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The thermal 1,3-dipolar cycloaddition reaction between alkynyl metal(0) Fischer carbenes and
S5-methyl-3H-1,2-dithiole-3-thione to yield 1,3-dithiafulvene has been studied computationally
within the Density Functional Theory framework. The transformations involving Fischer carbene
complexes and their isolobal analogues (organic esters and corresponding Lewis acid complexes)
were compared in terms of regioselectivity, barrier and reaction energies, synchronicity, and
aromaticity of the corresponding transition states. These reactions are found to be concerted and
completely regioselective toward the formation of the Z-1,3-dithiafulvene isomer, which is kinetically
favored. DFT calculations are in good agreement with the experimental outcome of the process,
which can be explained by means of the corresponding frontier molecular orbitals of reactants and

their electrostatic potentials.

Introduction

The chemistry of Fischer carbene complexes has been
largely developed since the first synthesis of the [methoxy-
(methyl)carbene pentacarbonyl]tungsten(0) complex by
Fischer and Maasbél in 1964.' Due to their special electronic
features and multifunctional structure, most of the investi-
gations performed so far have mainly focused on their
applications in organic synthesis.> Nowadays, Fischer car-
bene complexes have shown themselves to be very efficient
and versatile starting materials to carry out a wide variety of
organic transformations under mild conditions.?

Group 6 metal(0) Fischer carbene complexes bearing an
alkenyl or alkynyl group attached to the carbene carbon
atom have been reported to be excellent dienophiles,* which
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are able to undergo different cycloadditions such as Diels—
Alder reactions*> or 1,3-dipolar cycloadditions.® Interest-
ingly, the activating effect of the pentacarbonylchromium(0)
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Scheme 1. Reaction between Alkynyl Fischer Carbene Complex and 3H-1,2-Dithiole-3-thione Derivatives
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moiety makes the velocity of the reaction of [(methoxy)-
(vinyl)pentacarbonyllchromium(0) carbene and isoprene
comparable to the reaction rate of isoprene and methyl
acrylate catalyzed by AICI;, and for this reason, the term
“super ester” was coined for these complexes based on
these and other analogous reactions.> Recently, we have
reported a computational study aiming at understanding
the role of the Fischer carbene moiety in 1,3-dipolar

(6) (a) Chan, K. S.; Wulff, W. D. J. Am. Chem. Soc. 1986, 108, 5229.
(b) Chan, K. S. J. Chem. Soc., Perkin Trans. 11991, 2602. (c) Chan, K. S.;
Yeung, M. L.; Chan, W. K.; Wang, R. J.; Mak, T. C. W. J. Org. Chem. 1995,
60, 1741. (d) Barluenga, J.; Fernandez-Mari, F.; Viado, A. L.; Aguilar, E.;
Olano, B. J. Chem. Soc., Perkin Trans. 1 1997,2267. (¢) Yeung, M. L.; Li,
W. K.; Liu, H. J.; Wang, Y.; Chan, K. S. J. Org. Chem. 1998, 63, 7670.
(f) Barluenga, J.; Aznar, F.; Palomero, M. A. Chem.—Eur. J. 2001, 7, 5318.
(g) Barluenga, J.; Fernandez-Rodriguez, M. A.; Aguilar, E.; Fernandez-Mari,
F.; Salinas, A.; Olano, B. Chem.—FEur. J. 2001, 7, 3533. (h) Barluenga, J.;
Fernandez-Mari, F.; Aguilar, E.; Viado, A. L.; Olano, B. Tetrahedron Lett.
1998, 39, 4887. (i) Barluenga, J.; Fernandez-Mari, F.; Viado, A. L.; Aguilar,
E.; Olano, B.; Garcia-Granda, S.; Moya-Rubiera, C. Chem.—Eur. J. 1999, 5,
883. (j) Barluenga, J.; Tomas, M.; Ballesteros, A.; Santamaria, J.; Brillet, C.;
Garcia-Granda, S.; Pinera-Nicolds, A.; Vazquez, J. T. J. Am. Chem. Soc.
1999, 121, 4516. (k) Barluenga, J.; Fernandez-Mari, F.; Gonzalez, R;
Aguilar, E.; Revelli, G. A.; Viado, A. L.; Fananas, F. J.; Olano, B. Eur. J.
Org. Chem. 2000, 1773. (1) Merino, 1.; Santosh Laxmi, Y. R.; Florez, J.;
Barluenga, J.; Ezquerra, J.; Pedregal, C. J. Org. Chem. 2002, 67, 648.
(m) Barluenga, J.; Lopez, S.; Florez, J. Angew. Chem., Int. Ed. 2003, 42,
231. (n) Barluenga, J.; Vicente, R.; Lopez, L. A.; Tomas, M. J. Am. Chem.
Soc. 2006, 128, 7050.

(7) Ferndndez, L.; Sierra, M. A.; Cossio, F. P. J. Org. Chem. 2006, 71,
6178.

(8) (a) Fernandez, 1.; Sierra, M. A.; Cossio, F. P. J. Org. Chem. 2008,
73, 2083. (b) For a related study on 6z-electrocyclization processes, see:
Fernandez, 1.; Cossio, F. P.; Sierra, M. A. Organometallics 2007, 26, 3010.

(9) Granados, A. M.; Fracaroli, A. M.; De Rossi, R. H.; Fuertes, P.;
Torroba, T. Chem. Commun. 2008, 8, 483.

(10) (a) Frere, P.; Belyasmine, A.; Gorgues, A.; Duguay, G.; Boubekeur,
K.; Batail, P. Tetrahedron Lett. 1993, 34, 4519. (b) Marcos, C. F.; Polo,
C.; Rakitin, O. A.; Rees, C. W.; Torroba, T. Chem. Commun. 1997, 879.
(c) Barriga, S.; Fuertes, P.; Marcos, C. F.; Miguel, D.; Rakitin, O. A.; Rees,
C. W,; Torroba, T. J. Org. Chem. 2001, 66, 5766. (d) Barriga, S.; Fuertes, P.;
Marcos, C. F.; Rakitin, O. A.; Torroba, T. J. Org. Chem. 2002, 67, 6439.
(e) Barriga, S.; Fuertes, P.; Marcos, C. F.; Torroba, T. J. Org. Chem. 2004, 69,
3672. (f) Barriga, S.; Garcia, N.; Marcos, C. F.; Neo, A. G.; Torroba, T.
Arkivoc 2002, 212. (g) Barriga, S.; Marcos, C. F.; Riant, O.; Torroba, T.
Tetrahedron 2002, 58, 9785. (h) Garcia-Valverde, M.; Pascual, R.; Torroba,
T. Org. Lett. 2003, 5, 929. (i) Gorgues, A.; Hudhomme, P.; Sallé¢, M. Chem.
Rev. 2004, 104, 5151. (j) Ogurtsov, V. A.; Rakitin, O. A.; Rees, C. W.;
Smolentsev, A. A.; Belyakov, P. A.; Golovanov, D. G.; Lyssenko, K. A. Org.
Lett. 2005, 7, 791. (k) Garcia-Valverde, M.; Torroba, T. Eur. J. Org. Chem.
2006, 849. (1) Konstantinova, L. S.; Lysov, K. A.; Amelichev, S. A.;
Obruchnikova, N. V.; Rakitin, O. A. Tetrahedron 2009, 65, 2178. (m) Frere,
P.; Belyasmine, A.; Gouriou, Y.; Jubault, M.; Gorgues, A.; Duguay, G.;
Wood, S.; Reynolds, C. D.; Bryce, M. R. Bull. Soc. Chim. Fr. 1995, 132,
975. (n) Andreu, R.; Aramburo, J.; Cerdan, M. A.; Garin, J.; Orduna, J.;
Villacampa, B. Tetrahedron Lett.2006,47,661.(0) Andreu, R.; Blesa, M. J.;
Carrasquer, L.; Garin, J.; Orduna, J.; Alcald, R.; Villacampa, B. Phosphorus,
Sulfur Silicon Relat. Elem. 2005, 180, 1473. (p) Andreu, R.; Cerdan, M. A.;
Garin, J.; Orduna, J. Arkivoc 2004, 32. (q) Insuasty, B.; Atienza, C.; Seoane,
C.; Martin, N.; Garin, J.; Orduna, J.; Alcala, R.; Villacampa, B. J. Org. Chem.
2004, 69, 6986. (r) Saha, S.; Leung, K. C. F.; Nguyen, T. D.; Stoddart, J. F.;
Zink, J. 1. Adv. Funct. Mater. 2007, 17, 685. (s) Willner, 1.; Basnar, B.;
Willner, B. Adv. Funct. Mater. 2007, 17, 702. (t) Griffiths, K. E.; Stoddart,
J.F. Pure Appl. Chem. 2008, 80,485. (u) Gao, H.J.; Gao, L. Prog. Surf. Sci.
2010, 85, 28.

OCH; H Ph
(CO)sCr=X__ Ph ALO, =
S__S

S__S CH,Cl, |

S

s | R,

R2 R4

Ry
3 (23-92 %) 4

cycloadditions’ and Diels—Alder reactions.® We demon-
strated that either alkynyl or alkenyl group 6—Fischer
carbene complexes act in these transformations as organo-
metallic analogues of organic alkyl-propiolates with en-
hanced electrophilic character. In addition, these reactions
occur through transition structures that are more asyn-
chronous and less aromatic than their nonorganometallic
isolobal analogues but quite similar to the transition
structures for the reactions involving Lewis acid—ester
complexes.

In this regard, we have recently reported the first synthesis
of pure regioisomer E-dithiafulvene thione via the 1,3-
dipolar cycloaddition reaction between a series of 5-sub-
stituted-3 H-1,2-dithiole-3-thione derivatives with alky-
nyl Fischer carbene complexes followed by a demetalation—
decarboxylation step by treatment with neutral aluminum
oxide (Scheme 1).? This transformation is important since it
allows the easy access to reaction products that present
interesting properties in the organic materials field'® and
because the cycloadditions that involve organic propiolates
usually lead to mixtures of cycloadducts. % &1 A highly
asynchronous cycloaddition reaction due to the thiono
group of 3H-1,2-dithiole-3-thione was initially proposed
for the first step of the transformation involving Fischer
carbene complexes.9 However, the reasons for the observed
complete regioselectivity and the low temperatures required
for the process to occur remain not fully understood.

Therefore, herein we report an extensive computational
study on the origin of the regioselectivity of the 1,3-dipolar
cycloaddition reaction between 3 H-1,2-dithiole-3-thione de-
rivatives and alkynyl Fischer carbene complexes (Scheme 2).
The results will be compared with those obtained for the
analogous process, which involves the respective isolobal
organic esters and their corresponding Lewis acid-complexed
counterparts. Finally, the synchronicity of the different trans-
formations and the aromaticity of the corresponding saddle
points will be discussed.

Computational Details

Theoretical calculations were performed with the GAUSSI-
AN 03 suite of programs.'? All geometry optimizations were
computed using the hybrid density functional B3LYP'? and the
standard 6-314+G(d) basis set'* for hydrogen, carbon, oxygen,
nitrogen, sulfur, fluorine, chlorine, and aluminum atoms. For
the chromium, scandium, and tungsten atoms we used the
Hay—Wadt small-core effective core potential (ECP) including
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Scheme 2
OCH3; OCH3;
[M]:S—{R [M]:S_(R
OCH3 .S s S
M) + 8 S

2 1

2a, M = Cr(CO)5, R=Me
2b, M =Cr(CO)s, R=Ph
2¢c, M = W(CO)s, R = Me
2d, M = W(CO)s, R = Ph
2e,M=0,R=Me

2f, M = O-AICl;, R = Me

a double-¢ valence basis set (LanL2DZ keyword).'> Spin—orbit
corrections have not been included in the calculations.

The stationary points were located with the Berny algo-
rithm'® using redundant internal coordinates. Analytical
Hessians were computed to determine the nature of stationary
points (one and zero imaginary frequencies for transition states
and minima, respectively)'” and to calculate unscaled zero-point
energies (ZPEs) as well as thermal corrections and entropy
effects using the standard statistical-mechanics relationships
for an ideal gas.'® Transition structures (TSs) show only one
negative eigenvalue in their diagonalized force constant ma-
trices, and their associated eigenvectors were confirmed to
correspond to the motion along the reaction coordinate under
consideration using the intrinsic reaction coordinate (IRC)
method.'® Unless otherwise stated, Gibbs energies have been
computed at 298 K.

Nonspecific solvent effects were described by using the self-
consistent reaction field (SCRF) approach in Tomasi’s
formalism.*® Single-point PCM[B3LYP/LanL2DZ&6-31+G-
(d)] calculations were performed to estimate the change in the
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Gibbs energy profile of the reaction in the presence of different
solvents.

The synchronicity (S,) of the reaction,?! proposed by Moyano
et al.,”? is commonly used to represent the global nature of
bond-breakin§/forming processes in the reaction, and it was
calculated as?

108~ 0Bry
_ . _ =1 OBy
Sy =1-=—— (1)

where n refers to the number of bonds directly involved in the
reaction (in this case, n = 5) and 0 B; stands for the relative
variation of a given bond index B;at the transition state (TS),
according to the following formula:

BYS — BR

R
BT — BX

2)

where B, is the bond order and the superscripts TS, R, and P
stand for transition state, reactant, and product, respec-
tively, for an elementary step of a given reaction. The average
value of dB;, denoted as OBy, is therefore

OBay =n"'> 0B (3)

i=1

The reported Wiberg bond indices>* were computed using the
natural bond orbital (NBO) method.?

The aromatic character of the transition states has been
confirmed by the computation of the nuclear independent
chemical shift (NICS)*® values. These calculations have been
carried out using the gauge invariant atomic orbital (GIAO)
method,?” at the B3LYP/6-31+G(d)&LanL2DZ level.
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Figure 1. Calculated pathways associated with the formation of the two possible regioisomers in the [3+2] cycloaddition reaction
between Fischer carbene (2a) and 5-methyl-3H-1,2-dithiole-3-thione (1). The numbers close to the arrows (in kcal/mol) are the relative
Gibbs energies and electronic energy + ZPVE (in parentheses). Bond lengths are given in A. All values have been computed at the

B3LYP/LANL2DZ&6-31+G(d) level.

Results and Discussion

The regiochemistry of the [3+2] cycloaddition reaction
was addressed first. Due to the asymmetry of the dipole
5-methyl-3H-1,2-dithiole-3-thione (1) and the dipolaro-
philes considered (2, see Scheme 2), several reaction path-
ways can be envisaged for the 1,3-dipolar cycloaddition
reaction between these species, which mainly lead to the
Z- and/or E-cycloadducts 3. But before starting the discus-
sion of the computational results, let us briefly mention the
experimental findings related to the observed regiochemistry
when Fischer carbene complexes, organic esters, or Lewis
acid-catalyzed organic esters act as dipolarophiles. In the
case of Fischer carbene complexes, we have recently reported
that the reaction between 5-cyclopentylthio-3 H-1,2-dithiole-
3-thione and [methoxy(phenylethynyl)carbene pentacarbonyl]-
chromium(0) (2b) is complete in 30 min in dry ether at —40 °C
under nitrogen atmosphere. A correct characterization of the
crude reaction confirmed the Z-isomer as the only observed
cycloadduct.’

On the other hand, the reaction between acetylene dietila-
cetal carbaldehyde and 4-phenyl-1,2-dithiole-3-thione in
CH,ClI, at 20 °C after 1 h results in almost quantitative
production of the E- and Z-isomers in approximately equal
amounts.'* The use of the less nucleophilic thione derivative
4,5-dichloro-1,2-dithiole-3-thione as starting material has
been reported to react similarly but much more slowly with
monosubstituted alkynes. Methyl propiolate required re-
fluxing in toluene for 3 h, while phenylacetylene required
refluxing in toluene for 32 h. Both give inseparable mix-
tures of two isomers (ratio 1(Z£):3(E) and ratio 2(Z):3(E),
respectively).'%

(27) Wolinski, K.; Hinton, J. F.; Pulay, P. J. Am. Chem. Soc. 1990,
112, 8251.

The use of scandium triflate [Sc(OTf);] as a Lewis acid
catalyst produces an enhancement of the reaction rate in this
cycloaddition reaction. For instance, the cycloaddition of
I-ferrocenylprop-2-yn-1-one and bisdithiolothiazine ke-
tothione in the presence of Sc(OTf);, in CH,Cl, at room
temperature for 10 min, yields a mixture of isomers in a
ratio of 2(2):1(E).'°® In addition, the reaction of ethynyl
p-tolyl sulfone with dithiolothiazine in the same conditions
yields a new dithiolane derivative as the Z + E mixture of
isomers.'°f

On the basis of the aforementioned experimental evidence,
the regiochemistry of the reaction was studied first in the
reaction between Fischer carbene 2a and thione 1. DFT
calculations (B3LYP/LANL2DZ&6-314+G*) were perfor-
med beginning with the syn-form of alkynyl metal—carbenes
(an orientation where the heteroatom substituent is not
directed toward the pentacarbonyl metal moiety), which is
the most stable conformer in the gas phase as well as in solid
state.”® The results are shown in Figure 1. As seen from the
energy difference between both cycloadducts, which can be
considered as negligible (AEg(Z—E) = —0.4 kcal/mol), it is
clear that the experimental observed regioselectivity is not
due to thermodynamic control. Our calculations suggest that
this regioselectivity takes place under kinetic control, in view
of the considerably higher activation Gibbs energy required
for the formation of the E-cycloadduct as compared to the
Z-products (AE,(Z—E) = —12.3 kcal/mol). No significant
differences in the computed Gibbs energies at the temperature

(28) (a) Fernandez, I.; Mancheno, M. J.; Gomez-Gallego, M .; Sierra,
M. A.; Lejon, T.; Hansen, L. K. Organometallics 2004, 23, 1851.
(b) Andrada, D. M.; Zoloff Michoff, M. E.; Fernandez, 1.; Granados,
A. M,; Sierra, M. A. Organometallics 2007, 26, 5854. (¢) Fernandez, 1.;
Cossio, F. P.; Arrieta, A.; Lecea, B.; Mancheno, M. J.; Sierra, M. A.
Organometallics 2004, 23, 1065. (d) Jiménez-Halla, J. O. C.; Sola, M.
Chem.—Eur. J. 2009, 15, 12503.
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Figure 2. Calculated pathways associated with the formation of the two possible regioisomers in the [3+2] cycloaddition reaction
between ester (2e) and 5-methyl-3H-1,2-dithiole-3-thione (1). The numbers close to the arrows (in kcal/mol) are the relative Gibbs
energies and electronic energy + ZPVE (in parentheses). Bond lengths are given in A. All values have been computed at the B3LYP/

LANL2DZ&6-31+G(d) level.

used in the experiment (—40 °C) were observed (AEg-
(Z—E) = —0.3 kcal/mol and AE,(Z—E) = —12.8 kcal/mol).

From these results and in good agreement with the experi-
mental findings, we can conclude that the reaction is com-
pletely regioselective, leading to the exclusive formation of
cycloadduct 3a(Z). Itis important to remark that the formed
Z-isomer slowly isomerizes at room temperature to the
E-isomer. An activation energy of 12.7 kcal/mol has been
determined for the corresponding metal-free 4-phenyl-1,3-
dithiafulvene (thiobutyl 2-(4-phenyl-1,3-dithiole-2-ylidene)-
thionoacetate).”” However, this value is subject to error
because, under experimental conditions, rate measurements
present thermodynamic contributions due to self-aggrega-
tion/association processes.”” Thus, we have computed a
Gibbs activation energy of 28.3 kcal/mol for the 3a(Z) —
3a(E) isomerization process, which suggests that in experi-
mental synthesis conditions this process is slow (see a repre-
sentation of the isomerization process in Figure S1).

Quite significant differences are observed when we con-
sider the analogous organic methyl but-2-ynoate (2e) as
dipolarophile in its cycloaddition reaction with thione 1
(Figure 2). Similarly, the Z- and E-cycloadducts are practi-
cally degenerate (AEr(Z—E) = 1.6 kcal/mol). However, the
difference in the activation barriers of both reaction path-
ways is strongly reduced (AE,(Z—E) = —3.1 kcal/mol)
compared to the cycloaddition reaction involving the alkynyl
Fischer carbene complex 2a (see above). Even though the
pathway leading to the Z-isomer is slightly favored, the
computed small difference in the activation barriers in this
model reaction is in agreement with the experimentally
observed mixture of cycloadducts using organic propiolates
as diporalophiles compared to the complete regioselectivity
observed with Fischer carbene complexes. Furthermore, for

(29) Fracaroli, A. M.; Granados, A. M.; de Rossi, R. H. J. Org.
Chem. 2009, 74, 2114.

the kinetically favored process (through TS-2e(Z)) the acti-
vation barrier is 5.6 (7.4) kcal/mol higher for ester 2e than for
the complex 2a. This is again in line with the well-known
enhanced reaction rates observed for carbene complexes in
comparison with their isolobal organic ester analogues™*’
and justifies the lower reaction temperatures required for this
organometallic cycloaddition.

To compare the effect of the pentacarbonyl—metal moiety
with that of the Lewis acid catalyst, the reaction between the
methyl but-2-ynoate-AlICl; complex (2f) and thione 1 was
also calculated (Figure 3a). The results are shown in Figure 3.
In this case, reaction energies predict an exergonic conver-
sion, with the Z-cycloadduct being 1.4 kcal/mol more stable
than the E-isomer. Analogously, the regioselectivity of the
transformation takes place mainly under kinetic control,
which strongly favors the formation of the Z-cycloadduct
(AE.(Z—E) = —12.0 kcal/mol). Our results predict therefore
a complete regioselectivity in this process that is not in
agreement with the mixture of cycloadducts observed in
the 1,3-dipolar reaction in the presence of Sc(OTf);.'"¢
For this reason, we also computed the same transforma-
tion from the methyl but-2-ynoate-Sc(OTf); complex (2f).
However, the computed values indicate that the process is
completely regioselective toward the formation of the Z-
cycloadduct (AE,(Z—E) = —12.0 kcal/mol) as well (Figure 3b).
A possible explanation for the disagreement with the experi-
mental findings might be the use of complex 2f' as model
instead of the larger experimental reactants 1-ferrocenyl-
prop-2-yn-1-one'% and ethynyl p-tolyl sulfone.'”" Anyway
and similar to other related cycloadditions,”® the activation
barriers for the preferred reaction pathway follows the order
organic ester > Fischer carbene > Lewis acid complex,
which clearly shows the reaction rate enhancement provoked
by the presence of the Lewis acid or the pentacarbonylmetal-
(0) moiety.
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Figure 3. Calculated pathways associated with the formation of the two possible regioisomers in the [3+2] cycloaddition reaction
between AlCl;-ester (2f, top) and Sc(OTf)s-ester (2f', bottom) with 5-methyl-3H-1,2-dithiole-3-thione (1). The numbers close to the
arrows (in kcal/mol) are the relative Gibbs energies and electronic energy + ZPVE (in parentheses). Bond lengths are given in A. All
values have been computed at the BALYP/LANL2DZ&6-31+G(d) level.

negative charge of —0.028 au, while a positive charge of
+0.267 au is computed on the S, atom, which is in good
agreement with the dipolar character of this species (see
Figure 4). On the other hand, all the considered dipolaro-
philes possess a positive charge on the Cg atom, while the C,
bears a negative charge. This charge analysis easily explains

A simple way to predict the regiochemistry of the con-
sidered 1,3-dipolar cycloaddition reaction is by means of the
inspection of the calculated electrostatic potential surface of
the reactants and the computation of the NBO charges of the
atoms involved in the cycloaddition reaction (Figure 4). For
the 1,3-dipole 1, the sulfur atom denoted as S; bears a
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2f

2a

2¢

Figure 4. NBO charges and electrostatic potential surface for selected compounds. Electron density (0.004 isocontour) was computed
at the BALYP/LANL2DZ&6-31+G(d) level of theory. Negative values are in red, and positive values are in blue.
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Figure 5. Frontier orbital energies of 5-methyl-3 H-1,2-dithiole-3-thione 1 and dipolarophiles 2a, 2¢, 2e, and 2f. All values (in eV) were

computed at the BBLYP/LANL2DZ&6-314+G(d) level.

the preference for the nucleophilic attack of the S; of thione 1
to the Cg atom of the dipolarophile, which necessarily leads
to the formation of the Z-cycloadduct. The differences in the
experimentally observed reaction rates and regioselectivities
can be interpreted in terms of the absolute values of the
positive charge on the Cyz atom, which follows the order
organic ester (4+0.059) < chromium(0)—Fischer carbene
(+0.128) < tungsten(0)—Fischer carbene (+0.146) < Lewis

acid complex (+1.632). These data clearly reflect the increase of
the electron-withdrawing capacity of the pentacarbonyl—metal
fragment or the AICIl; complex compared to the isolobal
ester analogue.

Similar conclusions can be drawn by the inspection of the
frontier molecular orbitals (FMO) of the reactants. Accord-
ing to the FMO theory, the interaction between orbitals is
favored when they are closer in energy. Figure 5 summarizes
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Table 1. Global Properties (electronic chemical potential u#, chemical hardness 77, and chemical softness S values are in au; electrophilicity
power o values are in eV), Local Softness (s for nucleophilic and s~ for electrophilic attack) of 1 and 2a—f, and Values of the A(Z) and
A(E) Quantities (in au) Defined in eqs 4 and 5°

u’ n° N w° s orsted sTspors’ ey A(Z) A(E)
1 —0.162 0.135 3.704 2.642 1.563 0.701
2e —0.163 0.230 2.178 1.565 0.073 0.616 1.29 2.23
2f —0.202 0.171 2.926 3.234 —0.094 0.822 1.18 2.76
2a —0.164 0.123 4.075 2.985 —0.021 0.795 1.11 2.52
2¢ —0.165 0.114 4.369 3.236 0.007 0.849 0.99 2.45
2b —0.170 0.110 4.532 3.546 0.024 0.662 1.27 2.37
2d —0.168 0.103 4.842 3.729 0.012 0.702 1.22 2.41

“ All values have been calculated at the BALYP/LANL2DZ&6-31+G(d) level. by values have been computed as (egomo + ELumo)/2- ‘17 = eéLumo —
enomo- S = 1/2n).w = u?/2n.”sT = S withf* = [¢(N+ 1) — g(N)]and s~ = Sf withf~ = [¢(N) — g(N — 1)], where ¢ is the NBO population (see in

the text and refs 30 and 33).

the energies of the frontier orbitals of the carbene complexes
2a and 2c, their organic ester analogue 2e, the AICl; complex
2f, and the 1,3-dipole 1. As expected, in all cases the preferred
interaction involves the HOMO of the dipole and the LUMO
of the diporalophile, which can be considered as the z*
molecular orbital of the delocalized X=C—C=C moiety.
Interestingly, the coefficient of the HOMO in dipole 1 in the
S; atom is higher than in S,, which is a clear indication of the
higher nucleophilicity of the former sulfur atom. This result
points to an electronic control of the regioselectivity of the
transformation. Strikingly, the HOMO(dipole)~LUMO-
(dipolarophile) gap is reduced in the order M = O >
Cr(CO)s > W(CO)s > AICl;, which matches the above-
mentioned withdrawing abilities of the [M] moiety (Scheme 2)
and justifies the computed activation barriers for the con-
sidered [3+2] cycloaddtions.

To provide further support for the above findings, we have
also analyzed the cycloaddition reaction computing the
static global properties (electronic chemical potential, u,
chemical hardness, 7, global electrophilicity, w, and global
softness, S) and significant local indices (local softness s*
and s7)*° for 1 and 2a—f (Table 1).

The electronic chemical potential of the thione 1 is higher
than the electronic chemical potential of all dipolarophiles
considered. These values indicate that along the reaction the
net charge transfer will take place from 1 toward reactant
2a—f, thereby suggesting that the latter compounds will, in
general, act as electron acceptors in agreement with the FMO
results. Moreover, the electrophilicity power of thione 1 is
2.642 eV, a value that is in the range of strong electrophiles
within the w scale.?! This value is higher than that expected
on the basis of computed energy barriers. For instance, the
reaction between 2a and N-methylnitrone has an energy
barrier 2 kcal/mol lower than TS-2a(Z),” while the electro-
philicity power of the nitrone is 0.81 eV.>' The strong
electg(z)philic character of 1 could be ascribed to the dithiole
ring.”

On the other hand, the difference in the reactivity could
also be explained in terms of the electrophilicity of dipolar-
ophiles 2a—f. Higher w values make the dipolarophile more

(30) (a)Parr, R. G.; Pearson, R. G.J. Am. Chem. Soc. 1983, 105,7512.
(b) Parr, R. G.; Szentpdly, L. V.; Liu, S. J. Am. Chem. Soc. 1999, 121, 1922.
(c) Yang, W.; Parr, R. G. Proc. Natl. Acad. Sci. U. S. A. 1985, 82, 6723.

(31) Pérez, P.; Domingo, L. R.; Aurell, M. J.; Contreras, R. Tetra-
hedron 2003, 59, 3117.

(32) (a) Abasq, M. L.; Burgot, J. L.; Darchen, A.; Dervout, S. E. J.
Electroanal. Chem.2002, 537, 145. (b) Abasq, M. L.; Burgot, J. L.; Darchen,
A.; Saidi, M. Electrochim. Acta 2005, 50,2219. (c) Abasq, M. L.; Saidi, M.;
Burgot, J. L.; Darchen, A. J. Organomet. Chem. 2009, 694, 36.

(33) (a) Yang, W.; Mortier, W. J. J. Am. Chem. Soc. 1986, 108, 5708.
(b) Gazquez, J. L.; Méndez, F. J. Phys. Chem. 1994, 98, 4591.

electrophilic and therefore more reactive.”' However, o
values do not correlate with NBO charges and HOMO-
(1) -LUMO(Q2a—f) gaps, probably due to the fact that
electrophilicity powers have been computed using the
HOMO energies instead of the HOMO—4 and HOMO—6
energies (see Figure 5). Indeed, when the energies of the latter
molecular orbitals are considered, the corresponding “cor-
rected” electrophilicity power @’ increases in the order 2e
(1.565eV) < 2a(2.797¢eV) < 2¢(2.932¢V) < 2f(3.163eV)~
2b(3.201eV)~2d (3.281 eV); that s, it becomes more intense
with the higher electron-withdrawing character of the dipo-
larophile, which nicely matches the orders found with the
above-mentioned NBO charges and FMO analyses.

Besides the global indices, Table 1 also gathers the local
reactivity indices derived directly from the electron density.
The local softness s (for each involved atom with superscript
being either —, for an electrophilic attack, or +, for a
nucleophilic one) has been calculated as a product Sf, where
fis the condensed form of Fukui functions calculated as
reported elsewhere,’* utilizing the NBO populations. In
order to explain the observed regioselectivity in cycloaddition
reactions with two bond-forming interactions by means of the
local hard and soft acids and bases (HSAB) principle, we have
calculated the A quantity obtained by a local softness match-
ing square sum criterion, as Chandra and Nguyen suggested
for a normal electron demand cycloaddition process.’

A(Z) = (sg1 — Séﬂ)z + (552 _Séa)z (4)

A(E) = (sg = 5do)” + (552 = 5¢5)’ (5)

where A(E) and A(Z) refer to both E- and Z-isomer pathways,
respectively. According to these equations, the reaction asso-
ciated with a lower A value will be the preferred one.

In all cases, the Z-cycloadduct is preferred over the E-
cycloadduct, as indicated by the computed lower A(Z)
values. The regiochemical preference for the Z-isomer fol-
lows the order M = O < Cr(CO)s < W(CO)s < AIlCl; since
the differences between A(E) and A(Z) increase, in agreement
with the computed energy barriers. This clearly explains the
observed regioselectivity of these cycloaddition reactions.

(34) (a) Chandra, A. K.; Nguyen, M. T. J. Comput. Chem. 1998, 19,
195. (b) Chandra, A. K.; Nguyen, M. T. J. Phys. Chem. A 1998, 102, 6181.
(c) Chandra, A. K.; Uchimaru, T.; Nguyen, M. T. J. Chem. Soc., Perkin
Trans. 2 1999, 2117. (d) Damoun, S.; Van De Woude, G.; Méndez, F.;
Geerlings, P. J. Phys. Chem. A 1997, 101, 886. (¢) Le, T. N.; Nguyen, L. T.;
Chandra, A. K.; De Proft, F.; Geerlings, P.; Nguyen, M. T. J. Chem. Soc.,
Perkin Trans. 21999, 1249. (f) Sengupta, D.; Chandra, A. K.; Nguyen, M. T.
J. Org. Chem. 1997, 62, 6404.
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In order to validate our model, we replaced the pentacar-
bonyl-chromium(0) fragment in complex 2a by W(CO)s to
check the effect of the metal in the cycloaddition reaction
with thione 1. Our model predicts that the activation barrier
should be slightly lower for tungsten complex 2c¢ than for its
chromium counterpart in view of the slightly higher posi-
tive charge of the Cg atom of the alkynyl fragment (Ag =
0.018 au), the slightly lower HOMO—LUMO gap (AAE =
0.08 eV, see above), and higher electrophilicity power w. The
computed data agree with this prediction, as the activation
barrier for the pathway leading to the Z-isomer is 0.7 kcal/
mol lower for complex 2¢ compared to chromium(0) com-
plex 2a (Table 2). However, the replacement of the terminal
methyl group by a phenyl substituent (entries 5 and 6,
Table 2) leads to practically degenerate saddle points, and

Table 2. Relative Gibbs Energies (AG) and Electronic Energies
(AE + AZPVE included, in kcal/mol) Associated with the
Formation of the Z-Isomer Product”

kinetic thermodynamic
entry AG, AE, AGRr AEgr
2¢, M = O,R = Me +33.5 4209 —162 —294

2f,M = O-AICl;,R = Me +239 +9.1 —134 —272
2a,M = (CO)sCr,R = Me +27.9 +13.6 —0.7 —152
2¢,M = (CO)sW,R = Me +272 +134 —14 —159
2b,M = (CO)sCr,R = Ph 4294 +160 +25 —12.1
2d.M = (CO)sW.R = Ph  +293 +16.1 +1.6 —124

“All values have been calculated at the B3LYP/LANL2DZ&6-
314+G(d) level. AG, values computed as AG, = G(TS-2(Z)) — G(2) —
G(1). AGg values computed as AGr = G(3(Z)) — G(2) — G(1).

[ N T N S
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therefore, the effect of the metal in these cycloaddition
reactions can be considered negligible. This is not surprising
if we take into account the higher stabilization of the positive
charge exerted by the phenyl group by conjugation in com-
plexes 2b,d compared to the weaker hyperconjugation by the
methyl group in complexes 2a,c. In fact, the computed NBO
charges of the Cg atom are 0.100 and 0.099 au for complexes
2b and 2d, respectively (for complexes 2a,¢ charges of the Cy
atom are 0.128 and 0.146; see Figure 4). Therefore and
according to our model, quite similar barrier energies should
be expected for complexes 2b and 2d. As a consequence of
this charge stabilization process, phenyl-substituted alkynyl
carbenes should exhibit higher activation barriers than
methyl-substituted analogues. This is again confirmed in
view of the computed data, which are gathered in Table 2.
Particularly for the chromium(0) complex 2b, we also
calculated the two different pathways because this complex
was the experimentally used reagent.” Again, the data in
Figure 6 show that the formation of the Z-cycloadduct is
completely regioselective (AE,(Z—E) = —10.6 kcal/mol)
and kinetically controlled. This transformation was also
chosen to check the effect of the solvent in the cycloaddition.
Table 3 gathers the relative Gibbs energies of the TSs and
corresponding cycloadducts in different solvents using the
polarized continuum model (PCM). Similar to other di-
polar cycloaddition reactions involving Fischer carbene
complexes,’ the activation barriers of the process are larger
in solution than in the gas phase. This was expected because
the large zwitterionic character of the 1,3-dipoles diminishes
along the reaction coordinate, thereby resulting in lower

MeQ oh L Eee2sei2
(CONCY E,=+29.4 (+16.0) |
2b 3b(2) S 9y
N — | AE, (Z-E)=-106 (-11.8) Me AEg (Z-E)= 0.3 (-0.7)
S/S S OMe
_ E,=+40.0 (+27.8) (CO)5Cr:$:(Ph Em 28 (114)
Me S S R ’ '
1 WE Y
9y s
Me

TS-2b(E)

Figure 6. Calculated pathways associated with the formation of the two possible regioisomers in the [3+2] cycloaddition reaction
between complex 2b and 5-methyl-3H-1,2-dithiole-3-thione (1). The numbers close to the arrows (in kcal/mol) are the relative Gibbs
energies and electronic energy + ZPVE (in parentheses). Bond lengths are given in A. All values have been computed at the B3LYP/

LANL2DZ&6-31+G(d) level.
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Table 3. Reaction and Energy Barrier Gibbs Energies (kcal/mol) Associated with the Formation of Z- and E-Isomer for 2b“

kinetic thermodynamic
solvent AG,(2) AG,(E) AAG,(Z—E) AGRr(Z) AGR(E) AAGR(Z—E)
gas (¢ = 1.00) +29.4 +40.0 —10.6 +2.5 +2.8 -0.3
ether (¢ = 4.335) +29.7 +43.1 —13.4 +5.0 +5.1 —0.1
THF (¢ = 7.58) +29.8 +43.8 —14.0 +5.5 +5.6 —0.1
acetone (¢ = 20.7) +30.0 +44.5 —14.5 +5.9 +6.0 —0.1

“ All values have been calculated at the BSLYP/LANL2DZ&6-31+G(d) level. AG, values computed as AG,(Z) = G(TS-2b(Z)) — G(2b) — G(1). AGr
values computed as AGr(Z) = G(3b-Z) — G(2b) — G(1). AAG(Z—E) values computed as AAG,(Z—E) = AG,(Z) — AG,(E).

solvation energies for the transition structures with respect to
the starting reactants.®> Interestingly, the increase of the
barrier for the pathway leading to the E-cycloadduct is larger
than for the pathway forming the Z-isomer. As a conse-
quence, our calculations predict that the regioselectivity
toward the Z-cycloadduct can be increased with the polarity
of the reaction solvent (i.e., AG,(Z—E) = —10.6 kcal/mol in
gas phase and AG,(Z—E) = —14.5 kcal/mol in acetone).
Moreover, the solvent has a minor effect in the computed
reaction energies, increasing the endothermicity of the pro-
cess by 2—3 kcal/mol.*

We want to point out that the so-called strain (i.e., the
energy needed to promote the reactants from their equilib-
rium geometries to the geometries they adopt in the transi-
tion states) has been reported to be the major contributor in
controlling the activation barriers of other metal-free peri-
cyclic reactions like [3+2] or [4+2] cycloadditions.*”*® A
similar finding has been reported by us in different double
group transfer reactions,’® where the strain controls
the process despite the highly aromatic character of the
corresponding saddle points. Therefore, we can speculate
that this factor also plays an important role in controlling the
barrier energies of the [3+2] cycloaddition reactions consid-
ered in this report. A strain-analysis study of these and
related metal-assisted cycloaddition reactions is currently
underway.

Synchronicity and Aromaticity. As discussed above, the
considered 1,3-dipolar cycloaddition reactions occur via
concerted TSs independently of the nature of the dipolar-
ophile. However, striking differences are observed in view of
the geometries of these saddle points and the computed
synchronicity of the transformations.

(35) A similar effect has been observed experimentally in [3+2]
cycloaddition between nitrones and allenes: (a) Huisgen, R.; Schug,
R. J. Am. Chem. Soc. 1976, 98, 7819. (b) Huisgen, R. Pure Appl. Chem.
1980, 52,2283. (c) Huisgen, R.; Hauck, H.; Seidl, H.; Burger, M. Chem. Ber.
1969, 102, 1117. (d) Kadaba, P. K. Synthesis 1973, 71.

(36) Itis probable that the Gibbs energy barriers in solution given in
this table are somewhat overestimated for two reasons. First, because
the entropic contributions in solution are overestimated when calculated
using the ideal gas-phase expressions (see: (a) Strajbl, M.; Sham, Y. Y.;
Villa, J.; Chu, Z.-T.; Warshel, A. J. Phys. Chem. B 2000, 104, 4578.
(b) Hermans, J.; Wang, L. J. Am. Chem. Soc. 1997, 119,2707. (c) Liang, Y.;
Liu, S.; Xia, Y.; Li, Y.; Yu, Z.-X. Chem.—Eur. J. 2008, 14, 4361) and,
second, because of the lack of dispersion effects included in the B3LYP
functional that, in general, reduce the energy barriers (this may also affect the
barriers in the gas phase; see: . (d) Siegbahn, P. E. M.; Blomberg, M. R. A_;
Chen, S.-L. J. Chem. Theory Comput. 2010, 6, 2040. (e) Rakow, J. R.;
Tillmann, S.; Holthausen, M. C. J. Phys. Chem. A 2009, 113, 12035). It is
likely that both effects have a similar influence on the energy of all computed
TSs and, therefore, the methodology used remains valid for comparison
purposes.

(37) Ess, D. H.; Houk, K. N. J. Am. Chem. Soc. 2008, 130, 10187.

(38) (a) Hayden, A. E.; Houk, K. N. J. Am. Chem. Soc. 2009, 131,
4084. (b) Osuna, S.; Houk, K. N. Chem.—FEur. J. 2009, 15, 13219.

(39) Fernandez, L.; Bickelhaupt, F. M.; Cossio, F. P. Chem.—Eur. J.
2009, /5, 13022.

Table 4. Synchronicities (.S)) and NICS Values (in ppm) for the
Reactions between Fischer Carbene Complexes 2a—d and
Organic Esters 2e and 2f with 5-Methyl-3H-1,2-dithiole-3-thione 1
(see Scheme 2)“

entry reaction NICS(TS-2(Z)) S,
1 2e +1—3e(2) —4.8 0.74
2 2f +1—3f(2) =53 0.48
3 2a+1—3a(2) —5.5 0.50
4 2c+1—3c(2) —5.2 0.50
5 2b +1—3b(Z) —4.8 0.51
6 2d+1—3d(2) —5.1 0.54

“Values have been computed at the BALYP/LANL2DZ&6-31+G(d)
level of theory.

Figure 2 shows that the transition state TS-2e(Z), which is
associated with the transformation of propiolate 2e into
cycloadduct 3e(Z), exhibits quite similar C—S bond lengths.
This results in the high value of the synchronicity com-
puted for this cycloaddition (S, = 0.74, entry 1 in Table 4).
However, this value is significantly lower than that com-
puted for a similar cycloaddition reaction involving nitrones
as dipoles (S, = 0.95),” which may be attributed to the effect
of the endocyclic sulfur atom of the tione 1, which polarizes
the reactive S,—C carbon bond. As a result, the computed
NBO-Wiberg bond orders for Cs—S; and C,—S; are quite
different (0.36 and 0.19 au, respectively) despite the quite
similar bond lengths (see Figure 2). This effect is there-
fore translated to a lower value of the synchronicity of the
process.

Interestingly, the transition states TS-2a-d and TS-2f,
which involve the Fischer carbene and the Lewis acid com-
plexes, respectively, present a quite asynchronous character
in view of the quite different C4—S; and C,—S, bond lengths
(see Figures 1,3,6). The corresponding Wiberg bond orders
(ca. 0.56 au for C4—S; and ca. 0.05 au for C,—S;) also
confirm that while the C4—S; bond is almost fully developed,
the Cy,—S, bond is only emerging. Therefore, it is not
surprising that quite low values of the synchronicity have been
computed (entries 2—6, Table 4). In fact, these low values are
actually in the limit between concerted and stepwise mecha-
nisms. For that reason, we tried to find a stepwise mechanism
for these transformations, but all attempts to locate the
corresponding intermediates and transition states for a
stepwise process on the potential energy surface met with
no success. It can be therefore concluded that, despite the
quite low values computed for the synchronicity of the latter
cycloadditions, the 1,3-dipolar reactions involving Fischer
carbene complexes or AlCl3-complexed organic esters occur
via concerted TSs, which are clearly more asynchronous
than their isolobal organic esters analogues.

It has been proposed that either the standard [342]
cycloaddition between dipoles and organic propiolates or
that involving alkynyl Fischer carbenes occurs via in-plane
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aromatic TSs.”*° Thus, we finally investigate the aromati-
city of the cycloaddition reactions involving the thione 1.
To this end, we computed the nucleus-independent chemi-
cal shifts (NICSs) at the (3, +1) ring critical point of the
electron density as defined by Bader in the respective
transition states.*! Given the strongly unsymmetrical char-
acter of our cyclic saddle points, we needed to define the
inner points of these systems unambiguously. Particularly,
the (3, +1) ring critical point is an unambiguous choice for
the calculation of the NICSs since only at this point is the
electron density a minimum with respect to motion on the
ring’s plane and maximum with respect to motion perpen-
dicular to the plane defined by the ring. All transition
structures exhibit low but negative NICSs values (ca. —5
ppm, see Table 4), which may be attributed to a diamagnetic
shielding due to the aromatic character of these TSs. A
possible explanation for the negative NICS values observed
for the transition structures is that the six electrons involved
in the cycloaddition lie approximately in the molecular
plane and give rise to an appreciable ring current. In turn,
this ring current promotes a diamagnetic shielding at the
ring critical point. On the other hand, these values are
clearly lower than those computed for the cycloaddition
of alkynyl Fischer carbenes and nitrones (ca. —11 ppm),’
which is very likely due to the shielding effect of the sulfur
atoms. Interestingly, the effect of the metal fragment in the
aromaticity of the transition states, which in some com-
plexes can be substantial,** can be considered negligible in
view of the computed quite similar NICS values for the
considered processes (Table 4).

(40) (a) Morao, L.; Lecea, B.; Cossio, F. P. J. Org. Chem. 1997, 62,
7033. (b) Cossio, F. P.; Morao, L.; Jiao, H.; Schleyer, P. v. R. J. Am. Chem.
Soc. 1999, 121,6737. Forrelated in-plane aromatic transition states, see also:
(c) Fernandez, L; Sierra, M. A.; Cossio, F. P. J. Org. Chem. 2007, 72, 1488.
(d) Fernandez, 1.; Cossio, F. P.; de Cézar, A.; Lledds, A.; Mascarenas, J. L.
Chem.—Eur. J. 2010, 16, 12147.

(41) Bader, R. F. W. Atoms in Molecules: A Quantum Theory;,
Clarendon: Oxford, 1990.

(42) (a) Feixas, F.; Jiménez-Halla, J. O. C.; Matito, E.; Poater, J.;
Sola, M. Pol. J. Chem. 2007, 81, 783. (b) Feixas, F.; Matito, E.; Poater, J.;
Sola, M. J. Comput. Chem. 2008, 29, 1543.

Andrada et al.
Conclusions

From the computational study reported in this paper, the
following conclusions can be drawn: (i) the thermal cycloaddi-
tion reaction between alkynyl metal(0) Fischer carbenes and
3 H-1,2-dithiole-3-thione takes place via concerted and slightly
in-plane aromatic transition structures that are more asyn-
chronous than their nonorganometallic isolobal analogues.
(ii) In nice agreement with the experimental findings, these
reactions are also found to be completely regioselective in
favor of the Z-cycloadduct due to kinetic control. (iii) These
results are consistent with the role of the Fischer carbene
moiety as an electron-withdrawing group that enhances the
electrophilic character of the alkyne group acting as a Michael
acceptor as a dipolarophile. (iv) The regioselectivity and
activation barriers of the transformations can be qualitatively
predicted by a simple model that combines the computation of
the NBO charges, the frontier molecular orbitals analysis, and
local softness within the local HSAB principle.
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