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ABSTRACT

The ring closing enyne metathesis reaction (RCEYM) catalyzed by molybdenum based
monoalkoxy pyrrolyl Schrock type catalysts has been studied by means of DFT (B3LYP-
D) calculations. The two potential active alkylidene species as well as the three
proposed reaction mechanisms (ene-then-yne, endo-yne-then-ene and exo-yne-then-
ene) have been taken into account. Moreover, the influence in the exo- and endo-
selectivity of the reactant substituents has also been explored. Results show that, in
contrast to what is found for RCEYM processes catalyzed by Ru-based catalysts, the
metallacyclobutene is a very short-living reaction intermediate that can be present in
two isomeric forms (trigonal bipyramid (TBP) coordination around the metal center
and square based pyramid (SPY) coordination). These two isomers are directly involved
in the reaction mechanism and the ring opening takes place from the SPY species.
Moreover and regardless of the nature of the reacting metal-alkylidene, the yne-then-
ene pathways (endo- or exo-) are computed to present significantly lower energy
barriers than the ene-then-yne pathway and thus the latter is computed not to take
place. Finally, the exo-/endo- selectivity is predicted to highly depend on the sterics of
the two carbon ends of the alkyne fragment. In this way, the carbon bearing the
largest group prefers to interact with the carbon end of the metal-alkylidene. This
places the bulkiest groups as far as possible of the metal fragment and overall leads to
a generally lower energy barrier for the metallacyclobutene formation, the key step in

defining the exo-/endo- selectivity.
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INTRODUCTION

The enyne metathesis’™ is a derivative process of the well-known alkene metathesis
reaction.”™ It refers to the atom economy reaction between an alkene and an alkyne
molecule that leads to a 1,3-conjugated diene product (Scheme 1a). The
intramolecular version of this process is known as ring closing enyne metathesis

reaction (RCEYM) and it implies an enyne reactant that is converted to a cyclic

1, 2, 4, 16-19

conjugated 1,3-diene product (Scheme 1b). This latter reaction is seen as a

powerful route in organic synthesis and it has been used for the synthesis of many

14, 16

different biologically relevant products. Noteworthy, RCEYM only takes place in

presence of an appropriate catalyst and among all developed ones, the latest

20-22

generations of Mo, W and Ru-based alkene metathesis precatalystsza’"27 have been

reported to be efficient (Scheme 2a). Complexes shown in scheme 2 are not the active
species in the catalytic cycle as they do not present the carbene ligand leading to the

final product. The real catalysts are achieved by the reaction of these precatalysts with

28-32

a reacting molecule and depending on the applying mechanism (see below) can

lead to different active species. For instance, taking the species considered in this
study (complex 1 (Scheme 2a) as precatalyst and R1 (Scheme 1c) as reacting enyne),

the expected active alkylidenes are complexes I and Il (Scheme 2b).

The reaction can proceed through two different mechanisms that differ in the order in

which the unsaturated fragments react with the metal center (Schemes 3 and 4):*>%"

3338 The ene-then-yne mechanism implies first the reaction of the alkene fragment;

and the yne-then-ene pathway involves first the reaction with the alkyne. Evidences for

20, 21, 23-27,33

the two mechanisms exist in the literature and nowadays it is well accepted

that the applicability of one or other mechanism is highly dependent on the nature of

3
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the catalysts, reactants and reaction conditions. Interestingly, reactions proceeding
exclusively through the ene-then-yne mechanism leads to the formation of the product
exo-P, which for the considered reactants (R1 to R7 in Scheme 5) presents a 5-
membered ring (Scheme 1c shows the exo-P product of R1). In contrast, reactions
proceeding through an yne-then-ene mechanism can lead either to the formation of
the exo-P or endo-P products depending on the relative orientation between the
alkyne fragment and the metal complex in the initial alkyne skeletal rearrangement

20, 21, 23, 25-27
0,21, 23,2527 The exo- and endo-

steps (Scheme 1c shows the endo-P product of R1).
term arises from the position of the cleaved triple bond in the final product (exocyclic

or endocyclic respectively) and translates to a larger ring for the case of the endo

product.

Figure 1 shows a selected list of some experimentally performed reactions involving
enynes that lead to the formation of 5 or 6-membered ring conjugated dienes. These
are the ring sizes potentially obtained with the model reactants used in the present
work. Most precatalysts are normally selective to either the exo- or the endo- product.

In particular, the Ru-based carbenes generally lead to the exclusive formation of the

1,19, 23-27, 38

exo product, while the d° Schrock type catalyst preferentially forms the endo

20, 21

one This suggests that the operating mechanism for these two type of catalysts is

different and, while Ru-based catalyst could either proceed through the ene-then-yne
or the yne-then-ene mechanism, the Mo or W-based complexes have to proceed

exclusively through an yne-then-ene mechanism.

Several computational studies have been devoted to the study of the Ru,**>> Mo, W>*

68 d69—71

or Re base catalyzed alkene metathesis reactions and derivative processes.
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1172 either for early transition

They have shown the viability of the Chauvin mechanism
metal complexes and Ru-based catalysts and the key role of metallacyclobutane
intermediates. In particular, studies focused on the reactivity of d® metal catalysts have
shown that the mechanism consists in four elementary steps (alkene coordination,

cycloaddition, cycloreversion and alkene decoordination) (Scheme 6a).%% ® ®7 0 T

e
energetically preferred alkene coordination always takes place trans to the stronger ¢-
donor ligand (i.e. trans to the pyrrolyl in the most frequent monoalkoxy pyrrolyl (MAP)
complexes). Moreover, within the two metallacyclobutane isomers (Scheme 6a),”>"?
only the one presenting a trigonal bipyramid structure (TBP) is involved directly in the
productive pathway. The square based pyramid isomer (SPY) is usually more stable and
thus it is considered as a resting state. Similarly, several studies on the alkyne
metathesis reaction with Mo and W-based catalysts have been published in the

61, 62, 64, 65 Thay have shown that the reaction mechanism is based on Katz

literature.
mechanistic proposal® and it consists in three different steps: cycloaddition,
metallacyclobutadiene rearrangement and cycloreversion (Scheme 6b). That is, the
alkyne-complex has never been found to be a minimum on the potential energy
surface and thus, the metallacyclobutadiene is formed in one single step process.
Moreover and analogously to the alkene metathesis, for catalysts having different
ancillary ligands, the alkyne coordination takes place trans to the stronger G-donor

group.BZ, 64, 65

In this work, we have explored the reactivity in ring closing enyne metathesis of Mo-

based catalysts. Noteworthy, in contrast to the significant amount of theoretical

contributions analyzing the enyne reaction with Ru-based catalyst,** 20, 8L 82 the

reactivity of d® metal catalyst in RCEYM has never been explored computationally. In a

5
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first part, the reactivity of the active species I and Il (Scheme 2b) with R1 (Scheme 5) as
model of reactant through either the ene-then-yne, the exo-yne-then-ene or endo-yne-

then-ene mechanism is considered. Based on previous results in the literature,® © 7

% we have limited the exploration to pathways in which the coordination of the
unsaturated fragment takes place trans to the stronger c-donor pyrrolyl ligand. In a
second part, we considered the effects of reactant substituents (R2 to R7 enynes in
Scheme 5) in the energy barrier height of the steps controlling the endo-/exo-
selectivity. Results show that, in contrast to what is computed for Ru-based catalysts,**
>0 81,82 the ene-then-yne mechanism is significantly disfavored and thus the reaction
proceeds exclusively through an yne-then-ene mechanism. Moreover, although the
small energy differences are on the limitations of the modeling approach, the

calculations suggest that the exo-/endo- selectivity is mainly influenced by the bulk of

the alkyne fragment substituents.

COMPUTATIONAL DETAILS

The methodology used in this study is similar to that used in the previous articles on

Ru-based RCEYM reaction of our group.®"®

All geometry optimizations are performed
with the B3LYP hybrid density functional.®* * A 6-31G(d,p)® ® basis sets is used for
representing the main group elements. Molybdenum is represented with the Stuttgart-
Bonn group pseudopotential®’ associated with the corresponding basis sets enlarged
with a f polarization function.®® The nature of the stationary points (minima or
transition structure) is verified by vibrational analysis and the connectivity of the key

transition structures is checked by performing the corresponding Intrinsic Reaction

Coordinate (IRC) calculation. Energy refinement is made by performing single point
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calculations using the larger 6—31++G(d,p)89 basis sets for the main group elements. In
these single point calculations, solvent effects (dichloromethane) are taken into
account using the C-PCM continuum model.’**2 The gas phase thermal corrections are
evaluated with the smallest basis sets at 298.15 K and 1 atm. Moreover, since the role
of non-covalent interactions has been shown to be relevant in many studies on alkene

48, 51, 93

metathesis, the effect of Dispersion forces is included with the D2 Grimme’s

.. . 4
empirical correction® %

at the optimized geometries (Sg = 1.05). Overall, the energies
reported in the text are based on Gy, +AGsqy + D values and they include the thermal

corrections at the gas phase (Ggp), solvent effects (AGso) and dispersion forces (D). All

calculations are performed with Gaussian03® or Gaussian09”’ packages.

RESULTS AND DISCUSSION

Results are divided in three parts. First, the reactivity of the model enyne R1 with |
(Scheme 2b) either through an yne-then-ene (exo- or endo-) or and ene-then-yne
mechanism is presented (Scheme 3). Noteworthy, the reactivity of I with R1 through
the exo- and endo-yne-then-ene pathways leads to the formation of the RCEYM
products: exo-P1 and endo-P1 (Scheme 1c). In contrast, the reaction of | with R1
through an ene-then-yne pathway interconverts the two active alkylidene species (I
and II; Scheme 3a). In the second part, the reactivity of enyne R1 with alkylidene Il is
discussed (Scheme 4). In this case, the ene-then-yne pathway leads to the formation of
the exo-P1 product (Scheme 4b), while the reactivity through the yne-then-ene
pathway leads to the formation of dimeric products (Scheme 4a). In the final part, the

effect of the reacting enyne substituents (R2 to R7 in Scheme 5) in the preference for
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one or other pathway is discussed considering only the key transition structure in

defining the exo-/endo- selectivity.

Reactivity of R1 with | through an yne-then-ene mechanism. Regardless the relative
orientation of the reactant and the catalyst (endo- or exo- pathway) as well as the
nature of the latter (I or Il), the yne-then-ene mechanism is formed by two main
processes: an intermolecular alkyne rearrangement that forms a conjugated alkylidene
and an intramolecular ring closing alkene metathesis process (Figures 2 to 4). The
former involves three steps: metallacyclobutene formation, metallacyclobutene
rearrangement from a trigonal bipyramid coordination (TBP) to a square based
pyramid one (SPY) and metallacyclobutene opening. As in the case of the alkyne

metathesis reaction,® % & ©

the akyne-complex is not found as a minimum on the
potential energy surface and thus there is no alkyne coordination step. Moreover, the
metallacyclobutene is found to be a short-living intermediate that may be present in
two isomeric forms (TBP and SPY). This is in contrast to what has been reported for
RCEYM catalyzed by Ru-based complexes where the metallacyclobutene is not a

44, 30, 8L, 82 This indicates a mechanistic

minimum of the potential energy surface.
difference between the two families of catalysts that does not seem to have big
consequences in the overall reactivity as all energy barriers involving the
metallacyclobutene rearrangements are low or very low (see below). Finally, four
different steps can be identified in the intramolecular alkene metathesis process
(alkene coordination, cycloaddition, cycloreversion and alkene decoordination).
Nevertheless, for the intramolecular cases, the transition structure for the alkene

coordination and/or decoordination steps have sometimes not been located. Since the

reaction mechanisms are equivalent for all yne-then-ene pathways reported in the

8
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present study, only the endo-yne-then-ene pathway involving the reaction of | with R1
will be described in details. For all other cases, only the effects on the energetics of the
different catalyst-reactant relative orientations or nature of the alkylidene will be
pointed out. Figure 2 reports the energetics of the endo-yne-then-ene pathway and

Figure 3 shows the geometries of the intermediates and transition structures.

For the endo-yne-then-ene mechanism, the metallacyclobutene formation from
separated reactants occurs in a slightly exergonic step (AG = -0.6 kcal mol™) that has an
associated energy barrier of 11.5 kcal mol™. The transition structure endo-I-YTE-TS1-2
presents the metal, the imido, the alkoxy and the alkylidene groups essentially in the
same plane. The M---Cierminal, M***Cinternal aNd Cecarbene’**Cinternal distances are 2.31, 2.56
and 2.57 A, respectively. Intermediate endo-I-YTE-2 presents a trigonal bipyramid
metal center coordination (TBP) with apical imido and alkoxy ligands. The
metallacyclobutene fragment is flat and the M-C,, distances are 2.06 and 2.08 A, the
Co-Cp bond distances are 1.34 A for the formal C=C double bond and 1.56 A for the C-C
single bond and the M--Cg distance is 2.37 A. Therefore, although endo-I-YTE-2
presents a rather short M---Cg distance as it is the case for TBP metallacyclobutane

73-79

intermediates, the bond distances between C, and Cg carbons are within those

expected for usual C-C and C=C bonds and thus they are not elongated as observed in

metallacyclobutane intermediates.>” 63,66,67,69,73,75, 76,78, 79

The TBP metallacyclobutene intermediate can further evolve to a more stable SPY
isomer (endo-I-YTE-3) with the imido ligand in apical position. The reaction Gibbs
energy is strongly exergonic (-15.3 kcal mol™) and the energy barrier with respect to

endo-I-YTE-2 is only 5.6 kcal mol™. Noteworthy, the stabilization of the SPY isomer
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with respect to TBP intermediate is much larger than those traditionally reported for

molybdenum imido metallacyclobutane intermediates,® ®* ©

suggesting that endo-I-
YTE-3 intermediate should have an active role in the reaction. The SPY
metallacyclobutene intermediate presents a less flat metallacyclobutene fragment (Q =
18.62) than the TBP isomer and a longer M---Cg distance of 2.67 A. These features are

7376 Moreover, the M-C,

similar to those reported for SPY metallacyclobutanes.
distances are longer and much more assymetrical than for endo-I-YTE-2 (2.11 A for the

M-C,, involving the carbon coming originally from the enyne and 2.24 A for the M-C,,

involving the carbon of the alkylidene).

At this point it is worth mentioning that a transition structure connecting directly
separated reactants with the SPY metallacycle was not found despite the efforts to
locate it. The scan along the M---Cn distances showed a maximum that when allowed
to fully relax as a transition structure evolved to the transition structure associated
with the formation of the TBP isomer. This could be due to the smaller trans influence
of the imido ligand when compared with the alkylidene that forces a wide alkoxy-

molybdenum-imido angle that evolves to the TBP metallacyclobutene isomer.

From endo-I-YTE-3 a transition structure associated with the elongation of the M-
Cobond involving the original carbon of the alkylidene leads to a 1,3-conjugated
carbene. The reaction Gibbs energy of this process is again strongly exergonic (AG = -
12.5 kcal mol™) and, remarkably the corresponding Gibbs energy barrier is very small
(AG = + 2.8 kcal mol'l). The M-C,, distances, the Co-Cg bonds and the Cg-Co-M-Nimido
torsional angle are between the values of endo-I-YTE-3 and endo-I-YTE-4 suggesting a

significant electronic reorganization. The endo-I-YTE-4 presents geometrical features

10
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equivalent to those of other Mo alkylidenes: a M-C¢arpene distance of 1.91 A and a
coplanar rearrangement of the alkylidene substituents and the imido group. The endo-
I-YTE-4 intermediate involved in the reaction pathway corresponds to the anti isomer
(alkylidene substituents pointing opposite to the imido ligand). Nevertheless, the
related syn isomer, with the alkylidene substituents pointing towards the imido, is

lower in energy by 1.8 kcal mol™.

Overall, the intermolecular alkyne rearrangement leading to a conjugated alkylidene is
strongly favorable AG = -28.4 kcal mol™ and requires overcoming relatively small
energy barriers. In fact, once the TBP metallacyclobutene intermediate has been
formed all Gibbs energy barriers are small and thus the energy barrier limiting this
endo-yne-then-ene pathway is that associated with the cycloaddition (AG” = + 11.5 kcal
mol™ with respect to separated reactants). This is similar to what has been computed

44, 50, 81, 82
the

for the ring closing metathesis reaction catalyzed by Ru-based complexes,
main difference being that in the present case the metallacyclobutene is a short-living

intermediate that rearranges from TBP to SPY and then to the conjugated carbene.

From the metal-alkylidene complex endo-I-YTE-4, the intramolecular alkene
metathesis process takes place. It is worth mentioning, first, that the alkene-complex
(endo-I-YTE-5) is not located as a minimum on the potential energy surface for the
endo-yne-then-ene pathway and in fact, the IRC associated with endo-I-YTE-TS4-6
evolved to a conformer of the endo-I-YTE-4 alkylidene with no interaction between the
metal and the alkene fragment. As a consequence, the calculations suggest that the
metallacyclobutane formation occurs in one single step in the endo-yne-then-ene

pathway, but in two steps in the exo-yne-then-ene pathway (see Figure 4). The energy

11
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barriers for the alkene coordination and cycloaddition with respect to the exo-I-YTE-5
complex of the exo-yne-then-ene route are really small (2.3 and 0.9 kcal mol™
respectively) and thus, for this particular case, the fact that the process is one or two

steps does not seem to influence significantly the overall reactivity.

The one step cycloaddition is slightly endergonic and it presents a low energy barrier
(endo-I-YTE-TS4-6). The reaction Gibbs energy is 3.6 kcal mol™ and endo-I-YTE-TS4-6 is
located 6.1 kcal mol™ above the metal-alkylidene complex. The metallacyclobutane
intermediate has a trigonal bipyramid (TBP) coordination around the metal center with
apical imido and alkoxy groups. As expected, a SPY metallacyclobutane isomer has also
been found to be a minimum of the potential energy surface (endo-I-YTE-6SPY). It is
7.6 kcal mol™ lower in energy than the TBP intermediate. However, according to
previous calculations, this SPY isomer is not involved in the alkene metathesis

pathwayGO, 66, 67

and, for this particular case, the transition structure connecting the
TBP and SPY isomers has essentially the same Gibbs energy than that of cycloreversion
from endo-I-YTE-6. Therefore, the cycloreversion from endo-I-YTE-6SPY has not been
explored. The cycloreversion and alkene decoordination from endo-I-YTE-6 takes place
in a single step that implies a Gibbs energy barrier of 9.0 kcal mol™ wih respect to the
TBP metallacyclobutane. Therefore, the intramolecular alkene metathesis reaction
from endo-I-YTE-4 requires overcoming energy barriers that are slightly higher than
those associated with the intermolecular alkyne skeletal reorganization. The energy
difference between the lowest in energy intermediate (endo-I-YTE-4) and the highest

in energy transition structure (endo-I-YTE-TS6-I) of the alkene metathesis part is 12.6

kcal mol™ (16.6 kcal mol™ from endo-I-YTE-6SPY). Nevertheless, the high exergonicity

12
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of the alkyne fragment rearrangement reaction (irreversible process) indicates that the

alkene metathesis reaction has no influence in defining the endo-/exo- selectivity.

Very similar energetics are obtained for the exo-yne-then-ene pathway (Figure 4).
Again, the intermolecular alkyne skeletal reorganization is globally strongly exergonic
and thus it is key in defining the viability of the exo-yne-then-ene pathway. However,
the initial metallacyclobutene formation is only marginally favorable (AG = -2.0 kcal
mol™?) and thus the large exergonicity arises from the TBP to SPY rearrangement (AG =
-10.9 kcal mol™) and from the SPY to conjugated alkylidene step (AG = -15.0 kcal mol™).
The energy barriers associated with these three steps are relatively low and the one
associated with the metallacyclobutene formation (AG” = 10.8 kcal mol™ with respect
to separated reactants) corresponds to the highest in Gibbs energy transition
structure. Concerning the ring closing alkene metathesis process (exo-I-YTE-4 to | +
exo-P1), it is found that all intermediates and transition structures are well below
reactants in terms of Gibbs energies and thus, this process has no effect on
determining the exo-/endo- selectivity. Noteworthy, for the exo-yne-then-ene
pathway, the SPY isomer (exo-I-YTE-6SPY) of the metallacyclobutane intermediate is
higher in Gibbs energy than the TBP intermediate by 5.6 kcal mol™ and the transition
structure connecting the two metallacyclobutane isomers is also higher in Gibbs
energy than the transition structure for cycloreversion. Therefore, the exo-I-YTE-6SPY
species is not expected to have a significant role in the reaction. This exo-I-YTE-6SPY
species presents a puckered structure with the Cg carbon pointing away the imido
ligand, a conformation that has not been located in the calculations of unsubstituted

63, 66, 67

metallacycles with small models. Overall, the most stable intermediate of the

13
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ring closing metathesis process is the TBP metallacycle isomer and the energy
difference between the lowest intermediate (exo-I-YTE-6) and the highest transition
structure (cycloreversion) is 12.4 kcal mol™. Therefore, the energy barrier defining the
feasibility of the exo-yne-then-ene pathway is that associated with the
metallacyclobutene formation of the alkyne skeletal reorganization (exo-I-YTE-TS1-2 ),
and the rate limiting process is the intramolecular alkene metathesis. The exo-I-YTE-
TS1-2 transition structure is located 10.8 kcal mol™ above separated reactants and the
energy span of the intramolecular alkene metathesis process is 12.4 kcal mol™. These

values are similar to that obtained for the endo-yne-then-ene route.

Reactivity of R1 with | through an ene-then-yne mechanism. The reaction of R1 with |
through an ene-then-yne mechanism implies first a cross metathesis process leading to
the formation of alkylidene I-ETY-5 and, afterwards, an intramolecular alkyne fragment
rearrangement that forms the conjugated alkylidene Il (Figure 5). Therefore, the
process interconverts | into Il. The number and nature of steps is essentially the same
to the yne-then-ene pathways but in this case they take place in opposite order. The
cross metathesis process implies four steps: alkene coordination, cycloaddition,
cycloreversion and ethene decoordination (Figure 5) and the alkyne rearrangement
implies three steps: formation of the TBP metallacyclobutene intermediate, TBP to SPY

metallacyclobutene rearrangement and formation of the conjugated alkylidene.

The cross metathesis process starts with a significantly endergonic alkene coordination
step (AG = 9.5 kcal mol™) that implies overcoming an energy barrier of 14.4 kcal mol™.
Once the alkene-complex I-ETY-2 is formed, this can react leading to the formation of

the metallacyclobutane intermediate I-ETY-3, which is 1.8 kcal mol™* above separated

14
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reactants. Therefore, the metallacycle is slightly higher in energy than separated
reactants, similarly to what has been recently pointed out by Hoveyda and co-
workers.®® The Gibbs energy barrier for the cycloaddition step is 6.5 kcal mol™ and
thus, I-ETY-TS2-3 becomes the highest in Gibbs energy transition structure (rate
determining transition structure) of the whole alkene metathesis process (AG” = 16.0
kcal mol™ with respect to separated reactants). The usually more stable square based
pyramid metallacyclobutane intermediate (I-ETY-3SPY) is also found as a minimum of
the potential energy surface. Nevertheless, as in the case of exo-I-YTE-6SPY of the exo-
yne-then-ene pathway, it is slightly higher in energy (AGrep-spy = +1.2 kcal mol™) and its
formation from the TBP isomer is higher in Gibbs energy than the cycloreversion.
Therefore, it is not expected to have an important role in the full process. Finally, the
two mirror steps that lead to the formation of I-ETY-5, cycloreversion and ethene
decoordination, are easier. In fact, I-ETY-TS4-5 is not localized due to the very flat
potential energy surface. From I-ETY-5, the intramolecular alkyne skeletal
reorganization is strongly exergonic (AG = -39.4 kcal mol™) and all energy barriers are
significantly lower than those of the cross metathesis process suggesting that once I-

ETY-5 is formed the reaction occurs easily leading to Il.

Overall, the cross metathesis process interconverting | to I-ETY-5 is key in determining
the feasibility of the ene-then-yne process. Globally, the process is slightly endergonic
(AG = 2.6 kcal mol™) and requires overcoming transition structures that are up to 16.0
kcal mol™ above separated reactants. These energy barriers are not really high but

they indicate that the ene-then-yne pathway is significantly less favored that both the

15
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endo-yne-then-ene (11.5 kcal mol™) and exo-yne-then-ene (10.8 kcal mol™) processes.

Calculations suggest that the ene-then-yne pathway from | does not occur.

The cross metathesis between | and the exo-P olefin can also interconvert I into Il. It is
for this reason that its feasibility has also been explored (Figure S1 of the
Supplementary Information). For this reaction, the lowest in energy minimum are
separated reactants and the highest in Gibbs energy transition structure is found to be
the initial alkene coordination step. The Gibbs energy span is 16.4 kcal mol™ a value
very similar to that computed for reaction of | with R1 through the ene-then-yne

pathway. Therefore, this process will also rarely take place.

Reactivity of R1 with Il (ene-then-yne and yne-then-ene pathways). As already
mentioned above, the reaction of R1 with Il through and ene-then-yne leads to the
formation of the exo-P1 product. In contrast, the R1 with Il reaction through an yne-
then-ene mechanism leads to the formation of dimeric species (Scheme 4). As
expected, changing the nature of the reacting alkylidene does not have an effect on
the number and nature of the elementary steps. Therefore the ene-then-yne pathway
is formed by a cross metathesis process that occurs in four steps (alkene fragment
coordination, cycloaddition, cycloreversion and alkene decoordination) and an
intramolecular alkyne skeletal reorganization that takes place in three steps
(metallacyclobutene formation, TBP to SPY isomerization and ring opening) (Figure 6).
On the other hand, the yne-then-ene pathway involves first the strongly exergonic
intermolecular alkyne skeletal reorganization that implies the same three steps
described for the reaction between R1 and I and then a intramolecular ring closing

alkene metathesis process (Figure 7).
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Figure 6 shows the energetics of the reaction of R1 with Il through the ene-then-yne
mechanism. The overall cross metathesis process leading to the formation of II-ETY-5
is slightly endergonic with a reaction Gibbs energy of 3.7 kcal mol™. It involves
overcoming energy barriers that are in all cases lower than 16.0 kcal mol™ for each
individual step and the highest in free energy transition structure is that associated
with the alkene decoordination. Moreover, all intermediates (alkene-complexes II-ETY-
2 and II-ETY-4 and TBP (lI-ETY-3) and SPY (lI-ETY-3SPY) metallacycles) are significantly
higher in Gibbs energies than separated reactants. The lowest one is II-ETY-3SPY that
has a puckered metallacyclobutane fragment with the Cg pointing toward the imido
and an energy relative to separated reactants of + 5.5 kcal mol™. However, this species
is not directly involved in the productive pathway and its formation requires
overcoming energy barriers that are higher than those of the productive pathway and
thus it is not expected to have a significant role in the overall process. In any case, the
energy difference defining the Gibbs energy cost for the alkene metathesis process is
that between separated reactants and the alkene decoordination transition structure,
which is equal to 19.3 kcal mol™ (3.3 kcal mol™ higher than that of the reaction
between R1 and ). The subsequent alkyne skeletal reorganization is strongly exergonic
(AG = -40.3 kcal mol™) and it implies lower energy barriers. Therefore, the feasibility of
the ene-then-yne mechanism is determined again by the cross metathesis process and
the Gibbs energy span between the lowest intermediate (separated reactants) and the

highest transition structure (alkene decoordination) is 19.3 kcal mol™.

The reactivity of R1 with alkylidene Il through the yne-then-ene mechanism (Figure 7)

presents a strongly exergonic alkyne skeletal reorganization (AG = -22.8 kcal mol™).
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However, in the present case, this exergonicity arises only from the last ring opening
step. Going into details, it is found that the metallacyclobutene formation is slightly
endergonic with a reaction Gibbs energy of +1.1 kcal mol™ and an Gibbs energy barrier
of 7.5 kcal mol™. The TBP to SPY interconversion is marginally exergonic (AG = -4.7 kcal
mol™) and it requires to overcome the highest in Gibbs energy transition structure of
the alkyne skeletal reorganization. This transition structure is located 8.3 kcal mol™
above separated reactants. From the |II-YTE-3 intermediate, the SPY
metallacyclobutene opening is highly favorable (AG = -19.1 kcal mol™) which leads to

an overall irreversible process.

The subsequent intramolecular alkene metathesis implies three steps and their nature
is equivalent to that of those described for the reaction of | with R1 through the exo-
and endo-yne-then-ene pathways. As in those cases, the transition structure located at
higher Gibbs energies is that of the final cycloreversion step (lI-YTE-TS6-1) and the
computed Gibbs energy barriers suggest a feasible process. The energy span between
I-YTE-6 and II-YTE-TS6-I is 12.7 kcal mol™. Comparing the ene-then-yne and the yne-
then-ene pathways starting from Il, the computed energy values indicate that if Il were
present in the reaction mixture it would preferentially react through an yne-then-ene
mechanism (AG” = 8.3 kcal mol™) and not through the ene-then-yne route (AG* = 19.3
kcal mol™). Therefore, this would form alkylidenes having two units of the reactants

and probably deactivate the catalyst.

As already summarized in the introduction, the d° based alkylidene complexes able to
perform the ring closing enyne metathesis produce selectivily the endo product (Figure

1). This is indicative that the applying mechanism is the yne-then-ene pathway.’®?*?
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Only for some specific cases, some amounts of the exo product are detected.”® *! This
could be attributed to the fact that in these cases the exo-yne-then-ene mechanism
can be competitive, which would suggest relative small energy differences between
the key energy barriers of the endo- and exo-yne-then-ene pathways. The calculations
support, at least partially, these findings. The endo- and exo-yne-then-ene pathways
starting from | as active allkylidene implies overcoming transition structures that are at
least 4.5 kcal mol™ lower in Gibbs energy than the highest transition structures of the
ene-then-yne pathway. This energy difference is not very large but it is sufficient to
explain the observed preference for the yne-then-ene pathway.” Similarly, the most
feasible reactivity of R1 with Il is through the yne-then-ene pathway. The yne-then-ene
preference for the reaction of Il is of about 8.4 kcal mol™?, which suggests that even if Il
were formed the ene-then-yne pathway leading to the exo-P1 product would not take

place.

This general preference for the yne-then-ene pathway was also observed for the
reactivity of R1 with Ru-based catalysts using the same computational approach,®
but in that case the energy differences between the two competitive processes were
computed to be significantly lower (2.4 kcal mol™). This suggests that the applying
mechanism is dependent on the nature of the reactants in the case of the Ru-based
catalyst (specially the presence of substituents in the propargylic position favor the
ene-then-yne pathway), but, in contrast, for Mo catalyst, the reaction should more

likely exclusively proceed through an yne-then-ene mechanism.

The present calculations are not able to distinguish between the endo- and exo-

selectivity for R1, as the exo-yne-then-ene (and not the endo-yne-then-ene) pathway is
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preferred by 0.7 kcal mol™. However, despite this disagreement, an exploration on
how the effect of the substituents can influence the metallacyclobutene formation
energy barrier both for the endo- and exo-yne-then-ene pathway has been undertaken
with the aim of analyzing how steric and electronic properties may influence the endo-

and exo- selectivity, even assuming the limitations of the calculations.

Effect of reactants substituents. Reactivity of Il with R2 to R7 enynes. With the aim of
evaluating the effect of changing enyne reactant substituents, the energy barrier of
the metallacyclobutene formation for the series of R2 to R7 enynes (Scheme 5) has
been computed. According to present calculations, the transition structure associated
with this step is key in determining the endo-/exo- selectivity and thus, the analysis of
the effect of substituents in it should rationalize in a large extend the origin of the
catalyst selectivity. It is worth mentioning that the considered reactants have been
selected as illustrative examples for analyzing both the steric (-H vs. -CHs, -tBu) and

electronic effects (-CHs vs. —F).

Table 1 summarizes the Gibbs energy barrier for the metallacyclobutene formation
step for all considered reactants and pathways (endo- and exo-), as well as the Gibbs
energy difference between the two routes. At first glance and taking the Gibbs energy
barrier heights of R1 as reference, it is observed that increasing the sterics of the
reacting enyne (R1 vs. R2 to R7) produces a general increase of the energy barrier, the
associated values ranging between 11.7 and 18.4 kcal mol™. Noteworthy, this trend is
only marginally affected by the electronic nature of the substituents and thus, sterics

are clearly the main factor.
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Interestingly, the energy barrier increase is not equal for the two potential enyne —
catalyst relative orientations. In this view, increasing the bulk of the substituents in the
terminal position -H < -CH3 < -CF3 or -tBu produce a significant increase of the energy
barrier associated with the endo-yne-then-ene pathway from 11.5 to 13.1 and from
13.1 to 18.4 or 18.0 kcal mol™. In contrast, this energy barrier height increase is much
less pronounced for the exo-yne-then-ene pathway, the associated values being 10.8,
12.0, 14.8 and 12.9 kcal mol™ for —=H, -CHs, -CF; and -tBu respectively. Consequently,
for internal alkyne fragments, the exo-yne-then-ene mechanism is computed to be
significantly preferred within the present methodology which tends to underestimate

the viability of the endo-yne-then-ene pathway.

On the other hand, the effects on the energy barrier for the metallacyclobutene
formation induced by substituents in the propargylic position are only significant for
the exo-yne-then-ene pathway. In this way, substituting the —H (R1 and R3) atoms by —
F (R5) or —CH3z (R2 and R4) groups produce a not negligible increase of the
metallacyclobutene formation energy barrier of the exo-yne-then-ene pathway that
goes from 10.8 or 12.0 kcal mol™ to 16.9, 13.7 and 13.9 kcal mol™, respectively.
Overall, this leads to a preference for the endo-yne-then-ene pathway when the enyne
has a terminal alkyne fragment and substituents in the propargylic position and this

suggests again that sterics has a crucial role in favoring one or the other route.

In summary and assuming that the calculations underestimate the viability of the
endo-yne-then-ene pathway with respect to the exo-yne-then-ene route, the present
work outlines that the endo-/exo- selectivity in Mo-based catalysts seems to be highly

influenced by the sterics of the reacting enyne. That is, although there is a small
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electronic effect of the substituents, the preference for the one or other route seems
to arise from the fact that in the YTE-TS1-2 transition structure the preferred relative
orientation between the reacting enyne and the metal fragment implies that the
carbon of the triple bond bearing the largest groups interacts with the carbon end of
the alkylidene. In this orientation, the bulkiest group points away from the rest of the
complex and it further evolve to a metallacyclobutene where the carbon bearing the
biggest substituents is in B position and thus far from the metal center. In this way,
terminal alkyne fragments would lead mainly to endo- products and internal alkyne
fragments could lead to a mixture of exo- and endo- products, the major one being, at
least in part, related to the relative bulk of the two ends. Noteworthy, this is
significantly different to what was proposed for Ru-based catalysts for which a larger

influence of the electronic nature of the substituents was proposed.®"

CONCLUSIONS

The ring closing enyne metathesis reaction (RCEYM) catalyzed by molybdenum
monoalkoxy pyrrolyl (MAP) Schrock type catalyst has been studied by means of DFT
(B3LYP-D) calculations. The three proposed mechanisms for RCEYM reactions, endo-
yne-then-ene, exo-yne-then-ene and ene-then-yne, as well as the two potential active
alkylidene (I and Il in Scheme 2) have been considered. The results show significant
differences with previous computational works on RCEYM processes catalyzed with Ru-
based complexes in agreement with the experimentally observed differences between

the two families of catalysts.

Regarding the number and nature of the elementary steps of the reaction mechanism,

it is worth highlighting that the intermolecular alkyne skeletal reorganization is found
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to take place in three steps: metallacyclobutene formation; trigonal bipyramid (TBP) to
square based pyramid (SPY) metallacyclobutene rearrangement and ring opening from
the SPY isomer. Therefore, metallacyclobutenes are computed to be very short-living

intermediates that can be present in two isomeric forms: TBP and SPY.

With respect to the energetics, calculations show that regardless of the alkylidene
nature (I and Il), the yne-then-ene pathways are computed to have overall significantly
lower energy barriers than those of the ene-then-yne mechanism and thus, this
indicates that the ene-then-yne pathway does not take place. This is in contrast to
what has been previously found for RCEYM processes catalyzed with Ru-based
complexes for which the ene-then-yne and yne-then-ene pathways have similar
energetics and thus the applicability of one or other pathway depends on the nature of
the reactants and reaction conditions. Finally, results highlight that the endo-/exo-
selectivity is strongly influenced by the sterics of the reacting enyne. In this way,
enynes having a bulky skeleton and a terminal alkyne fragment would lead to the
endo- product. On the other hand, enynes with internal alkyne fragments would
probably lead to mixtures of endo-/exo- products that seem to be highly dependent on
the bulk of the two carbon ends of the alkyne group. This is attributed to the fact that
the preferred mechanism is the one in which the most hindered carbon of the alkyne
fragment interacts with the carbon end of the alkylidyne, placing the bulkiest groups

as far as possible of the metal fragment.
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SUPLEMENTARY INFORMATION. Figure S1 showing the energy profile of the reaction

between | and exo-P olefin.
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Table 1. Gibbs (Gg, + AGso + D) energy
barriers (AG”) associated with the
metallacyclobutene formation step of the
endo- and exo-yne-then-ene pathway.
Energy Difference (A(AG”)) between these

two Gibbs energy barriers. All values are in

kcal mol™.
AG” A(AG")?
endo- exo-

R1 115 10.8 +0.7
R2 11.7 13.7 -2.0
R3 13.1 12.0 +1.1
R4 12.5 13.9 -1.4
RS 18.0 12.9 +5.1
R6 15.6 16.9 -1.3
R7 18.4 14.8 +3.6

% a negative values indicates that the endo-
yne-then-ene route is preferred over the

exo-yne-then-ene one.
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a) Reactivity of | through an ene-then-yne mechanism
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a) Reactivity of Il through an yne-then-ene mechanism
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Figure 1. Reaction yields and exo-/endo- selectivity for some selected examples obtained
experimentally with Mo (complex 1) and Ru-based (mostly with complex 4) catalysts (see

Scheme 2 for complex definition). The data is extracted from references 20, 23, 26 and 27.
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Figure 2. Gibbs energy profile (based on Ggy+ AGg + D in kcal mol ') for the reaction of

alkylidene I with R1 through the endo-yne-then-ene pathway
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Figure 3. Optimized geometries of all intermediates and transtion structures involved in the

reaction of alkylidene | with R1 through the endo-yne-then-ene pathway.
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Figure 5. Gibbs energy profile (based on Gg+ AGs, + D in kcal mol™?) for the reaction of

alkylidene I with R1 through the ene-then-yne pathway. This pathway interconverts the two

potentially active alkylidene species.
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alkylidene Il with R1 through the ene-then-yne pathway.
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alkylidene Il with R1 through an yne-then-ene pathway. This pathway leads to the formation of
dimeric species.
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