred reaction pathway catalyzed by RhCl(PH3)2 from
enyne coupling to alkynealkyne coupling.
Table 6 lists the ΔEdef values for the RhCl(PH3)2 catalyst,
whereas those of the RhClPH3 species showing similar trends
can be found in the Supporting Information (Table S3). The
trends of ΔEdef are almost the same for the substituted nitrogen
and carbon-tethered enediynes as for unsubstituted tether enediynes. In all cases, alkynealkyne coupling requires higher
deformation energies of the ligand irrespective of the tether.
Deformation energies of the enyne coupling stayed more or less

unperturbed when the alkynes are substituted by CH3 groups,
while higher deformation energies of the ligand are required for
the alkynealkyne coupling when H atoms in the terminal
alkyne position are substituted by CH3 groups. However, in this
case these larger ΔEdef are insuﬃcient to change the preference
for the alkynealkyne coupling in substituted alkynes. The
thermodynamics of the processes 1 f 2, 1 f C, and 1 f D
conversions for the CH3SO2N- and (COOCH3)2C-tethered
enediynes can be found in the Supporting Information (Tables
S4 to S6). The results reveal that, as found before, the processes
in CH3SO2N-tethered enediynes are slightly more exothermic
and exergonic than those of the (COOCH3)2C-tethered enediynes, in line with the results found for the barriers.
Finally, we decided to study an unsymmetrical enediyne with
an oxygen and nitrogen tethers with CH3SO2N groups to
examine the reactivity of this asymmetric tethered species
(Table 7). In that case, the reaction pathway for the formation
of the complex C can proceed through the formation of a ﬁvemembered ring with the oxygen tether or with the nitrogen
tether. We have examined both possibilities. Results in Table 7
show that enediyne with terminal alkynes still clearly prefers the
alkynealkyne coupling. When we have alkynes substituted by
CH3 groups (Scheme 1), as found in the previous systems
studied, the diﬀerence between the two reaction pathways
becomes less signiﬁcant, although still the alkynealkyne coupling is somewhat favored. Despite this, note that the presence of
oxygen as a tether of the enediyne can favor the oxidative enyne
coupling. Interestingly, tetrahydrofuran ring formation is preferred
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Table 9. Deformation Energy (ΔEdef) of the Oxygen-, Nitrogen-, and Carbon-Tethered Macrocyclic Enediyne Fragments and the Catalyst Fragments in the Oxidative Coupling
Stepa
ΔEdefligand

ΔEdefcat

ΔEdef

/// þ ///

63.5

55.7

119.2

/// þ //

88.5

48.8

137.3

NH

/// þ ///

65.1

56.2

121.3

/// þ //

89.5

52.4

141.9

CH2

/// þ ///

74.6

56.5

131.1

/// þ //

97.4

48.6

146.0

O

Figure 5. Representation of the macrocyclic enediyne studied where
Z = O, NH, and CH2.

Table 8. Enthalpy and Gibbs Energy Barriers for the Oxidative Coupling Step of the Macrocyclic Enediynea
RhCl(PH3)2
Z
O

oxidative coupling

ΔH

‡

a

Energies are in kcal/mol.

RhClPH3
‡

ΔG

ΔH

‡

ΔG‡

/// þ ///

9.2

15.4

13.9

9.2

/// þ //

32.3

39.7

39.4

35.0

NH

/// þ ///

13.9

19.5

19.4

14.4

CH2

/// þ //
/// þ ///

26.7
19.2

33.5
24.9

32.2
22.9

28.7
18.4

/// þ //

34.3

41.7

41.5

37.0

In bold the oxidative coupling with the lowest ΔG‡ for each case.
Energies are in kcal/mol.
a

over pyrrolidine ring creation. It is likely that for alkyne moiety
substituents bulkier than the methyl groups, the preferred
oxidative coupling pathway would be the enyne coupling through
the formation a tetrahydrofuran ring.
Cyclic Enediynes. In the previous section we have studied the
oxidative coupling for acyclic enediynes. Since our research group
has conducted several studies using macrocyclic enediynes,6,7,8a,22 we
thought it would be interesting to know the oxidative coupling
preference for this kind of system depending on the nature of the
tether. In Figure 5, we have represented the cyclic system studied.
Table 8 gathers the enthalpy and the Gibbs energy barriers in
kcal/mol for the two possible reaction pathways, enyne moiety
coupling or alkynealkyne moiety coupling, for macrocyclic
systems for the two Rh catalysts considered. Results of Table 8
demonstrate that the alkynealkyne coupling is highly preferred,
with Gibbs energy barriers of 15.4, 19.5, and 24.9 kcal/mol for
the RhCl(PH3)2 catalyst for Z = O, NH, and CH2 and of 9.2,
14.4, and 18.4 kcal/mol for the RhClPH3 catalyst in the same
order. Therefore, the cyclic systems always have a preference
for the pathway that induces less selectivity during the
process, the diﬀerent nature of the tethers being irrelevant
as far as the followed reaction pathway is concerned. The
tethers, however, have an inﬂuence on the obtained barriers.
Thus, as found for acyclic enediynes, the more electronegative the tether, the lower the barrier of the oxidative coupling.
Entropically, we observe a similar behavior to that found in
the acyclic cases, where the disorder of the system increases
when the Rh complex maintains only one PH3 ligand, and
consequently the Gibbs energy barriers decrease considerably (Table 8).
We have also analyzed the deformation energy in the macrocycle for the RhCl(PH3)2 catalyst (Table 9). Those of the
RhClPH3 species show similar trends, as can be seen Table S7
of the Supporting Information. The ΔEdefcat has a similar

Figure 6. Optimized structures (B3LYP/cc-pVDZ-PP) for oxygentethered macrocyclic enediyne (left) and acyclic oxygen-tethered enediyne with R = H (right).

behavior for the three tethers analyzed. In all cases, the catalyst
requires more deformation energy for the alkynealkyne coupling (55.7, 56.2, and 56.5 kcal/mol for oxygen-, nitrogen-, and
carbon-tethered enediynes, respectively) than for the enyne
coupling (48.8, 52.4, and 48.6 kcal/mol in the same order). On
the other hand, the cyclic cases require less ΔEdefligand for the
alkynealkyne coupling irrespective of the tether, just the
opposite of what we found for the acyclic cases. This oﬀers an
explanation about the clear preference for the alkynealkyne
coupling when the reaction takes place in cyclic systems. This
reason is revealed in Figure 6, where it is noticed that the two
alkynes moieties in cyclic systems are in the same plane and close
to each other, whereas in the acyclic systems they are rather far
apart. Moreover, it is observed that the alkene bond is closer to an
alkyne for the acyclic system, thus requiring less deformation
energy for the enyne coupling.
Finally, we have computed the thermodynamics of the 1 f 2
transformation in the macrocycles. The results are gathered in
Table S8 of the Supporting Information. Again, it is found that
the increase of the electronegativity of the tether favors the
thermodynamics of the process as in the acyclic cases.

’ SUMMARY
The rate-determining oxidative coupling step in the intramolecular [2þ2þ2] cycloaddition of enediynes catalyzed by transition metals can take place through initial enyne or alkynealkyne
couplings. The fact that the cycloaddition may proceed following
one path or the other has been considered the main reason to
explain the experimental diﬀerence of enantiomeric excesses
observed in some cases. When using chiral catalysts, the enyne
coupling is expected to produce larger enantiomeric excesses
than the alkynealkyne one. In this study, we have analyzed
diﬀerent factors that can have an inﬂuence on the preferred
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reaction pathway for the oxidative coupling in the [2þ2þ2]
cycloaddition of enediynes. Thus, we have discussed the eﬀect of
diﬀerent tethers and substituents in the alkyne moieties in the
[2þ2þ2] cycloaddition of a series of cyclic and acyclic enediynes
catalyzed by the RhCl(PH3)2 and RhClPH3 active species. As a
preliminary result, we have shown that the substitution of the
PPh3 ligands by PH3 reduces the Gibbs energy barriers by about
1520 kcal/mol. However, the qualitative conclusions reached
with the RhClPPh3 active catalyst do not diﬀer from those
obtained using the RhClPH3 model catalyst. Thus, to reduce
the computational eﬀort we have used the Wilkinson’s model
catalyst RhCl(PH3)3.
As far as the tether eﬀect is concerned, we have found that the
larger the electronegativity of the tethers, the lower the oxidative
coupling energy barrier. Tethers have a small inﬂuence on the
reaction path followed, except in the cases of substitution of NH
and CH2 tethers by the bulkier CH3SO2N and C(COOCH3)2
tethers, which change the preferred pathway from enyne to
alkynealkyne coupling.
With respect to the alkyne moiety substituent, we have seen
that substitution of H by CH3 increases the energy barriers,
especially that of the alkynealkyne coupling due to higher steric
repulsion in the transition states and also due to the higher
thermodynamic stability of substituted alkynes. In some
cases, this eﬀect is enough to change the preferred pathway
from alkynealkyne coupling for R = H to enyne coupling for
R = CH3 .
As to the catalyst, the RhClPH3 active species always prefers
the alkynealkyne coupling since the destabilization due to
methyl substitution in the alkyne moieties is not enough to
reverse the preference for alkynealkyne coupling. However, for
R = CH3, energy diﬀerences between barriers for the alkynealkyne and enyne couplings become smaller and, therefore,
a competition between the two reaction pathways is expected in
this particular case. On the other hand, for R = CH3, the
RhCl(PH3)2 catalyst favors the enyne coupling for the O, NH,
and CH2 tethers in the case of acyclic enediynes.
Finally, we have also found that while acyclic enediynes in
some cases prefer the enyne coupling, the cyclic enediynes always
favor the alkynealkyne coupling. In the macrocyclic enediynes
the enyne coupling is especially disfavored due to high deformation energy required by the macrocycle to reach the transitionstate geometry.
As a whole, our results suggest that enantiomeric excesses are
expected to be larger in the case of the [2þ2þ2] cycloaddition of
acyclic enediynes with bulky terminal substituents using chiral
Rh(I) catalysts containing biphosphine ligands.

’ ASSOCIATED CONTENT

bS

Supporting Information. Tables containing the deformation energies of the transition states for the oxidative coupling
catalyzed by the RhClPH3 active species. Tables with reaction
enthalpies and Gibbs reaction energies for the 1 f 2, 1 f C, and
1 f D processes. Cartesian xyz coordinates and total energies of
all stationary points located. This material is available free of
charge via the Internet at http://pubs.acs.org or from the author.

’ AUTHOR INFORMATION
Corresponding Author

*E-mail: miquel.sola@udg.edu.

ARTICLE

’ ACKNOWLEDGMENT
Financial support from the Spanish MICINN (CTQ200805409-C02-02 and CTQ2008-03077) and the Catalan DIUE of
the Generalitat de Catalunya (2009SGR637) is acknowledged.
A.D. thanks the Spanish MEC for a doctoral fellowship. Support
for the research of M.S. was received through the ICREA
Academia 2009 prize for excellence in research funded by the
DIUE. We also acknowledge the Centre de Supercomputacio de
Catalunya (CESCA) for partial funding of computer time.
’ REFERENCES
(1) (a) Hardesty, J. H.; Koerner, J. B.; Albright, T. A.; Lee, G.-Y. J.
Am. Chem. Soc. 1999, 121, 6055–6067. (b) Kirchner, K.; Calhorda, M. J.;
Schmid, R.; Veiros, L. F. J. Am. Chem. Soc. 2003, 125, 11721–11729. (c)
Dahy, A. A.; Koga, N. Bull. Chem. Soc. Jpn. 2005, 78, 781–791. (d) Dahy,
A. A.; Suresh, C. H.; Koga, N. Bull. Chem. Soc. Jpn. 2005, 78, 792–803.
(e) Gandon, V.; Agenet, N.; Vollhardt, K. P. C.; Malacria, M.; Aubert, C.
J. Am. Chem. Soc. 2006, 128, 8509–8520. (f) Orian, L.; van Stralen,
J. N. P.; Bickelhaupt, F. M. Organometallics 2007, 26, 3816–3830. (g)
Varela, J. A.; Saa, C. J. Organomet. Chem. 2009, 694, 143–149. (h) Dachs,
A.; Osuna, S.; Roglans, A.; Sola, M. Organometallics 2010, 29, 562–569.
(2) For recent reviews, see: (a) Saito, S.; Yamamoto, Y. Chem. Rev.
2000, 100, 2901–2916. (b) Varela, J. A.; Saa, C. Chem. Rev. 2003,
103, 3787–3802. (c) Yamamoto, Y. Curr. Org. Chem. 2005, 9, 503–519.
(d) Kotha, S.; Brahmachary, E.; Lahiri, K. Eur. J. Org. Chem. 2005, 4741–
4767. (e) Chopade, P. R.; Louie, J. Adv. Synth. Catal. 2006, 348, 2307–
2327. (f) Gandon, V.; Aubert, C.; Malacria, M. Chem. Commun.
2006, 2209–2217. (g) Agenet, N.; Buisine, O.; Slowinski, F.; Gandon,
V.; Aubert, C.; Malacria, M. Org. React. 2007, 68, 1–302. (h) Tanaka, K.
Synlett 2007, 1977–1993. (i) Heller, B.; Hapke, M. Chem. Soc. Rev. 2007,
36, 1085–1094. (j) Varela, J. A.; Saa, C. Synlett 2008, 2571–2578.
(k) Shibata, T.; Tsuchikama, K. Org. Biomol. Chem. 2008, 6, 1317–1323.
(l) Galan, B. R.; Rovis, T. Angew. Chem., Int. Ed. 2009, 48, 2830–2834.
(m) Tanaka, K. Chem. Asian J. 2009, 4, 508–518.
(3) Selected recent references: (a) Adriaenssens, L.; Severa, L.;
Salova, T.; Císarova, I.; Pohl, R.; Saman, D.; Rocha, S. V.; Finney,
N. S.; Pospísil, L.; Slavíceck, P.; Teply, F. Chem.—Eur. J. 2009,
15, 1072–1076. (b) Kotha, S.; Khedkar, P. Eur. J. Org. Chem.
2009, 730–738. (c) Dalton, D. M.; Oberg, K. M.; Yu, R. T.; Lee,
E. E.; Perreault, S.; Oinen, M. E.; Pease, M. L.; Malik, G.; Rovis, T. J. Am.
Chem. Soc. 2009, 131, 15717–15728. (d) Geny, A.; Agenet, N.; Iannazzo,
L.; Malacria, M.; Aubert, C.; Gandon, V. Angew. Chem., Int. Ed. 2009,
48, 1810–1813. (e) Yamamoto, Y.; Takuma, R.; Hotta, T.; Yamashita, K.
J. Org. Chem. 2009, 74, 4324–4328. (f) Mclver, A. L.; Deiters, A. Org.
Lett. 2010, 12, 1288–1291. (g) Jones, A. L.; Snyder, J. K. Org. Lett. 2010,
12, 1592–1595. (h) Gluyas, J. B. G.; Burschka, C.; Kraft, P.; Tacke, R.
Organometallics 2010, 29, 5897–5903. (i) Songis, O.; Mísek, J.; Schimd,
M. B.; Kollarovic, A.; Stara, I. G.; Saman, D.; Císarova, I.; Stary, I. J. Org.
Chem. 2010, 75, 6889–6899. (j) Shibata, T.; Otomo, M.; Endo, K. Synlett
2010, 1235–1238. (k) Sakiyama, N.; Hojo, D.; Noguchi, K.; Tanaka, K.
Chem.—Eur. J. 2011, 17, 1428–1432. (l) Kobayashi, M.; Suda, T.;
Noguchi, K.; Tanaka, K. Angew. Chem., Int. Ed. 2011, 50, 1664–1667.
(4) (a) Yamamoto, Y.; Arakawa, T.; Ogawa, R.; Itoh, K. J. Am. Chem.
Soc. 2003, 125, 12143–12160. (b) Agenet, N.; Gandon, V.; Vollhardt,
K. P. C.; Malacria, M.; Aubert, C. J. Am. Chem. Soc. 2007,
129, 8860–8871. (c) Sehnal, P.; Krausova, Z.; Teply, F.; Stara, I. G.;
Stary, I.; Rulísek, L.; Saman, D.; Císarova, I. J. Org. Chem. 2008,
73, 2074–2082. (d) Dachs, A.; Torrent, A.; Roglans, A.; Parella, T.;
Osuna, S.; Sola, M. Chem.—Eur. J. 2009, 25, 5289–5300. (e) Leb!uf,
D.; Iannazzo, L.; Geny, A.; Malacria, M.; Vollhardt, K. P. C.; Aubert, C.;
Gandon, V. Chem.—Eur. J. 2010, 16, 8904–8913.
(5) (a) Tanaka, K.; Nishida, G.; Sagae, H.; Hirano, M. Synlett
2007, 1426–1430. (b) Shibata, T.; Kurokawa, H.; Kanda, K. J. Org.
Chem. 2007, 72, 6521–6525.
(6) Brun, S.; Parera, M.; Pla-Quintana, A.; Roglans, A.; Leon, T.; Achard,
T.; Sola, J.; Verdaguer, X.; Riera, A. Tetrahedron 2010, 66, 9032–9040.
3158

dx.doi.org/10.1021/om200227e |Organometallics 2011, 30, 3151–3159

Organometallics

ARTICLE

(7) Brun, S.; Garcia, L.; Gonzalez, I.; Torrent, A.; Dachs, A.;
Pla-Quintana, A.; Parella, T.; Roglans, A. Chem. Commun. 2008, 4339–
4341.
(8) (a) Torrent, A.; Gonzalez, I.; Pla-Quintana, A.; Roglans, A.;
Moreno-Ma~nas, M.; Parella, T.; Benet-Buchholz, J. J. Org. Chem. 2005,
70, 2033–2041. (b) Dachs, A.; Torrent, A.; Pla-Quintana, A.; Roglans,
A.; Jutand, A. Organometallics 2009, 28, 6036–6043. (c) Garcia, L.;
Pla-Quintana, A.; Roglans, A. Org. Biomol. Chem. 2009, 7, 5020–5027.
(d) Garcia, L.; Pla-Quintana, A.; Roglans, A.; Parella, T. Eur. J. Org.
Chem. 2010, 3407–3415.
(9) Evans, P. A.; Lai, K. W.; Sawyer, J. R. J. Am. Chem. Soc. 2005,
127, 12466–12467.
(10) (a) Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988,
37, 785–789. (b) Becke, A. D. J. Chem. Phys. 1993, 98, 5648–5652.
(c) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J. J. Phys.
Chem. 1994, 98, 11623–11627.
(11) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.;
Kudin, K. N.; Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.;
Barone, V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson,
G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.;
Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.;
Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.;
Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.;
Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski,
G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.;
Baboul, A. G.; Cliﬀord, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith,
T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.;
Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople,
J. A. Gaussian 03, Revision C.01; Gaussian, Inc.: Pittsburgh, PA, 2003.
(12) Atkins, P.; De Paula, J. Physical Chemistry; Oxford University
Press: Oxford, 2006.
(13) Dunning, T. H., Jr. J. Chem. Phys. 1989, 90, 1007–1023.
(14) Woon, D. E.; Dunning, T. H., Jr. J. Chem. Phys. 1993,
98, 1358–1371.
(15) Peterson, K. A.; Figgen, D.; Dolg, M.; Stoll, H. J. Chem. Phys.
2007, 126, 124101.
(16) (a) Cui, Q.; Musaev, D. G.; Morokuma, K. Organometallics
1997, 16, 1355–1364. (b) Cui, Q.; Musaev, D. G.; Morokuma, K.
Organometallics 1998, 17, 742–751. (c) Cui, Q.; Musaev, D. G.;
Morokuma, K. Organometallics 1998, 17, 1383–1392. (d) Veiros,
L. F.; Dazinger, G.; Kirchner, K.; Calhorda, M. J.; Schmid, R. Chem.—
Eur. J. 2004, 10, 5860–5870. (e) Abe, Y.; Kuramoto, K.; Ehara, M.;
Nakatsuji, H.; Suginome, M.; Murakami, M.; Ito, Y. Organometallics
2008, 27, 1736–1742. (f) Zheng, W.; Ariafard, A.; Lin, Z. Organometallics 2008, 27, 246–253.
(17) For the cyclotrimerization of three acetylene molecules catalyzed by [RhCl(PR3)3], the reaction energy is 134.5 kcal/mol for both
R = H and Ph, while the Gibbs energy barrier for the rate-determining
step is 19.8 and 24.7 kcal/mol for R = Ph and H, respectively (see ref 1h).
(18) Note that we have isolated the two possible transition states
also for the oxygen-, nitrogen-, and NSO2CH3-tethered enediynes. For
Z = NH and NSO2CH3, there is a preference for the pathway via
transition state TS-face-1, and only the oxygen tether has a slight
preference for TS-face-2 (TS-O-1: 33.1 kcal/mol and TS-O-2: 32.1
kcal/mol; TS-NH-1: 36.3 kcal/mol and TS-NH-2: 36.9 kcal/mol;
TS-NSO2CH3-1: 35.5 kcal/mol and TS-NSO2CH3-2: 42.5 kcal/mol).
We have considered throughout the transition state with the lowest barrier.
(19) Schore, N. E.; Vollhardt, K. P. E. Organic Chemistry, Structure
and Function, 3rd ed.; WH-Freeman and Company: New York, 2000.
(20) Shibata, T.; Arai, Y.; Tahara, Y. Org. Lett. 2005, 7, 4955–4957.
(21) Tsuchikama, K.; Kuwata, Y.; Shibata, T. J. Am. Chem. Soc. 2006,
128, 13686–13687.
(22) Gonzalez, I.; Bouquillon, S.; Roglans, A.; Muzart, J. Tetrahedron
Lett. 2007, 48, 6425–6428.
3159

dx.doi.org/10.1021/om200227e |Organometallics 2011, 30, 3151–3159

