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The gas-phase hetero-Diels—Alder reactions between butadiene and X-substituted sulfinyl dieno-
philes, O"—S*=N-—X, are investigated theoretically at the B3LYP/6-31G* level. The Z-forms of the
dienophiles are found to be more stable (by 5—7 kcal mol~?%) than the E-forms. Four modes of
cycloadducts are considered: Z-endo; Z-ex0; Ex—endo; Ex—exo- Five factors are responsible for the
decreasing energetic preferences of the adducts in the order Ex—endo > Ex—exo > Z-endo > Z-exo: (i)
The o—o* proximate charge-transfer interactions in the TS; (ii) the relative sizes of the LUMO AO
coefficients on S and N atoms; (iii) steric hindrance in the TS; (iv) the levels of the ground state
and the LUMOs of the dienophile; (v) bond energies of the C—S and C—N bonds that are formed
in the TS. All the reactions proceed concertedly, but the adduct formation is asynchronous. The
endo-additions are favored over the exo-additions kinetically (lower AG*) as well as thermodynami-
cally (lower AG®). The major secondary orbital interaction determining the endo preference is that
between the lone pair on N (ny) and the d; (C3—C,) o* orbital (ny—0*43) interactions, whereas the
larger AO lobe (LUMO) sizes on S favor a greater degree of ds (C—S) bond formation than ds (C—
N) bond. The solvent, CsHs, uniformly lowers the activation barriers so that the energetic preferences
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in the gas phase between various modes are maintained in solution.

Introduction

Diels—Alder cycloadditions with a variety of N-sulfinyl
compounds, 1, where X = Ar, SO,Ar, COR, CN, etc., have
provided a valuable synthetic means for heterocyclic ene
compounds,! 3,6-dihydro-1,2-thiazine 1-oxide, 2 (eq 1).

3
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These N-sulfinyl Diels—Alder reactions are known to
proceed quite rapidly provided that the N-sulfinyl com-
pound, 1, has an electron-withdrawing group X on
nitrogen.’d Two different mechanisms!®® have been
proposed for this reaction, eq 1: (i) a nonconcerted
stepwise mechanism in which the electrophilic sulfur
atom of 1 adds initially to form a dipolar intermediate,?
3; (ii) a concerted cycloaddition which is consistent with
FMO theory.® The N-sulfinyl compounds such as 1 are
known to exist in their ground states as the Z geometric
isomers, but it has not been possible to determine
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unambiguously whether the Z isomer or a transient E
isomer is the reactive species in the cycloaddition.'® For
some N-sulfinylamines, an E/Z equilibrium has been
observed in solution.*

The major product in the cycloaddition of 2,4-hexadi-
ene, 4, with N-sulfinylarylsulfonamides (1 with X = SO,-
Ph), eq 2, corresponded to endo addition? where the

NN 4 1 (with R=50Ph)

4
Me

SO,Ph

Me
5

sulfinyl oxygen and X (=SO,Ph) are placed in proximity
of the m-electron density of diene 4. Thus there is a
possibility of secondary orbital interactions between the
diene z-orbitals and the S—O and N—X bonds in the TS
of a concerted cycloaddition.® To elucidate such mecha-
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nistic aspects, we undertook MO theoretical studies on
the N-sulfinyl Diels—Alder reactions, eq 1, with X = CHg,
H, CI, CN, and NO.. In view of our previous success with
the theoretical studies on the hetero-Diels—Alder reac-
tions using the density functional theory (DFT),® we kept
our computations at the B3LYP/6-31G* level. Our pri-
mary goal in the present work is to elucidate the
mechanism of the N-sulfinyl Diels—Alder reactions, eq
1, specifically (i) by providing theoretical basis for the
concerted mechanism, (ii) by deciding whether the Z or
a transient E isomer is the reactive species of N-sulfinyl
dienophiles, (iii) by determining whether there is second-
ary orbital interactions in the transition state (TS) of the
preferred endo cycloaddition, and (iv) last by examining
the effect of substituent X (= CHgz, H, Cl, CN, NO,) on
the N atom of the N-sulfinyl dienophile on the reactivity.

Computational Method

The calculations were conducted with the Gaussian 98
program’ at the theoretical level of B3LYP/6-31G*//B3LYP/6-
31G*.2 The stationary states were confirmed by calculation of
the vibrational frequencies at the B3LYP/6-31G* level. The
gas-phase standard free energy and activation free energy
changes, AG° and AG¥, relative to the separated reactants were
obtained by applying zero-point (ZPE) and thermal energy
corrections and entropy changes, AS°® and AS¥, to the calcu-
lated energies (AE° and AE¥). Natural bond orbital (NBO)
analyses® were carried out to calculate the proximate o—o*
secondary orbital interactions. The solvation energies (AG%q)
in benzene (¢ = 2.28) were calculated using the isodensity
polarizable continuum model IPCM? with the isodensity level
of 0.0004 au. The numbering of the atoms and bonds in the
adduct is shown in Chart 1.
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Table 1. Comparison of Stabilities, AG(E—2Z), of the Two
Forms of Sulfinyl Dienophiles and Rotational Barriers
around the S=N Bond, AGt(TS-Z), at the B3LYP/6-31G*
Level

AG(E-2) AGx(TS-2) AG(E-2) AGx(TS-2)
X (kcal mol=t) (kcal mol™1) X (kcal mol~1) (kcal mol-?1)
CHs 7.2 16.2 CN 4.2
H 53 171 NO; 35 18.9
Cl 7.0

Results and Discussion

Sulfinyl Dienophiles. The two forms, E and Z, are
possible with the sulfinyl dienophiles. Although experi-

Q P X
VG Y

o
z E

mentally the Z form is thought to be more stable and
hence is the reacting species, it has never been deter-
mined unambiguously.!d We have compared stabilities
of the two forms and the rotational barriers around the
S=N bond in Table 1. We note that in all cases the Z
form is more stable in agreement with the experimental
evidence!! but as the X substituent becomes more electron-
withdrawing the energy difference, AE, decreases, from
6.8 kcal mol~! for X = CHj; to 4.6 kcal mol~ for X = NO..
This Z over E preference is dictated by the dominant
interaction of the n—o™* vicinal overlap, which is maxi-
mized in a Z arrangement; i.e., the vicinal n—o* interac-
tions, ny—0*so and ns—o*\x, are greater when the two,
n and o*, are trans to each other.®® When, however, the
n—o* interactions become weak due to a strong electron-
withdrawing effect of X (6*nx becomes a weaker acceptor
when X is more electron rich), the E form becomes more
favorable due partially to lesser steric hindrance between
O and X.°» On the other hand, dipole moments are 1.67,
0.80, 0.92, 3.54, and 2.70 D for Z forms but they are 3.74,
3.44, 2.34, 2.47 and 1.83 D for E forms in the order X =
CHg, H, CI, CN, and NO,, respectively. The inversion of
stability order from Z preference (for X = CHjz, H, and
Cl) to E preference (X = CN and NO,) becomes apparent
from these dipole moment data.

The rotational barriers are high, 16—19 kcal mol™?, so
that equilibration by rotation around S=N bond is
practically prohibited.* We therefore conclude that al-
though the difference in stabilities of the two forms are
small, the sulfinyl dienophiles should be in Z forms
predominantly in the ground states and the cycloaddi-
tions start from the Z forms. We nevertheless considered
the cycloadditions by both Z and E forms of the sulfinyl
dienophiles.

Transition States and Energetics. In all cases, the
two bonds, ds and ds, are formed simultaneously and
therefore the additions are concerted. In this respect
stepwise additions are unlikely in the gas phase although
we have not carried out UHF calculations. This is in
contrast to a nonconcerted stepwise dipolar addition
mechanism proposed by Mock et al.? The activation free

(11) (a) Caminati, W.; Mirri, A.; Macagnani, G. J. Mol. Spectrosc.
1977, 66, 368. (b) Bak, B.; Svanholt, H.; Larsen, C. J. Mol. Struct. 1977,
36, 55. (c) Beagley, B.; Chantrell, S.; Kirby, R.; Schmidling, D. J. Mol.
Struct. 1975, 25, 319. (d) Gieren, A.; Deder, B. Angew Chem., Int. Ed.
Engl. 1977, 16, 179. (e) Mey, R.; Oskam, A.; Stufkens D. J. Mol. Struct.
1979, 51, 37.
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Table 2. Energetics for Various Modes of Gas-Phase
Cycloaddition (kcal mol~1) with cis-Butadiene at the
B3LYP/6-31G* Level?

X AG¥ AG® X AG* AG®
Z-endo CH3 30.6 —0.1 Ex-endo CHz 229 —-31
H 24.5 —3.8 H 19.2 —5.2
Cl 275 —25 Cl 18.6 —6.5
CN 23.8 —4.2 CN 18.2 —6.8
NO, 224 —-143 NO, 19.0 -—153
Z-exo CHs 332 4.1  Ex-exo CHs 26.1 —7.3
H 27.6 0.1 H 23.0 —-9.1
Cl 29.0 —25 Cl 19.5 —-95
CN 25.7 —4.2 CN 19.4 —8.5
NO, 243 -105 NO, 16.9 -—17.9

E-adduct Z-adduct

Figure 1. Relative energy levels of the Z and E forms in kcal
mol~1. E and Z-TS are the TS levels for the cycloadditions.

energies (AG*) and reaction free energies (AG°) are
summarized in Table 2 for four modes of cycloadditions,
Z-endo, Z-ex0, Ex_endo, aNd Ex_exo. In the latter two modes,
the E form of sulfinyl dienophile forms an adduct with
the X group directed toward the diene (X-endo) and away
from the diene (X-exo), respectively. Reference to Table
2 reveals that, overall, the cycloaddition becomes more
facile, AG* decreases, and the reaction becomes more
exothermic, as electron-withdrawing power of the sub-
stituent X increases. In the additions of Z-dienophiles,
the endo modes are kinetically as well as thermodynami-
cally preferred over the exo modes in agreement with
experimental results.?® However the difference in AG*
between the Z-endo and Z-exo addition is reduced as the
electron-withdrawing power of X becomes stronger from
2.6 kcal mol~! for X = CH; to 1.9 kcal mol~! for X = NO..
The similar trends are found with the cycloadditions with
the E-sulfinyl dienophiles. Despite the greater stabilities
of the X-exo adducts, the X-endo addition mode is
preferred kinetically to the X-exo mode, and the activa-
tion energy difference decreases with the increase in the
electron-accepting power of the X substituent. Finally the
preference reverses to X-exo with X = NO,. This reversal
of the energetic preference from endo for X = CHj; to exo
addition for X = NO, most probably results from the
lowering of the lone-pair level on N, ny, by an electron-
withdrawing group, X, since such lowering should lead
to a wider frontier MO (FMO) gap, A¢gmo = €, — ¢n,
which in turn leads to a lower second-order charge-
transfer stabilization energy®? involved in the secondary
orbital interaction between ny and 0*4; orbital in the endo
addition (vide infra).

It is, however, to be noted that the cycloadditions with
the E forms are considerably more favorable (by ca. 5—9
kcal mol~?1) than those with the Z forms. The magnitude
of this energy difference is similar to that between the

(12) (a) Reference 9b, Part I. (b) Fleming, I. Frontier Orbitals and
Organic Chemical Reactions; Wiley: London, 1976; Chapter 4.
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[ Bond Lengths] C203C4=121.5
C185 =2.502 C3C4N6 =103.7 CiC2C3C4= -2.6
C4aN6 =2.115 C4N6S5=117.1 C1S5N6C4 =-179

N685C1 = 93.9

[Z-exo TS]  [Bond Angles] ©
[ Bond Lengths] (5251%12((% Z 11%1) { Dihedral Angles ]
C185 =2333 C2C3C4=1208 C1C2C3C4= 28
C4N6 =2.102 C3C4N6 = 101.5 C1S5N6C4 =203
CAN6S5 =112.5
N6S5C1= 987

Figure 2. DFT results of the transition structures and
products for Z-endo and Z-exo cycloadditions. Bond lengths are
in A, and angles are in deg.

[ Ex-endo TS ] {Bond Angles] [ Ex-endo P ]

[ Bond Lengths] §5C1C2 = 100.8 { Dihedral Angles ]
C185 =2.678 C1C2C3=1252 CIC2C3C4= 42
C4NG6 =2.077 €2C3C4=123.1 CIS5N6C4 = 25.6

C3C4N6 = 101.5

C4N6SS = 1123

2 3 N6S5CI = 96.5
|

[ Ex-exo TS ] [Bond Angles ] 0@ [Ex-exoP]

Bond Lenath 251%1222 = 13553 [ Dihedral Angles ]

[ Bond Lengths] - C1C203Ca = 44
_ C2C3C4=1225

C185 =2.566 = CIS5N6C4 =-31.2
C4NG = 2 090 C3C4N6 = 106.8
B CAN6S5=113.0
N6S35C1= 940

Figure 3. DFT results of the transition structures and
products for Ex—endo @and Ex—exo Cycloadditions. Bond lengths
are in A, and angles are in deg.

two isomers in the ground state (5—7 kcal mol~?t). This
means that actually the cycloadditions of E- and Z-
sulfinyl dienophiles with butadiene have approximately
the same transition state level, TS-E level = TS-Z level
in Figure 1. We therefore think that the cycloadditions
can occur competitively from both the E and Z ground
states, although the Z form is more abundant and the
interconversion between the E and Z forms is difficult
in the ground state. But the rotational barrier is lower
than the activation energy for addition so that there
should be close to thermal equilibration prior to addition.
The TS and product structures are shown in Figures 2
and 3. The Z-endo mode of cycloadditions is energetically
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Table 3. % An* for Z-endo Adducts? at the B3LYP/6-31G* Level

Park et al.

X d1 (% An®) dz (% An®) ds (% An®) da (% An®) ds (% An®) de (% AN%)
CH3 31.22(34.8) 39.0 (45.2) 40.0 (36.5) 52.6 (54.2) 29.3 (36.5) 41.1 (36.1)
H 31.6 (33.5) 40.0 (42.6) 38.0 (35.6) 48.8 (49.3) 32.7 (35.5) 38.0 (35.7)
cl 36.6 (39.3) 42.5 (45.4) 38.8 (38.1) 56.4 (61.0) 36.5 (40.8) 39.1 (35.9)
CN 44.3 (45.0) 46.1 (46.9) 37.6 (36.3) 52.5 (51.6) 47.9 (48.0) 32.0 (30.5)
NO; 36.8 (38.7) 40.4 (43.0) 31.9 (31.3) 45.6 (46.7) 39.5 (41.5) 27.2 (27.8)

a8 The values for Z-exo adducts are shown in the parentheses.

Table 4. Major Second-Order Proximate o—o*
Interactions in the Transition States for Z-endo and
Z-exo Cycloadditions

—AE®@,_, (kcal mol1) —SAE®@,_,2

X og— o0* endo exo endo exo
CH3 dydg 13.8 16.9
ds dy 2.6 6.4
ds ds 35.6 27.2

ds ds 25.5 18.6 77.5 69.1
31N d3 19.4 7.9
H di d4 16.8 15.3
ds dy 10.6 18.0
ds ds 28.6 28.7

ds ds 33.9 29.5 89.9 91.5
nn ds 13.4 5.6
NO; dydg 34.0 28.0
ds dy 15.3 24.9
ds ds 13.9 13.9

ds ds 125 14.7 75.7 81.5
31N d3 8.1 5.6

aThe four d;—ds and ds;—ds o—o™* interaction energies are
summed.
243
dl// \ d3
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preferred over the Z-exo mode by 2—2.5 kcal mol~* (Table
2). To see why the endo additions are favored despite the
obviously unfavorable steric hindrance effect, we calcu-
lated percentage bond order changes, %An* % (eq 3,

%Ant — [exp(_rt /a) — exp(_rR /a)] <100 (3)
[exp(~r, /a) - exp(-r; /a)]
2< aF|cr° >?
@ __
ey )

where r¥, rg, and rp are the distances in the TS, reactant,
and product and the a values are fixed to 0.3 for d;—d,
and to 0.6 for ds and dg), and the second-order proximate
o—o* (including 7—a*, n—x*, etc.) interaction energies,
AE®,_ ., using natural bond orbitals® (eq 4, where F is a
Fock operator) as shown in Tables 3 and 4.
Examination of Table 3 shows that the degree of bond
formation in the TS is less than 50% in all cases. Thus
the TS’s are located early on the reaction coordinate so
that the reactivity is frontier MO (FMO) controlled;?14
i.e., the activation energies are determined either by the
FMO gap, Ae = €Ly — €no, Or by the Fock matrix element,
F.o+ which is proportional to the o—o¢* overlap. Both

(13) (a) Houk, K. N.; Gustabson, S. M.; Black, K. A. 3. Am. Chem.
Soc. 1992, 114, 8565. (b) Lee, I.; Kim, C. K.; Lee, B. S. J. Comput.
Chem. 1995, 16, 1045. (c) Lee, J. K.; Kim, C. K; Lee, I. J. Phys. Chem.
A 1997, 101, 2893.

(14) Klumpp, G. W. Reactivity in Organic Chemistry; Wiley: New
York, 1982; p 370.

modes of adducts (E and Z) are seen to be asynchronous;
i.e., the degree of bond formation is not the same for ds
(C-—-S) and dg (C4-—-N). In the endo adducts, the steric
hindrance due to the S—O bond causes to retard ds bond
formation, but in the exo adducts there is no such steric
effect and ds bond formation becomes facile and progresses
ahead of ds. The NBO charges indicate that the S—O
bond in the ground state dienophile is highly polarized
to ST™—0O~ and the N—X bond is weakly polarized to
N~—X*. Therefore C;—S bond formation is electrostati-
cally facilitated compared to the C4,—N bond formation
in the TS since the cycloaddition is a normal electron
demand type and the dienophile is an electron acceptor
as the frontier MOs (FMOs) show in Table 5. The larger
sizes of the LUMO AO coefficients on S than on N in
Table 6 are also in favor of the greater (C;—S) ds than
(C4—N) dg bond formation. In the absence of steric
hindrance and secondary orbital overlap interaction (ny—
0*43) as in the Z-exo addition, bond formation of C,—S
becomes more facile than that of C,—N and takes place
ahead of C,—N bond (Table 3). This type of mechanism
in which the TS is formed by initial C—S bond formation
has been proposed by Mock and Nugent.? However there
are two factors in favor of the endo adduct than exo-
adduct formation: (i) The bond energy is greater for C—N
(73 kcal mol™1) than C—S (65 kcal mol=1).% (ii) The
secondary orbital interactions between diene and dieno-
phile in the TS® are greater in the endo than exo adduct.
These secondary orbital interactions of the proximate
o—o* types are in favor of the endo adducts (Table 4) for
X = CHj; and H but reverse in favor of exo adducts for X
= NO,. However, the charge transfer of the nitrogen lone
pair (ny) toward the d; o* bond orbital (0*g3) is in favor
of the endo adduct in all cases. This could be the main
reason the endo adduct is favored over the exo adduct
despite the larger steric hindrance due to the S—0O and
N—X bonds. In the endo adduct the steric effect is
partially alleviated by a skewed approach of the dieno-
phile in which O and X point upward and S—O and N—X
are tilted away from the diene molecular plane (Figures
2 and 3). In this type of approach the ny—ds orbital
interaction is also maximized (Figure 4).

In the endo adducts the progress of ds bond making
(38—41%) is ahead of ds (29—37%) in the TS for X = CHj,
H, and CIl but reverses to a more advanced ds bond
formation than dg for X = CN and NO,, whereas in the
exo adducts that of ds (41—48%) is ahead of ds (28—36%)
for X = ClI, CN, and NO, but almost synchronous for X =
CH; and H (~36%). This may be due partly to a greater
steric hindrance of S—O toward d; than N—X toward d3
in the endo adduct formation. As discussed above, the
secondary orbital interaction, ny—o0*43, seems to play an
important role in the endo addition. ny—o*43 charge-
transfer interaction favors dg bond formation, but as the
electron-withdrawing power of substituent X increases,
this preference decreases due to wider FMO gap, A¢gmo
= € — €n, and other effects, e.g. AO coefficients of the
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Table 5. Frontier Molecular Orbital Levels Calculated at the HF/6-31G*//B3LYP/6-31G* Level (e in au)

normal electron demand?

reverse electron demand

X diene HOMO dienophile LUMO A€ermo diene LUMO dienophile LUMO A€rvo
CH3 —0.322 38 0.042 50 0.36 0.127 26 0.405 98 0.53
H —0.322 38 0.032 84 0.36 0.127 26 —0.435 03 0.56
Cl —0.322 38 0.006 74 0.33 0.127 26 —0.417 08 0.54
CN —0.322 38 —0.036 69 0.29 0.127 26 —0.426 13 0.55
NO; —0.322 38 —0.022 17 0.10 0.127 26 —0.470 18 0.60

aThe reactivities based on AG* (Table 2) are consistent with normal electron demand cycloadditions.

Table 6. #* LUMO AO Coefficients and Levels of N-Sulfinyl Dienophiles (Z Forms) at the HF/6-31G*//B3LYP/6-31G*
Level
X ratio pz(S)/pz(N) S: 3pz.4pz N: 2pz,3pz LUMO level (au)
CHs; 1.23 0.52, 0.52 —0.37, —0.48 0.043
H 1.28 0.54, 0.53 —0.35, —0.48 0.033
Cl 1.25 0.54, 0.50 —0.37, —0.47 0.007
CN 1.58 0.55, 0.47 —0.30, —0.35 —0.037
NO, 1.39 0.56, 0.50 —0.36, —0.40 —0.022

Figure 4. TS for Z-endo addition. A secondary orbital
interaction of ny—o™q, is possible. The S—O and N—X bonds
are tilted upward to alleviate steric hindrance, and the lone
pair on N (nn) can point downward partially to interact with
the o* orbital of the d; (C3—C,) double bond.

LUMO on S and N, become more important and ds bond
formation begins to be favored. In contrast in the exo
addition, the advantage of larger LUMO lobe size on S
diminishes as the electron-withdrawing power of sub-
stituent X decreases, as the low ratio of pz(S)/pz(N)
(=1.23) in Table 6 suggests.

The FMO energy gaps, Ae = €dienophileLUMO — €dieneHOMO
in Table 5, decrease as the electron-withdrawing power
of X substituent in the dienophile increases from X = CHj;
to X = NO; due to lowering of the LUMO level by an
electron-accepting X group. Therefore, the activation
barriers, AE* and AG* are in the decreasing order.
AG*(X): CH3 (>CI) > H > CN > NO;, (Table 2). The
anomalous behavior of X = Cl may be due to the weak
st-donor effect of the Cl substituent.'® The AO coefficients
of the 7-type LUMO in the sulfinyl dienophiles are shown
in Table 6 together with the LUMO levels for the Z forms.
We note that the AO coefficients are larger on the S than
on the N atom, the ratio of pz(S)/pz(N) being greater than
1.0 in all cases which increases as the electron-withdraw-
ing power of X substituent increases (except for X = CN).
This means that under the same conditions bond forma-
tion of S with C; is favored over that of N with C,. This
is reflected on the greater degree of ds bond formation
than dg in the Z-exo adducts.

Reference to Table 4 shows that as the electron-
withdrawing power of X increases, the endo preference
over the exo addition due to o—o* orbital interactions
decreases. This may be ascribed again to a decrease in
the secondary orbital interaction (ny—0%*43), which leads

(15) Reference 14, p 38.
(16) Hine, J. Structural Effects on Equilibria in Organic Chemistry;
Wiley: New York, 1975; Chapter 3.

Table 7. Solvation Energies in Benzene for the Adducts
at the B3LYP/6-31G* Level (kcal mol™?%)

X AG*sola AGOsolb

Z-exo CHs 32.8 3.2
H 27.2 -0.8

Cl 28.5 —-3.5

CN 24.2 —5.6

NO; 23.1 —12.4

Z-endo CH3 30.4 —0.9
H 24.1 —4.6

Cl 26.9 —-3.5

CN 22.3 —5.6

NO. 21.0 —16.0

Ex—endo CHs 23.3 —-3.3
H 19.8 —-9.8

Cl 18.8 —6.9

CN 17.4 7.7

NO, 16.9 —18.7

aAG*o = AG*y + AG*, where AG¥ is the solvation energy
difference in benzene between the TS and reactants. P AG°s, =
AG°y + AG®, where AG® in the solvation energy difference in
benzene between the adduct and reactants.

to a decrease in the endo preference, as the electron-
withdrawing power of substituent X increases (vide
infra). This is also consistent with a reactivity increase
due to a decrease in the FMO gap (Table 5) as the
electron-withdrawing power of X increases along X = CHj
— NOgy; i.e., the selectivity decreases as the reactivity
increases in accordance with the reactivity—selectivity
principle, RSP.17

Products Structures. All the products (with X = H)
adopt half-chair conformations? (Figures 2 and 3) with
the X (=H) atom in an equatorial position in two cases
(Z-endo and Ex_eo products) and in an axial position in
the other two cases (Z-exo and Ex—endo products). Although
the reason the X (=H) group occupies equatorial or axial
position is not clear, the equatorial X seems to stabilize
the product by ca. 4 kcal mol~* more than the corre-
sponding product with axial X (Table 2) due to reduced
steric effect.

Solvent Effect. Solvent effects are calculated using
the IPCM method at the isodensity level of 0.0004 au in
benzene as shown in Table 7. The solvent effects are seen

(17) (a) Pross, A. Adv. Phys. Org. Chem. 1977, 14, 69. (b) Buncel,
E.; Wilson, H. J. Chem. Educ. 1987, 64, 475. (c) Lowry, T. H;
Richardson, K. S. Mechanism and Theory in Organic Chemistry, 3rd
ed.; Harper and Row: New York, 1987; p 148.
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to cause lowering of the barriers and reaction free
energies almost uniformly so that there is no change in
the relative order of AG* depending on the substituent
X. Since in the TS and product the charges on the
dienophile, "O—S*=N-X, are delocalized, the solvation
by benzene stabilizes the TS and product more than the
reactants. This should lower the barrier heights and
reaction free energies. The activation free energies of 17—
24 kcal mol~1 in benzene for X = CN and NO, in Table 7
are comparable to that for the cycloaddition of ethyl
N-sulfinylcarbamate to 1,1'-bicyclohexenyl in benzene,
AG* = 19.8 kcal mol~t, in the temperature range 281.2—
318.2 K.32 Since it is more likely for the E and Z forms
to equilibrate in solution,* the cycloaddition may well
proceed mainly by the lower barrier paths of the E-adduct
formation.

In summary, the sulfinyl dienophiles are predomi-
nantly in Z forms rather than E forms in the ground sate,
and the energy difference decreases with the electron-
withdrawing power of the X substituent on the N atom.

Park et al.

There are five factors which influence the energetic
preference of the mode of adducts: (i) the o—o* secondary
proximate charge-transfer interaction; (ii) the relative
sizes of AO coefficients on S and N atoms in the LUMO
of the dienophiles; (iii) steric hindrance of O and X toward
the diene; (iv) the relative levels of the ground states and
LUMOs of the dienophiles; (v) bond energies of the bonds
(C—S and C—N) that are formed in the adducts. The
Ex-endo @dduct is preferred on account of the factors i and
ili—v, (iii), but the Z-exo adduct is disfavored on account
of i, iv, and v. In the Z-exo adduct, the larger LUMO AO
coefficient on the S atom leads to the greater degree of
ds bond formation relative to ds, whereas, in the Ex_endo
adduct, the o—o* secondary interaction leads to the
greater degree of d¢ bond formation than ds in the TS.
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