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The pseudo-intramolecular Dieta\lder (DA) reaction between a 2-substituted furépgnd aN-maleimide
derivative @) has been analyzed using DFT methods. Formation of two hydrogen bonds between the
appendages on furan and maleimide derivatives favors thermodynamically the formation of a molecular
complex MC1) through an efficient molecular recognition process. The large enthalpy stabilization
associated with the molecular recognition overcomes the unfavorable activation entropy associated with
the bimolecular process. As a consequence, the subsequent DA reaction is clearly accelerated through a
pseudo-intramolecular process.

Introduction For the DA reaction, the negative activation entropy associ-
The Diels-Alder (DA) reaction is one of the most useful ated with the bimolecular process also plays a negative role. In
synthetic reactions in organic chemistry. It corresponds to one tiS way, for the DA reaction between butadiene and ethylene,
of a general class of cycloaddition reactiérBy varying the the. activation entropy of. the concerted process has _been
nature of the diene and dienophile, many different types of six- estlmgted to be-40.6 eu? Th|§ unfavorable valu'e, together with
membered carbocyclic structures can be built up. However, not e high temperature required by the reaction, increases the
all possibilities take place easily. For instance, the DA reaction activation free energy of this DA reaction to 42.6 kcal/mol.
between butadiene and ethylene must be forced to take placeT Nere are two different ways to reduce this large energy: (i)
after 17 h at 165C and 900 atm, a yield of 78% is obtaingd. reduce the unfavorable activation enthalpy associated with the

Although this DA reaction is exothermic by 40 kcal/mol, it has (2) (a) Diels, O.: Alder, K.Justus Liebigs Ann. Cheri928 460, 98.

a large activation energy of 27.5 kcal/n¥ol. (b) Woodward, R. B.; Hoffmann, Rangew. Chem., Int. Ed. Engl969 8,
781.
(1) (a) Carruthers, WSome Modern Methods of Organic Syntheisi (3) Rowley, D.; Steiner, HDiscuss. Faraday S0d.951, 10, 198-235.

ed.; Cambridge University Press: Cambridge, 1978. (b) Carruthers, W.  (4) Goldstein, E.; Beno, B.; Houk, K. N.. Am. Chem. S0d 996 118
Cycloaddition Reactions in Organic Synthestergamon: Oxford, 1990. 6036-6043.
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two ¢ bond formations and/or (i) decrease the unfavorable SCHEME 2
activation entropy associated with the bimolecular process. Me

Several strategies have been developed to reduce the activation TS1n Me 9 °
enthalpy. They include the adequate substitution over the Me N
ethylene and/or the butadiene reagents and the use of Lewis o=N_o )
acids. T\z\/j 6n
In order to diminish the unfavorable activation entropy 5 ]

associated with the bimolecular process, several strategies are o oMe
employed. They include the use of high pressure and the use 4@1’“"5 Q ]
of water as solvent for the reaction in order to produce ¥, Tot Me~N
hydrophobic effects and to perform the process in an intra- o]
molecular manner. The intramolecular DA (IMDA) reaction 6x

represents an interesting variant of the DA reaction in which
the 1,3-butadiene and ethylene are linked by a tether. The IMDA they have presented the dramatic acceleration suffered by the
reaction does not only modify the reaction rate, but the stereo- DA reaction between furah and maleimide2, which presents
and regioselectivity can change with regard to the intermolecular complementary hydrogen bonding sites (see Schenfelri).
mode due to the strain imposed by the tether along the approachaddition, the formation of the binary comple%:2] induces
of the diene/dienophile fragments. Nonactivated DA reactions solely the formation of the stereoisomexo3.
involving nonsubstituted hydrocarbon reagents, which require  Our interest about the mechanism of cycloaddition reactions,
drastic reaction conditions in the intermolecular mode, are and especially for the effects of the catalysts over the course of
performed through an IMDA reaction under milder conditions. the reaction, instigated us to perform a theoretical study of the
Recently, several theoretical works have been devoted to studyreactions experimentally studied by Philp (see Schenfeiri).
the IMDA reactions® the present study, the PIMDA reaction between the fdrand

The pseudo-intramolecular DA (PIMDA) reactions are achieved the maleimide2 is studied using the density functional theory
by a molecular recognition process in solution and constitute a (DFT) at the B3LYP/6-31G** level. First, the intermolecular
synthetic strategy capable of accelerating the reaction. The DA reaction between 2-methylfurahandN-methylmaleimide
location of complementary recognition sites on the reactive 5 is studied as a reference model of the intermolecular mode
partners permits the association of the reagents in an early stesee Scheme 2). The effects of the hydrogen bond (HB)
of the reaction, which shifts some of the entropic cost of formation over the activation energy have been considered by
organizing the reagents to a binding event early in the reactionthe HB formation between a formic acid molecule aNe
sequence. In addition, the use of molecular recognition should methylmaleimides (see Scheme 3). Then, formation of several
permit the control of the stereo- and/or regiochemical outcome precursor complexes by molecular recognition between the furan
of the reaction through the previous orientation of the reagents. 1 and maleimide studied by Philp is considered to understand

The induction of DA reactions using molecular recognition the factor responsible of the acceleration and stereocontrol
has been widely studied by Philp and co-workeRecently, observed experimentally (see Scheme 4).

(5) (@) Domingo, L. R.; Sanz-Cervera, J. F.; Williams, R. M.; Picher, i i
M. T Marco, J. A3, Org. Chem1997 62 1662-1667. (b Tantilo b. ~ esults and Discussions

J.; Houk, K. N.; Jung, M. EJ. Org. Chem2001, 66, 1938-1940. (c) el - )
Cayzer, T.: Wong, L. S. M.: Turner, P.. Paddon-Row, M. N.: Sherburn, M. The Diels—Alder Reaction between 2-Methylfuran 4 and

S.Chem—Eur. J.2002 8, 739-750. (d) Limanto, J.; Tallarico, J. A; Porter, ~ N-Methylmaleimide 5. First, the DA reaction between 2-meth-

J. R.; Khuong, K. S.; Houk, K. N.; Snapper, M. L.Am. Chem. So2002 ylfuran 4 and N-methylmaleimide5 was studied. Due to the

124 14748-14758. (€) Domingo, L. R.; ZaragazR. J.; Williams, R. W. . asymmetry of both reagents, two stereoisomeric reactive chan-

J. Org. Chem2003 68, 2895-2902. (f) Su, M. D.Organometallic2004 . ' . .

23, 2507-2509. (g) Khuong, K. S.: Beaudry, C. M.: Trauner, D.. Houk, ne!s are feasibleendoandexa An analysis o_f th_e stationary

K. N.J. Am. Chem. So2005 127, 3688-3689. (h) Cayzer, T. N.; Paddon-  points found along the two reactive channels indicates that these

Eﬂw, '\gb,(\)lé; gﬂgrggé?.;sg?gna g 33 Shgrburr:\}I MN S-'\;/ITumeB]P%rg- DA reactions take place along concerted bond-formation
em. ) — A aaaon-row, . N.; Moran, D.; Jones, _

G. A.: Sherburn, M. SJ. Org. Chem2005 70, 1084110853, () Padwa,  Processes. Thus, two TSES1n and TS1x and two cycload

A.; Crawford, K. R.; Straub, C. S.; Pieniazek, S. N.; Houk, K.JNOrg. ducts,6n and 6x, associated with thendoand exo channels,

Chem.2006 71, 5432-5439. (k) Pearson, E. L.; Kwan, L. C. H.; Turner, namedn and x, were located and characterized (see Scheme

C. |; Jones, G. A; Willis, A. C.; Paddon-Row, M. N.; Sherburn, MJS. 2)

Org. Chem2006 71, 6099-6109. :
(6) (a) Philp, D.; Robertson, AChem. Commun1998 879-880. (b)

Bennes, R.; Philp, D.; Spencer, N.; Kariuki, B. M.; Harris, K. D. ®irg. (7) (a) Pearson, R. J.; Kassianidis, E.; Philp,Tetrahedron Lett2004
Lett. 1999 1, 1087-1090. (c) Robertson, A.; Philp, D.; Spencer, N. 45 4777-4780. (b) Pearson, R. J.; Kassianidis, E.; Slawin, A. M. Z.; Philp,
Tetrahedron1999 55, 11365-11384. D. Org. Biomol. Chem2004 2, 3434-3441.
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TABLE 1. Relative? Energies AE and AEs, in kcal/mol), in the
Gas Phase and in Chloroform, and Relativé Enthalpies, Entropies,
and Free Energies AH, AG, in kcal/mol and AS in cal/mol-K) for
the TSs and Cycloadducts Involved in the DA Reactions between
2-Methylfuran 4 and N-Methylmaleimide 5, in the Absence and in
the Presence of Formic Acid

AE AEsql AH AS AG
TS1n 18.8 18.7 19.4 —47.4 34.0
TS1x 18.0 18.1 18.6 —47.3 33.2
6n —5.8 —55 -3.5 —50.0 11.9
6x —-7.8 —-7.5 —54 —50.8 10.2
TS2ns 17.1 16.9 17.5 —47.1 32.0
TS2xs 15.6 16.0 16.1 —47.5 30.7
TS2na 16.4 17.2 16.8 —47.9 315
TS2xa 155 16.6 16.0 —48.8 31.0
8ns —5.7 —5.8 —-3.5 —52.6 12.7
8xs —8.4 —-8.0 —6.1 —52.8 10.2
8na —6.0 —5.8 —3.8 —51.6 121
8xa —8.7 —8.0 —6.4 —52.1 9.6

a Relative to4 + 50r 4 + 7.

free energy associated with these intermolecular processes. The
inclusion of the activation entropy to the enthalpy increases the
activation free energies to 34.0%1n) and 33.2 TS1X) kcal/

mol, as a consequence of the large negative activation entropy
associated with these bimolecular processes. Note that the
activation entropy values associated with these DA reactions,
—47.4 and—47.3 eu, are larger than that computed for the
butadiene/ethylene DA reaction;40.6 eu! probably as a
consequence of the restricted rotation of the methyl substituents
on the TSs. These DA reactions are slightly exothermig,5

(6n) and —5.4 (6x) kcal/mol. However, with the inclusion of

the entropy to the free energy, the processes become endergonic
at 11.9 6n) and 10.2 6x) kcal/mol.

The geometries of the TSs are given in Figure 1. The lengths
of the C1-C6 and C4-C5 forming bonds at the TSs are 2.182
and 2.080 A atTS1n and 2.321 and 1.995 A atSix,
respectively. The extent of the asynchronicity of the cyclo-
additions can be measured through the difference between the
lengths of the twar bonds that are being formed, thatis, =
dC1-C6 — dC4—C5. The asynchronicity at the TSs ake =
0.10 (TS1n) and 0.33 TS1X). The more favorabldS1x has
the large asynchronicity in the bond-formation process. The
symmetric substitution of the ethylene framework Nf
methylmaleimide is responsible for the synchronicity of these

The activation energies associated with the intermolecular processe8.In addition, at the more asynchronoli$1x, the
DA reactions between 2-methylfurdrandN-methylmaleimide ~ shorter distance corresponds to the—-@5 forming bond
5are 18.8TS1n) and 18.0 TS1x) kcal/mol (see Table 1). This  because the C4 position corresponds to the more nucleophilic
DA reaction is slightlyexo selective. The activation energies center of 2-methylfuraf
associated with these concerted processes are ca. 7 kcal/mol The extent of bond formation along the reaction pathway is
lower than that associated with the butadiene/ethylene redction. provided by the concept of bond order (BO). The BO values of
This acceleration is a consequence of the large nucleophilicthe C}C6 and C4-C5 forming bonds at the TSs are 0.39 and
character of 2-methylfuraiand the large electrophilic character 0.45 atTS1nand 0.33 and 0.50 &iS1x These values point to
of N-methylmaleimides. These behaviors increase the of concerted but asynchronous bond-formation processes. The more
the reaction relative to that for the butadiene/ethylene pair, favorableTS1x is more advanced and more asynchronous.
favoring the cycloaddition along a more polar process (see The natural population analysis (NPA) allows us to evaluate
later)8 the charge transfer (CT) along these DA reactions. The natural
Inclusion of the thermal corrections to the energies increasescharges at the TSs appear to be shared between the electron-
the activation enthalpy 6FS1xto 18.6 kcal/mol (see Table 1).  rich diene4 and the electron-poor dienophBgsee later). The

A more drastic change is observed on the computed activationCT from 2-methylfuram to N-methylmaleimide5 at the TSs
is 0.23 e atTS1n and 0.24 e af S1x These values indicate

(8) (@) Domingo, L. R.; Aurell, M. J.; Rez, P.; Contreras, Reetrahedron
2002 58, 4417-4423. (b) Peez, P.; Domingo, L. R.; Aizman, A.; Contreras,
R. In Theoretical Aspects of Chemical Reait}i; Toro Labbe T., Ed.;
Elsevier Science: Amsterdam, 2006; Vol. 19, pp 1@38.

(9) Domingo, L. R.; Aurell, M. J.; Pez, P.; Contreras, R. Org. Chem.
2003 68, 3884-3890.
(10) Domingo, L. R.; Aurell, M. JJ. Org. Chem2002 67, 959-965.
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oxygen atom of maleimide. Therefore, the catalytic effect of
the HB was considered to be forming a HB betwedn
methylmaleimide5 and one molecule of formic acid (see
complex7 in Scheme 3). Formation of the HB to one of the
carbonyl oxygen atoms ob breaks the symmetry oN-
methylmaleimideb. Consequently, four reactive channels are
feasible for the DA reaction between 2-methylfudaand the
complex7. They are related to thendoandexostereoisomeric
approach modes of the system of the furad relative to the
amide group ob, namedn andx, respectively, and to thgyn
TS1n TS1x andanti regioisomeric approach modes of the methyl group of
4 relative to the hydrogen-bonded carbonyl group of the complex
7, nameds anda, respectively (see Scheme 3). The four reactive
channels were explored. An analysis of the stationary points
found along the four reactive channels indicates that these DA
reactions take place along concerted bond-formation processes.
Thus, four TSs,TS2ns TS2xs TS2na and TS2xa and the
corresponding cycloadduct8ns 8xs 8na, and 8xa, were
located and characterized.

Formation of the HB stabilizes the compl&at —12.3 kcal/
mol, with regard to the separated reagents. The activation
energies associated with the intermolecular DA reactions
TS2ns TS2xs between 2-methylfurad and the complex are 17.1TS2ns,

15.6 (TS2x9, 16.4 TS2ng), and 15.5 S2xa) kcal/mol (see
Table 1). All of these TSs are in a narrow range of energies:
1.6 kcal/mol. Formation of the HB decreases the activation
energy associated with the more favorablgti/exo reactive
channel, vial S2xa, at 2.5 kcal/mol. The HB has a smaller effect
on the thermochemistry of the reaction. In this sense, the
exothermic character of the formation of tlexo [4 + 2]
cycloadducts increases only to 0.5 kcal/mol relative to that of
6X.

The lengths of the two forming bonds at the TSs are given
in Figure 1. The asynchronicity at the TSNs= 0.34 (TS2n9,

TSZna TS2xa 0.47 (TS2x9, 0.06 (TS2na), and 0.39 TS2xd). The TSs
FIGURE 1. Structures of the transition states involved in the Diels ~ associated with theynreactive channels are more asynchronous
Alder reactions between 2-methylfurdnand N-methylmaleimides, than those associated with thati one. In all of these TSs, the
in the absencelS1n and TS1x and in the presencdS2ns TS2xs shorter forming bond distance corresponds to that involving the
TS2na and TS2xa of formic acid. The distances are given in  C4 carbon, which is the most nucleophilic center of 2-methyl-
angstroms. furan4.1° The lengths of the HBs at the TSs are in the narrow

L _ range of 1.68-1.69 A. These lengths are shorter than that at
that these TSs have some zwitterionic character. The CT IS the complex?, 1.761 A.

slightly larger at the_more favorables1x The BO values of the C1C6 and C4-C5 forming bonds at
As these DA reactions have some polar character, and solvenér

o N ; hesynTSs are 0.32 and 0.52 @S2nsand 0.28 and 0.53 at
effects can have some incidence on the activation energies an S2xs respectively, while BO values of the EC5 and C4-

stereoselectivity, effects of chloroform in these DA reactions ) .
were also considered. The relative energies are summarized inC6 forming bonds at thanti TSs are 0.41 and 0.45 aS2na

Table 1. In chloroform, all species are stabilized between 2 and and 0.32 and 0.52 atS2x3, respectively. The more favorable

7 kcal/mol. With the inclusion of solvent effects, the activation fexoTSs arerz] rlrfwre asyn(;]hronousl than ﬁThEioones. The cr
energy of the cycloaddition increases only to 0.1 kcal/mol MM 2-methytiurand to the complex7 at these TSs Is 0.27 e

(TS1x). In addition, solvent effects have also a small impactin &t S2ns 0.30 € atTS2xs 0.27 e atTS2na and 0.29 e at
the exoselectivity sinceTS1xis 0.6 kcal/mol lower thaS1n, TS2xa These CTs are slightly larger than those obtained in

Thus, inclusion of solvent effects on the activation parameters the DA reaction betweedands, as a consequence of the larger

does not modify substantially the gas-phase results. electrophilic character of the compléxcompared to that of
The Diels—Alder Reaction between 2-Methylfuran 4 and the maleimideb (see later). The decrease of the activation energy
N-Methylmaleimide 5 in the Presence of Formic Acid. associated with these cycloadditions can be related to the

Formation of a HB to carbonyl compounds increases the increase of the polar character of the DA reaction.

reactivity of the electron-deficient reagent, accelerating the DA Finally, in chloroform, all species are stabilized between 2
reaction through a more polar procésslaleimide2 possesses  and 8 kcal/mol. The TSs associated with #yachannels are

a carboxylic acid appendage, which can form a HB with one ca. 1 kcal/mol more solvated than ttenti ones. As a
consequence, in chloroform, the more favorable reactive channel
(11) Domingo, L. R.; Andts, J.J. Org. Chem2003 68, 8662-8668. corresponds to theyrniexoone (see Table 1). In addition, due
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TABLE 2. Relative? Energies AE and AEs, in kcal/mol), in the
Gas Phase and in Chloroform, and Relativé Enthalpies, Entropies
and Free Energies AH, AG, in kcal/mol and AS in cal/mol-K) for
the TSs and Cycloadducts Involved in the Intermolecular and
Pseudo-intramolecular DA Reactions between the Furan Derivative
1 and the Maleimide Derivative 2

AE AEsol AH AS AG
TS3x 18.9 19.5 19.5 —47.9 34.3
) —8.7 —8.3 —6.4 —52.7 9.9
MC1 —16.8 —9.8 —154 —46.4 -11
TS4x 4.6 9.7 5.3 —66.2 25.7
10x —-19.7 —14.5 —-17.3 —70.1 4.3
MC2 —10.6 —4.3 —-9.1 —42.2 3.8
TS5x 10.5 15.0 11.2 —63.8 30.9
11x —-14.1 —9.4 —11.6 —67.3 9.1

aRelative tol + 2.

to the fact that the reagents are more solvated T2xs the

Domingo et al.

entropy associated with tHdC1 formation,—46.4 eu, and as
a consequence, it is located thermodynamically below the
reagents.

The activation energy associated witls4x from MC1 is
21.4 kcal/mol (see Table 2). This value is 2.5 kcal/mol higher
in energy than that associated witB3x, a part of this increase
can be associated with some strain imposed by the tether.
However, if we include the thermal corrections to the activation
enthalpy and the activation entropy, the activation free energy
associated withTS4x increases only to 26.8 kcal/mol. This
value, that is 7.5 kcal/mol lower than that associated W8Bx,
justifies the large acceleration observed experimentally in the
PIMDA reaction reported experimentally by PhilRespite the
fact that the activation enthalpy of the pseudo-intramolecular
process is 2.5 kcal/mol higher in energy than that for the
intermolecular one, the activation entropy decreases18.8
eu. Thereforethis PIMDA reaction is strongly accelerated by

activation energy of the reaction increases slightly to 16.0 kcal/ the decrease of the unfarable actvation entropy associated

mol.

The Diels—Alder Reaction between Furan 1 and Male-
imide 2. For the study of the DA reaction between the furan
derivativel and the maleimide derivati& we have considered
three reaction models. In Model I, the intermolecular DA
reaction without formation of HB is studied (see Scheme 4),
while in Models Il and I, the formation of two HBs between
the pyridinylcarboxamide susbtituent in the furdrand the
carboxylic acid susbtituent in maleimideis considered (see
Scheme 4). For these PIMDA reactions, only gx®reactive
approach mode d relative to the dienic system dfis feasible
due to the geometrical restrictions imposed by the HB formation.
An analysis of the stationary points found aloexgp reactive

with the intermolecular proces# is interesting to remark that
the activation free energy associated vilit®4x, 26.8 kcal/mol,
is 3.9 kcal/mol lower than that associated witB2xs As a
consequence, there is a larger acceleration at the PIMDA
reaction achieved by molecular recognition WEC1 than at
the process via the activated maleimitlé-ormation of the [4
+ 2] cycloadductlOx is exothermic at-1.9 kcal/mol.

Finally, a second model of the PIMDA reaction between furan
1 and maleimide2, Model Ill, proposed also by Philpwas
considered. In this model, the relatively acidic hydrogen of the
carboxamide irl forms a second HB with the hydroxyl oxygen
atom of the carboxylic acid d (see Scheme 4). Formation of
the two HBs stabilizes th#1C2 complex at—10.6 kcal/mol.

channels associated with the three reaction models indicates thapfter inclusion of the thermal corrections to the enthalpy and

these DA reactions take place along concerted bond-formationthe entropy associated with ttéC2 formation, it is located
processes. Therefore, one TS and one cycloadduct were3 g kcal/mol above reagents + 2. Therefore, formation of

characterized for each reaction model. In addition, for the
Models Il and Ill, one precursor complex in which the two

MC2 is an endergonic procesBIC2 is located 4.9 kcal/mol
aboveMC1. These energy results indicate that the HB formation

reactant molecules are coupled by two HBs was also character+g the hydroxyl oxygen atom is less favorable than the formation

ized. The corresponding stationary points a&8x and 9x for
Model I, MC1, TS4x, and10x for Model Il, andMC2, TS5x,
and 11x for Model Ill (see Scheme 4).

The activation energy associated with the intermolecular DA
reaction between the furdnand the maleimid@, Model I, via
TS3xis 18.9 kcal/mol (see Table 2). Inclusion of the thermal

of the HB to the carbonyl oxygen atom of the carboxylic acid.
The activation energy associated wills5x from MC2 is

21.1 kcal/mol (see Table 2). If we include the thermal correc-

tions to the enthalpies and the entropies to the free energies,

the activation free energy associated witB5x increases to

27.1 kcal/mol. This value is only 0.3 kcal/mol higher than that

corrections to the free energies increases the activation freegsgociated witif'S4x. However, theMC2 formation is ender-
energy associated with this intermolecular process to 34.3 kcanonic, and the energy reference TB4x must be the separated

mol (see Table 2). Formation of the {4 2] cycloadduc®x is
exothermic at-6.4 kcal/mol. These energies are similar to those
obtained for the cycloaddition between 2-methylfurdand
N-methylmaleimides. For the two intermolecular DA reactions,
both enthalpic and entropic kinetic factors are unfavorable.
The PIMDA reaction between furahand maleimide? via
Model Il takes place through the early formation of M€1
complex, achieved by the formation of two HBs between the

reagentsl + 2. As a consequence, the activation free energy
for TS5x from 1 + 2 is 30.9 kcal/mol, a value that is 3.4 kcal/
mol lower in energy than that for the intermolecular process
via TS3x, but 4.1 kcal/mol higher in energy than that for the
pseudo-intramolecular process Vi&4x.

Table 2 shows that the PIMDA reaction represented by the
Model Il is endergonic at 4.3 kcal/mol. As a consequence, under
reversible conditions, the reaction should go thrond@G1.

susbtituents present in both reagents. While the carboxylic acidgacent computational studies have indicated that the B3LYP

hydrogen of2 forms a HB with the pyridine nitrogen atom of
1, the relatively acidic hydrogen of the carboxamidd éérms

a second HB with the carbonyl oxygen atom of the carboxylic
acid of 2 (see Scheme 4). Formation of the two HBs stabilizes
the MC1 complex at—16.8 kcal/mol. After inclusion of the

functionals fail to calculate energies associated with carbon
carbon bond-forming/breaking proces&&m this way, we have
found that B3LYP calculations do not explain correctly the
thermodynamic control of a DA reaction, while HF and MP2
calculations explain the experimental resiiftslowever, while

thermal corrections to the enthalpy and the entropy associated

with the formation ofMC1, it is located—1.1 kcal/mol below
the reagentsl + 2. Therefore, the exothermic character of the
formation of the two HBs overcomes the unfavorable reaction

4224 J. Org. Chem.Vol. 72, No. 11, 2007

(12) (a) Izgorodina, E. I.; Coote, M. L.; Radom, 1. Phys. Chem. A
2005 109 7558-7566. (b) Check, C. E.; Gilbert, T. Ml. Org. Chem.
2005 70, 9828-9834.



Pseudo-intramolecular DielsAlder Reactions ]OCArticle

TABLE 3. Relative? Energies and Relative Free Energi€s(AE TS5x
and AG, in kcal/mol) for the Stationary Points Involved inthe A TTTTTTTTOYC I
Reaction Models Il and Il for the Diels —Alder Reaction between TS4x 5.9 kcal/mol ¢ :
the Furan Derivative 1 and Maleimide Derivative 2 — - : :
B3LYP/6-31G** MP2/6-31G** MP3/6-31G** \ ;
AE AG AE AGP AE AGP . :
Model Il Pt ' ';
mMci1  -168  -11 —-224 —64 —185 -25 ; : : :
TS4x 4.6 25,7 —139 4.6 25 21.0 : i ; :
10x -19.7 4.3 —419 —-20.2 —-365 -—147  MC2
Model Ill : — 1+2
MC2 —10.6 38 -16.7 -0.9 -—13.0 2.8 ; MC1 :
TS5x 10.5 30.9 -7.3 11.0 8.6 26.9 : —
11x —-14.1 9.1 —344 -130 -—297 -83 : 1ix
2 Relative tol + 2. " Free energies obtained from the MP2 and MP3 T PIMDA
X

electronic energies plus the HF thermal correction to the energies.
Model 1T Model 11T

JIGURE 2. Free energy reaction profiles for the Model Il and Model

HF overestimates the activation energies, MP2 underestimate 1l channels of the Diels Alder reactions betweeh and 2.

them?4 being necessary to perform MP3 calculations to obtain
reasonable energié3As a consequence, we have calculated the DA reaction betweed and2 occur through the PIMDA
the free energies of the stationary points involved in the reaction represented by the Model II. A schematic representation of the
Models Il and Il at the MP2/6-31G** and MP3/6-31G** levels. MP3 free energy prof“es for the DA reactions betwdeand
The relative energies and free energies are given in Table 3.2, via the Models Il and I1l, is given in Figure 2. It shows that
Taking as a reference the high MP3 computational level, it can the observed acceleration found by the experiment is due to
be seen that MP2 calculations overestimate all relative energieSihe molecular recognition.
Although MP2 calculations consider the formatiol\d€1 and The geometries of the TSs involved in the three reaction
10xto be exothermic, the corresponding values are 3.9 and 5.4 qdels are given in Figure 3. The lengths of the-Ch and
kcal/mol more exothermic than MP3 ones. The worst result c4—c5 forming bonds are 2.289 and 2.033 AT&3x, 2.332
corresponds to the computed relative energy 8ix, as MP2 and 1.992 A afTS4x, and 2.277 and 2.018 A atS5x The
calculations give a value 16.4 kcal/mol lower in energy than asynchronicities of the bond formation at the T&s, are 0.26
the MP3 ones. On the other hand, B3LYP calculations give a 4t TS3x, 0.34 atTS4x, and 0.26 al S4x. At the reaction Model
relative energy foMC1 of only 1.7 kcal/mol higher than MP3. || the lengths of the NH-O=C and OH-*N HBs are 1.876
The relative energy of S4x is only 2.1 kcal/mol higher than and 1.690 A atMC1 and 1.785 and 1.755 A arS4x,
that obtained at the MP3 level. The large discrepancy of the respectively. These short distances point out strong HB interac-
DA reaction is found on the relative energy of the cycloadduct tigns. At the reaction Model lI, the lengths of the N+HDH
10xsince B3LYP underestimates it at 16.8 kcal/mol. Inclusion znd OH--N HBs are 2.250 and 1.730 A A1C2 and 2.250
of the thermal corrections to the free energy of the MP3 and 1.731 A affSbx, respectively.
electronic energies states that this PIMDA is strongly exergonic, The BO values of the C1C6 and C4-C5 forming bonds at
—14.7 kcal/mol (see Table 3). As a consequence, consideringthe TSs are 0.35 and 0.4T$3x), 0.33 and 0.50TS4x), and
the MP3 enel’gleS, the CyC|OaddItI0n is irreversible under the 0.35 and 049'(35)()’ respectively_ These values are closer to
reaction conditions. Note that the unique discrepancy betweenihgse found affSix. The CT from the donor furad to the
the B3LYP and the MP3 energies is found in the total electronic acceptor maleimid@ is 0.22 S3x), 0.24 (TS4x), and 0.28 e
energy associated with the cycloaddudix Therefore, the (TS5 values closer to that obtained @61x These data
kinetic analysis of the PIMDA reaction betwedrand2 via indicate that the PIMDA processes have a small impact on the
MC1 based on the B3LYP energies is validated by means of ejectronic structure of TSs. These results are in clear agreement
the MP3 reSUItS. Itis |nterest|ng to remarkthatthe MP3/6'3lG** Wlth the Slm”ar act|vat|on entha|p|es found at these DA
free energy for theMC1 formation gives &, value at 35°C reactions. At the reaction Model Il, the BO values of theNH
of 60 M™%, a value that is in reasonable agreement with that ..0=c and OH--N HBs are 0.06 and 0.14 MC1 and 0.07
calculated by the experiment in CR{K, = 250 M~1.72 Similar and 0.12 aff S4x, respectively. At these species, the NOH
results were obtained for the reaction Model Il at the MP2/6- HB is weaker than the O+N one. The formation of the HBs
31G*™ and MP3/6-31G** levels (see Table 3). Note that \as characterized by a topological analysis of the electron
formation of MC2 at the MP3/6-31G** |evel is endergor”c at density’ p(r), using Bader's theory of atoms in molecules
2.8 kc_al/mol. _Therefore, the large effec_tl_veness of the HB (AIM). 18 At MC1, the electron density at the bond critical points
formation achieved by molecular recognitionMC1 makes (BCP) between the NH-O=C and OH-+-N was found to be
0.0536 and 0.0323 e, respectively, while the values of the density
(13) Arroyo, P.; Picher, M. T.; Domingo, L. R.; Terrier, Fetrahedron of Laplacian were 0.0897 and 0.1016, respectively. These values
2005 61, 7359-7365. (>0) indicate that the charges are locally depleted to an atom,

(14) (a) Bach, R. D.; McDouall, J. J. W.; Schlegel, H. B.; Wolber, G. J. PRI ot ; ;
3. Org, Chem1989 54 2931-2935. (b) Bachrach. S. M.: Liu, M. Org. which is characteristic of noncovalent interactions such asBs.

Chem.1992 57, 6736-6744. (c) Li, Y.; Houk, K. N.J. Am. Chem. Soc.

1993 115 7478-7485. (d) Bachrach, S. M. Org. Chem1994 59, 5027 (16) (a) Bader, R. F. WAcc. Chem. Re4.985 18, 9—15. (b) Bader, R.

5033. F. W. Atoms in Molecules. A Quantum Thep@laredon Press: Oxford,
(15) (a) Jorgensen, W. L.; Lim, D.; Blake, J.F>.Am. Chem. So4993 U.K., 1990.

115 2936-2942. (b) Domingo, L. R.; ArhoM.; Andrés, J.J. Am. Chem. (17) Polo, V.; Domingo, L. R.; Ande J.J. Phys. Chem. 2005 109,

Soc.1998 120, 16171618. 10438-10444.
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TABLE 4. Electronic Chemical Potential (, in au), Chemical
Hardness ¢, in au), and Global Electrophilicity (e, in eV) of the
2-Furan Derivatives 1 and 4 and theN-Maleimide Derivatives 2, 5,

and 7
U n w
7 —0.1920 0.1683 2.98
2 —0.1880 0.1747 2.75
5 —0.1840 0.1749 2.63
1 —0.1223 0.2012 1.01
4 —0.0950 0.2355 0.52

Analysis Based on the Global Electrophilicity at the
Ground State of ReagentsThese DA reactions were analyzed
using the global electrophilicity indék defined within the
context of the conceptual density functional thettin Table
4, the electronic chemical potentiad, chemical hardness;,
and the global electrophilicityp, are displayed.

The electronic chemical potentiad, of the furan derivatives
1 and4, —0.1223 and-0.0950 au, are higher than those of the
N-methylmaleimide derivativeg, 5, and7, between—0.1840
and —0.1920 au, indicating that, along a polar cycloaddition,
the CT will take place from these furan derivatives to the
N-methylmaleimide ones, in clear agreement with the CT found
at the TSs.

The electrophilicity of 2-methylfurad is 0.52 eV, a value
that falls into the range of marginal electrophiles (good
nucleophiles), within thev scale (see Table 4)On the other
hand, the electrophilicity of furan derivativeis 1.01 eV. This
large electrophilicity value, compared to that fdy is a
consequence of the presence of the carboxamide group on the
compoundl. The electrophilicity ofN-methylmaleimide5 is
2.63 eV, a value that falls into the range of strong electrophiles.
Coordination of the formic acid to maleimideincreases the
electrophilicity of 7 to 2.98 eV, being the most electrophilic
species of this series. The electrophilicity of maleimide deriva-
tive 2 is 2.75 eV, a value closer to that fér

The difference of electrophilicitydw, between 2-methylfuran
4 and N-methylmaleimide5, 2.11 eV, indicates that this DA
reaction will have some polar characteCoordination of the
formic acid to maleimidés increases thé\w of the reactions
to 2.46 eV. Therefore, it is expected that the HB formation
accelerates the DA reaction through a more polar prodens,
agreement with the activation energies and CTs associated with
TS2n and TS2x Finally, the similar electrophilicity values
found at the maleimide®and>5 indicate that both DA reactions,

¢ 22173 '2'018 1+ 2 and4 + 5, will have similar electronic structures at the
corresponding TSs, in clear agreement with the closer activation
.

energies and charge transfer obtained for these DA reactions.

TS5x Conclusions

FIGURE 3. Structures of the transition states involved in the ; ; ;
; : The pseudo-intramolecular Diel#\lder reaction between a
intermolecular,TS3x, and pseudo-intramoleculaf,S4x and TS5x, P

Diels—Alder reactions between the furan derivativeand maleimide 2-furan derlva_tlvel and gN-maIelmlde derivativez, experl-
derivative2. The distances are given in angstroms. mentally studied by Philp, has been analyzed using DFT
methods at the B3LYP/6-31G** level. Formation of two

For the reaction Model I, the reagents become slightly more hydrogen bonds between the 2-pyridinylcarboxamide residue
solvated thanTS3x. As a consequence, in chloroform, the and the carboxylic acid appendage present on furan and
activation energy associated with the intermolecular DA reaction maleimide, respectively, favors thermodynamically the forma-
increases to 0.6 kcal/mol (see Table 2). For the intramolecular
processes] S4x and TS5x are slightly more solvated than the 2(1%531293.46.; von Szentpaly, L.; Liu, 8. Am. Chem. Sod 999
corres_pondln_g MCs; as a consequence, the activation energied %19) (a) Geerlings, P.: De Proft, F.: Langenaeker Ghiem. Re. 2003
associated with the PIMDA reactions decrease by 1.9 and 1.8103 1793-1873. (b) Ess, D. H.; Jones, G. O.; Houk, K. Adv. Synth.
kcal/mol, respectively (see Table 2). Catal. 2006 348 2337-2361.
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tion of a molecular complex through an efficient molecular the Spanish Government (project CTQ2006-14297/BQU), the
recognition process. The large enthalpy stabilization caused byGeneralidad Valenciana (ACOMP/2007/082), and the Univer-
the formation of the two hydrogen bonds along the molecular sidad de Valencia (project UV-AE-06-3). J.A.S. thanks to the
recognition,—15.4 kcal/mol, overcomes the unfavorable activa- Ministerio de Educacioy Ciencia for his doctoral fellowship.
tion entropy associated with the bimolecular proces$.4 eu.

As a consequence, the subsequent DA reaction takes place Supporting Information Available: Computational methods;
through a pseudo-intramolecular process, being the activationtotal energies in the gas phase and in chloroform, and total
free energy for the DA reaction, 26.8 kcal/mol, 7.5 kcal/mol enthalpies, entropies, and free energies for the transition states and
lower in energy than that for the intermolecular process. DFT cycloadducts involved in the DietsAlder reactions between
calculations show that, although the activation enthalpy associ- 2-methylfuran4 and N-methylmaleimide5, in the absence and
ated with the intramolecular process is slightly larger than that presence of formic acid, and in the intermolecular and pseudo-
for its intermolecular counterpart, the large reduction of the |ntramolecu_lar Dlels_AIde_r reactions between the furgn derlvat_lve
negative entropy activation associated with the intermolecular 1 @nd maleimide derivative; BSLYP/6-31G** Cartesian coordi-

rocess is responsible of the acceleration experimentally N2t€S of the structures involved in the E?A.reactions between
gbserved with tﬁe molecular recognition P y between 2-methylfurad and N-methylmaleimide5, and furan

derivativel and maleimide derivativ@. This material is available
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