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In the last two decades, many important concepts and
indices useful to understand chemical reactivity have
been rationalized within the framework of the density
functional theory (DFT).! Relevant reactivity indices? are
the electron chemical potential «, a molecular quantity
that measures the escaping tendency of electrons, and
the local softness s(r), which represents the sensitivity
of the molecular electron density at point r to a change
in u. Local softness is therefore well suited to compare
reactivity at different sites within one molecule. Integra-
tion of s(r) over the molecular volume gives the global
softness S, which contains information on the reactivity
of the molecule as a whole. The link between the DFT
indices and chemical reactivity is provided by the hard—
soft acid—base principle (HSAB),® which also found a
convenient theoretical framework within the DFT. This
principle is well suited to study chemical reactions since
it only requires that temperature is constant and allows
for variation in both chemical and external (nuclear)
potential. This is at variance with the principle of
maximum hardness,* which requires that also the chemi-
cal and external potentials are constant. The HSAB
principle states that when molecule A of softness Sy may
react with several partner X of equal chemical potential,
it reacts with that partner for which |Sp — Sx| is
minimum, i.e., hard likes hard and soft likes soft. The
local version® of the HSAB principle predicts between
which atoms on A and X the new chemical bond forms
by using local softness as a reactivity index. Indeed,
reliable qualitative prediction of regioselectivity has been
obtained® for several 1,3-dipolar cycloadditions (1,3-DC)
by this method.
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To predict quantitative regioselectivity ratios, one
should locate the transition states and compute their
energy. This being a difficult task, there is current effort”
aimed at obtaining activation energies from isolated
reactants’ properties without locating transition states.
In this framework, a generalization of the HSAB prin-
ciple has been very recently introduced,® which enables
one to compute, from u and s of the reactants only, the
grand potential® variation AQ due to the bond-forming
interaction between specific atoms of the reactants. Since
in 1,3-DCs the relative energy of transition states is
paralleled by the relative energy of the weakly interacting
complexes forming in the early stage of the reaction,©
AQ is closely related to the transition state energy and
can provide a quantitative prediction of regioselectivity.

As a first demonstration of this novel method, we
turned our attention to nitrilimine 1,3-DCs. These rep-
resent a very general route for the construction of a large
array of compounds containing the pyrazole ring.}!
Despite the synthetic usefulness of this approach, there
is a paucity of data concerning the theoretical aspects of
nitrilimine chemistry.'? For the cycloaddition of nitril-
imines to both electron-poor and -rich dipolarophiles,
FMO theory predicts full regioselectivity toward the
5-substituted A%-pyrazolines.® This prediction is obeyed
in the vast majority of 1,3-DCs of nitrilimines to mono-
substituted ethenes.'**< Conversely, addition of diphen-
yInitrilimine to methyl propiolate yields a mixture of
regioisomeric 5- and 4-pyrazolines in 78:22 ratio.*®* We
were thus prompted to investigate the regiochemistry of
the 1,3-DC between a series of C-carbomethoxy-N-(4-
substituted)phenyl nitrilimines 2 to methyl propiolate 3
(see Scheme 1). In particular, we show how the DFT/
HSAB approach corrects this FMO theory prediction, and
we demonstrate the validity of the novel quantitative
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Scheme 1. Cycloaddition of Nitrilimines 2 with
Propiolate 3.
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Table 1. Experimental Reaction Times and Yields and
4:5 Yield Ratio of the Cycloaddition between Nitrilimines
2 and Methyl Propiolate 3

time M yield ratio®
entry (min) 1 4+5 4:5
a 20 6 63 56:44
b 30 0 95 66:34
c 45 8 69 56:44
d 60 11 48 53:47
e 60 10 50 52:48
f 240 0 6 51:49

a Isolation yields. P Deduced from *H NMR of reaction crudes.

method by comparing the regioisomeric ratio obtained
from experiment to that computed from DFT reactivity
indices via the generalized HSAB principle and finding
very good agreement.

Labile intermediates 2 were generated in situ by base
treatment of the corresponding hydrazonoyl chlorides 14
according to a well-established procedure.'® Subsequent
reaction with 3 gave the isomeric adducts 4 and 5, and
their structure was firmly established by *H NMR, since
protons in the 4- and 5- positions of the pyrazolic ring
show resonances in perfect agreement with literature
values.?® Reaction times and yields are reported in Table
1. Despite the modest regioselectivity, the favored prod-
uct clearly is the 4-substituted regioisomer.

The main results of DFT calculations at the B3LYP/
6-311+G(d,p) level are reported in Table 2. The electron
chemical potential difference between 2 and 3 determines
the direction of the overall charge flow upon interaction
of the reactants, as electrons flow toward regions at low
u. It turns out that 2a-e act as nucleophiles whereas 2f
acts as electrophile (note, however, that the chemical
potentials of 2f and of 3 are very close to each other).
Notwithstanding that our calculations show that reac-
tions of 3 with 2a—e are HOMO-dipole controlled in
agreement with FMO theory, the latter predicts that
nitrilimines 5a—e are the favored regioisomers, in con-
trast with experiment. As for the reaction of 3 with the
electron-poor nitrilimine 2f, FMO theory is not able to
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Table 2. Results of B3LYP/6-311+G(d,p) Calculations.
Chemical Potential Difference between Nitrilimines 2
and Methyl Propiolate 3 and AAQ Difference? and
Predicted 4:5 Yield Ratio for Their Mutual Cycloaddition

w(2) — u(3) OAQ predicted ratioP
entry (eV) (kJ mol~1) 4:5n
a 1.85 —0.64 56:44
b 2.17 —-1.70 66:34
c 1.57 —-0.34 54:46
d 1.43 —0.34 54:46
e 1.35 —-0.39 54:46
f —0.08 —0.49 x 1074 51:49

a Difference in grand potential variation for the pathways
leading to products 4 and 5.° From computed 6AQ and eq 3;
uncertainty +1%.

provide a clear-cut prediction since the two HOMO-—
LUMO interactions are comparable in size.

From the electron chemical potential ¢ and the local
softness s (condensed to individual atoms), one can
compute the charge transfers between interacting atom
pairs.® For instance, the charge transfer from N; of 2 to
C, of 3 amounts to (see Scheme 1 for numbering)

Aq(N; — Cy) =
—[u(2) — u(3)] s(N;) s(Cy) [s(N;) +s(C)I ™+ (1)

It is noteworthy that, except for 2f, the atom—atom
charge transfers mimic the usual arrow notation. C; (Cy)
accepts (donates) electrons irrespective of the resulting
cycloadduct. Conversely, N; (C3) accepts (donates) elec-
trons when isomer 5 is formed but the reverse occurs
when the product is 4. However, local softness is most
important in the context of regioselectivity prediction. As
selectivity criterion,® we used the grand potential change
due to two bond-forming interactions between 2 and 3,
because of the general agreement about the concerted-
ness of 1,3-DC reactions.® The grand potential change
for the pathway leading to isomer 4 is

AQ(4) =
—(1/2) [u(2) = u(3)]* {s(Ny) s(Cy) [s(N) + s(C)I ™ +
s(C3) S(C)) [S(Ca) +5(CI 1} (2)

AQ(5) can be obtained by exchanging s(C;) and s(C,). The
difference 0AQ = AQ(4) — AQ(5) is reported in Table 2.

As stated previously, one expects that 0AQ accounts
for most of the energy difference between the transition
states leading to 4 and 5. The negative sign of 0AQ shows
that, in the considered 1,3-DCs, isomer 4 is the major
one, in line with the experimental results but in contrast
to FMO theory. We now proceed one step further by
demonstrating that 0AQ is a quantitative regioselectivity
index for 1,3-DC reactions. The difference in activation
energy 0AE of the two reaction paths can be obtained as
OAE = —RT log(Y), where T = 373 K is the reaction
temperature and Y is the experimental 4:5 ratio. Esti-
mating the error in Y at +1%, weighted least-squares
linear regression results in

SAQ = (1.15 + 0.07) SAE — (0.06 £ 0.05) (3)

with correlation coefficient p = 0.956 (see Figure 1). The
statistically insignificant intercept shows that 0AQ is
truly proportional to the difference in transition-state
energy. The predicted 4:5 ratios (Table 2), obtained from
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Figure 1. Linear relationship between the computed differ-
ence 0AQ in grand potential variation for the pathways leading
to products 4 and 5 and the correspondent difference in
activation energy dAE, computed from the experimental ratio.
The error bars show the uncertainty in SAE due to the error
in the 4:5 ratio, estimated at 1%.

computed 0AQ via eq 3, are in good agreement with the
experimental values (Table 1).

The very low selectivity of the reaction of 2f with 3 is
due to two concurrent causes. First, u(2f) and u(3) are so
close that AQ (and hence 0AQ) is nearly 3 orders of
magnitude smaller than in the remaining cases. Besides,
the grand potential change due to the formation of the
N;—C; bond is close to that for the N;—C, bond; the same
occurs for the C;—C; and the C;—C; bonds. At the other
extreme, 2b shows higher selectivity toward 4b, a fact
somewhat unexpected on the basis of the usual substitu-
ent effect. Indeed, 2b has the highest chemical potential
(see Table 2) but this fact alone is not sufficient to account
for the large difference in AQ. Dissecting the latter into
bond contributions, it turns out that the high selectivity
is caused by the particularly unfavorable interaction
between N; and C..

We have thus shown that the combined use of DFT
reactivity indices (of the reactants) with the HSAB
principle is superior to FMO theory in predicting the
favored regioisomer, and most important, it provides
guantitative prediction of regioselectivity and insight into
the details of atom—atom interactions in 1,3-DC reactions
without the need of locating transition states or even
characterizing products.

Experimental Section

Computational Methods. DFT calculations were performed
by means of the GAUSSIAN 94 program suite.’® The hybrid
B3LYP functional was employed with the standard 6-311+G-
(d,p) basis set. Geometry of 2a—f and 3 was fully optimized and
characterized with vibrational analysis at the same level of
theory. The anion and cation of 2a—f and 3 were treated at the
UB3LYP/6-311+G(d,p) level using the geometry of the neutral
systems. Atomic electron populations were evaluated following
the Merz—Kaollman scheme.*” This scheme, which already proved
to be reliable,’® has been used in most DFT calculations of
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Notes

regiochemistry of 1,3-DCs,® so that our results can be directly
compared with existing literature. It has also been recently
considered as an appropriate local descriptor of charge.'® Reac-
tivity indices were computed within the finite difference ap-
proximation:* u = —(IP + EA)/2 and S = (IP — EA)%, where IP
and EA are the (vertical) ionization potential and electron
affinity, respectively. The local softness s (condensed to each
individual atom?°) was computed as s = S [p(No + 1) — p(No)]
for electrophiles, and as s = S [p(No) — p(No — 1)] for nucleo-
philes, where p(N), N = No — 1, No, No + 1, is the atomic electron
population of the cationic, neutral, and anionic system, respec-
tively.

General Methods. Melting points were determined in open
tubes and are uncorrected. IR spectra were recorded with a FT-
IR spectrophotometer. Mass spectra were determined with a 70
eV El apparatus. *H NMR (300 MHz), 33C NMR (75 MHz), and
19F NMR (282 MHz) spectra were taken in CDCI3 solutions at
297 K. Chemical shifts are given as ppm from tetramethylsilane
(hexafluorobenzene for °F NMR); J values are given in Hz.

Cycloaddition between Nitrilimines 2 and Methyl Propiolate
3: General Procedure. A solution of 1 (2.0 mmol) and 3 (0.34 g,
4.0 mmol) in dry toluene (20 mL) was added with triethylamine
(2.01 g, 10 mmol) and then heated to 100 °C for the time
indicated in Table 1. Evaporation of the solvent in vacuo gave a
residue which was chromatographed on a silica gel column with
ethyl acetate—hexane 1:1. Unreacted 1 was eluted first, followed
by the pyrazolic cycloadduct 4; further elution gave 5. Crystal-
lization from diisopropyl ether gave analytically pure 4 and 5.

4a: 0.16 g, 28%; pale yellow solid; mp 103—105 °C; 'H NMR
(300 MHz, CDCls): ¢ 3.83(3H,s), 3.90 (3H, s), 3.95 (3H, s), 7.48
(1H, s), 7.10—7.30 (4H, m); 13C NMR (75 MHz, CDClg) 6 44.12
(), 52.13 (q), 53.50 (g), 120.0—127.0, 128.20 (d), 135.21 (s),
137.26 (s), 144.13 (s), 158.66 (s), 161.21 (s), 162 0.10 (s); IR
(Nujol) 1730 cm~1; MS m/z 290 (M*). Anal. Calcd for C14H14N2-
Os: C,57.93; H, 4.86; N, 9.65. Found: C, 57.87; H, 4.80; N, 9.62.

4b: 0.18 g, 32%; white solid; mp 96—97 °C; 'H NMR (300
MHz, CDCls3) 6 2.42 (3H, s), 3.81 (3H, s), 3.96 (3H, s), 7.20—7.30
(4H, m), 7.50 (1H, s); 33C NMR (75 MHz, CDCls) 6 20.82 (q),
52.60 (q), 52.88 (q), 120.0—125.4, 128.16 (d), 135.02 (s), 136.60
(s), 142.10 (s), 158.95 (s), 161.55 (s), 162 0.90 (s); IR (Nujol) 1725
cm~1; MS m/z 274 (M*). Anal. Calcd for C14H14N203: C, 61.31;
H, 5.14; N, 10.21. Found: C, 61.23; H, 5.17; N, 10.24.

4c: 0.16 g, 30%; white solid; mp 100—102 °C; *H NMR (300
MHz, CDCl3) 6 3.81 (3H, s), 3.94 (3H, s), 7.40—7.46 (5H, m),
7.51 (1H, s); 8C NMR (75 MHz, CDCl3) 6 52.21 (q), 52.0 (q),
114.0—128.0, 128.99 (d), 134.31 (s), 139.65 (s), 143.27 (s), 158.76
(s), 161.90 (s); IR (Nujol) 1720 cm~%; MS m/z 260 (M*). Anal.
Calcd for C13H12N204: C, 60.00; H, 4.65; N, 10.76. Found: C,
59.98; H, 4.60; N, 10.71.

4d: 0.13 g, 23%; pale yellow solid; mp 73—74 °C; 'H NMR
(300 MHz, CDCls) 6 3.81 (3H, s), 3.95 (3H, s), 7.25—7.40 (4H,
m), 7.53 (1H, s); 13C NMR (75 MHz, CDCl3) 6 52.67 (q), 52.75
(9), 118.0—125.0, 127.98 (d), 133.72 (s), 135.80 (s), 159.95 (s),
160.80 (s), 162.06 (s); 1°F NMR (282 MHz, CDCls) 6 —96.42; IR
(Nujol) 1735 cm™%; MS m/z 278 (M™). Anal. Calcd for Ci3Has-
FN.O4: C, 56.12; H, 3.98; N, 10.07. Found: C, 56.15; H, 4.04;
N, 10.11.

4e: 0.15 g, 26%; pale yellow solid; mp 102—103 °C; 'H NMR
(300 MHz, CDCls) 6 3.80 (3H, s), 3.96 (3H, s), 7.25—7.32 (4H,
m), 7.46 (1H, s); 13C NMR (75 MHz, CDCl3) 6 51.90 (q), 53.22
(9), 116.0—124.8, 128.90 (d), 135.23 (s), 138.39 (s), 153.12 (s),
161.22 (s), 164.13 (s); IR (Nujol) 1730 cm~*; MS m/z 295 (M*).
Anal. Calcd for Ci3H1:CIN2O4: C, 52.98; H, 3.76; N, 9.51.
Found: C, 52.92; H, 3.73; N, 9.57.

4f: 18 mg, 3%; yellow solid; mp 114—116 °C; *H NMR (300
MHz, CDCl3) 6 3.76 (3H, s), 3.96 (3H, s), 7.59 (1H, s), 7.75—8.20
(4H, m); 13C NMR (75 MHz, CDCl3) 6 52.28 (q), 54.11 (q), 122.1—
126.7, 129.90 (d), 139.10 (s), 154.43 (s), 160.02 (s), 161.97 (s),
165.53 (s); IR (Nujol) 1740 cm~*; MS m/z 305 (M™*). Anal. Calcd
for C13H11N3Os6: C, 51.15; H, 3.63; N, 13.77. Found: C, 51.18;
H, 3.69; N, 13.70.
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5711.
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5a: 0.20 g, 35%; pale yellow solid; mp 94—95 °C; 'H NMR
(300 MHz, CDCls) ¢ 3.84 (3H, s), 3.89 (3H, s), 3.93 (3H, s), 7.08
(1H, s), 7.10—7.30 (4H, m). 13C NMR (75 MHz, CDCl3) 6 46.36
(q), 53.16 (qg), 53.25 (q), 116.14 (d), 118.5—129.0, 137.18 (s),
139.46 (s), 159.54 (s), 162.18 (s); IR (Nujol) 1730, 1720 cm™;
MS m/z 290 (M*). Anal. Calcd for C14H14N20s: C, 57.93; H, 4.86;
N, 9.65. Found: C, 57.89; H, 4.81; N, 9.71.

5b: 0.34 g, 63%; white solid; mp 92 °C; 'H NMR (300 MHz,
CDCl3) ¢ 2.41 (3H, s), 3.81 (3H, s), 3.95 (3H, s), 7.15 (1H, s),
7.20—7.30 (4H, m); 13C NMR (75 MHz, CDCl3) 6 20.97 (q), 52.62
(q), 53.25 (q), 114.54 (d), 120.0—129.0, 138.16 (s), 143.27 (s),
158.84 (s), 161.93 (s); IR (Nujol) 1730, 1720 cm~%; MS m/z 274
(M*). Anal. Calcd for C14H14N2O3: C, 61.31; H, 5.14; N, 10.21.
Found: C, 61.25; H, 5.11; N, 10.15.

5c: 0.20 g, 39%; white solid; mp 90—92 °C; *H NMR (300
MHz, CDCls) 6 3.81 (3H, s), 3.94 (3H, s), 7.25 (1H, s), 7.40—7.48
(5H, m); 13C NMR (75 MHz, CDCl3): 6 52.19 (q), 52.91 (q), 118.27
(d), 114.0—128.0, 134.42 (s), 139.51 (s), 143.34 (s), 155.75 (s),
161.77 (s); IR (Nujol) 1730, 1720 cm~%; MS m/z 260 (M™*). Anal.
Calcd for Cy3H12N204: C, 60.00; H, 4.65; N, 10.76. Found: C,
59.93; H, 4.62; N, 10.69.

5d: 0.14 g, 25%; pale yellow solid; mp 70—71 °C; H NMR
(300 MHz, CDCls) 6 3.80 (3H, s), 3.96 (3H, s), 7.08 (1H, s), 7.25—
7.40 (4H, m); 3C NMR (75 MHz, CDCls) 6 52.11 (q), 52.40 (q),
115.17 (d), 119.0—130.0, 135.16 (s), 136.44 (s), 155.75 (s), 159.90
(s), 161.77 (s); °F NMR (282 MHz, CDCl3) 6 —101.80; IR (Nujol)
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1730, 1720 cm~%;, MS m/z 278 (M"). Anal. Calcd for CisHas-
FN.O4: C, 56.12; H, 3.98; N, 10.07. Found: C, 56.05; H, 4.02;
N, 10.15.

5e: 0.14 g, 24%; pale yellow solid; mp 95—-96 °C; 'H NMR
(300 MHz, CDCl3) 6 3.80 (3H, s), 3.95 (3H, s), 7.20 (1H, s), 7.25—
7.32 (4H, m); 13C NMR (75 MHz, CDCl3) 6 52.30 (q), 52.39 (q),
118.05 (d), 120.0—133.0, 134.11 (s), 137.33 (s), 157.76 (s), 160.79
(s), 162.24 (s); IR (Nujol) 1735, 1730 cm~t; MS m/z 295 (M*).
Anal. Calcd for Ci3H11CIN2O4: C, 52.98; H, 3.76; N, 9.51.
Found: C, 53.05; H, 3.80; N, 9.49.

5f: 19 mg, 3%; yellow solid; mp 105 °C; 'H NMR (300 MHz,
CDCls) 6 3.82 (3H, s), 3.96 (3H, s), 7.24 (1H, s), 7.75—8.20 (4H,
m); 13C NMR (75 MHz, CDCls) 6 51.56 (q), 52.96 (q), 118.12 (d),
123.0—135.0, 139.30 (s), 160.19 (s), 162.87 (s), 166.80 (s); IR
(Nujol) 1740, 1730 cm~1; MS m/z 305 (M*). Anal. Calcd for
Ci13H11N3Og: C, 51.15; H, 3.63; N, 13.77. Found: C, 51.11; H,
3.59; N, 13.82.

Supporting Information Available: Geometry, energy,
ionization potential, electron affinity, electron chemical po-
tential, and global softness of 2 and 3. Merz—Kolmann atomic
charge, local softness, and charge transfer of selected atoms
of 2 and 3. This material is available free of charge via the
Internet at http://pubs.acs.org.
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