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The methyl ester of 1H-indazole-3-carboxylic acid (2-Me) is formed in the diazotization of o-aminophenylacetic acid
to o-diazoniumphenylacetic acid (1) in an intramolecular aliphatic diazonium coupling. 2-Me was identified and
characterized by single-crystal x-ray diffraction and found to crystallize as hydrogen-bonded trimers of
crystallographically independent molecules. The methylcarboxy groups are rotated slightly out of the best plane of the
trimer resulting in only a psendo-threefold axis. The crystal structure of 2-Me is compared with other indazoles and
pyrazole. Regioselective electrophilic diazonium ion addition to the enol tautomer of 1 and subsequent hyrazone—azo
tautomerization are proposed as a possible mechanism for indazole formation under acidic conditions. The
tautomerization equilibrium between acetic acid and its enol 1,2-dihydroxyethene was studied and the effects of phenyl
and o-diazoniumphenyl substitution on this equilibrium were explored with semi-empirical quantum mechanicai
methods. The performance of the semi-empirical method was assessed by comparison with ab initio and/or
experimental data. It was found that the enol of o-diazoniumphenylacetic acid is stabilized greatly owing to extended
conjugation and push—pull interactions in the enol form. These results suggest that the enol tautomer might be a viable

reactive intermediate that warrants considerations in discussions of reaction mechanisms.

INTRODUCTION

In contrast to the well known aromatic systems, the
characterization of aliphatic diazonium ions by physical
organic techniques is still incomplete since they are
highly reactive intermediates.! We have studied
diazonium ions with ab initio theoretical methods
beginning with the small aliphatic? and Ilater including
aromatic systems. > Our studies revealed that the formal
charges in the commonly used Lewis structure
R—N*=N do not reflect the actual charge distri-
butions. A new bonding model was proposed that is
consistent with their electron density distributions and
applies to all kinds of diazonium ions. We were able to
establish an important link between theory and exper-
iment recently with the first x-ray structure determi-
nations of aliphatic diazonium ions (8,8-diethoxy-4*
and B,8-dichlorovinyldiazonium hexachloro-~

* Authors for correspondence.
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antimonate®®). Heterosubstituted diazonium ions’®*®

(XNN)* were also studied and compared with exper-
imental data. Moreover, the bonding model was shown
to be fully consistent with structural features associated
with ‘incipient nucleophilic attack® in diazonium ions.’

Crystal structures of diazonium ions with nucleophi-
lic neighboring groups exhibit distortions that have
been interpreted by postulating an ‘incipient nucleophi-
lic attack’ of the proximate nucleophile on N-c. This
explanation relies on the assumption that the charge
distribution is correctly represented by the Lewis struc-
ture R—N*"=N, an assumption that we have chal-
lenged. We tested the ability of our bonding model to
explain the distortions in isomeric systems A, and the
results fully support the new model.” Since all of the
diazonium ions that we studied have rather common
features, it seems reasonable to assume that our
findings would carry over to the larger molecules for
which experimental data exist and, hence, that the
explanation for the distortions in the crystal structures
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requires revision in general. Nevertheless, it would be
advantageous to carry out the theoretical analysis for a
system for which the experimental data also exist. Since
all of the suitable known diazonium ions are too large
for our ab initio theoretical analyses, we decided to
focus on systems B and C. We have already succeeded
in the determination of the crystal structures of the pre-
cursor for benzyne formation (2-carboxybenzene-
diazonium zwitterion hydrate),*® of its conjugate acid
(2-diazoniumbenzoic acid)®® and of their 1:1 com-
plex,sc and we are now focusing on the homologue C,
which allows for more flexibility in the approach of the
carboxy group toward the N2 group. Unexpectedly, we
have  discovered that the title compound
3-methylcarboxy-1H-indazole (2-Me), is formed in
small amounts in the synthesis of C (Scheme 1). We
were able to obtain single crystals of this side product
and to identify it by x-ray diffraction. Here, we report
the crystal structure of 2-Me and present results of a
theoretical study of its formation via intramolecular
aliphatic diazonium coupling. It is suggested that the
heterocycle formation might involve the electrophilic
diazonium ion addition to the enol form, and semi-
empirical quantum-mechanical calculations were
carried out and are reporied to estimate the lowerings
in the relative energy of the encl form of o-
diazoniumphenylacetic acid due to the formation of the
extended conjugation and to push—pull stabilization in
the enol! form.
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EXPERIMENTAL AND THEORETICAL
METHODS

Preparation. The preparation of 2-carboxymethyl-
phenyldiazonium ion described by Baumgarten et al.®
was followed. A 1-00g (5-5 mmol) amount of 2-
nitrophenylacetic acid (Aldrich) was neutralized with a
solution of 331-2 mg of NaOH in 30 ml of MeOH.
After addition of 10-43 mg of 10% activated Pd(C) to
the acetate solution, the hydrogenation was carried out

at room temperature under a hydrogen pressure of
50 psi (1 psi= 6895 Pa) for ca 3 h. The catalyst was
removed by filtration through a layer of Celite. The sol-
ution was cooled to 0°C and 0-381 g (5-5 mmol) of
NaNO;, was added to the stirred solution. A 4 ml
volume of cooled HC! were added dropwise over a
7-8 min period, causing the color of the solution to
become light orange. Stirring was continued for 20 min
after the addition was complete. Under refrigeration,
diethyl ether was allowed to diffuse into the system over
a 1-1-5 day period to initiate crystallization.

Inspection of the crystals under a polarizing micro-
scope clearly revealed the presence of two types of crys-
tals. Aside from the needle-shaped crystals of the main
product, which were unfortunately inadequate for x-ray
diffraction, we found a small amount of clear hexag-
onal crystals of the side product 3-methylcarboxy-1H-
indazole.

X-ray crystal structure determination. Data were
collected on an Enraf-Nonius CAD4 diffractometer
with graphite monochromated Cu Ka radiation
(A =1-5418 A) using the w — 26 scan technique. Lattice
parameters were obtained from least-squares fit of 25
reflections in the range 40 < 26 < 50°. The structure
was solved by direct methods with SHELXS!® with
some difficulty resulting from the strong pseudo-
symmetry. Omitting several of the highest E values
from the initial phase, refinement led to a correct sol-
ution. All non-hydrogen atoms were refined with aniso-
tropic thermal parameters. All hydrogen atoms were
included in the model in idealized positions with
assigned isotropic thermal parameters. Assignment of
the polarity of the crystal by refinement of the 5 par-
ameter was not conclusive [y =2 * 2]. All calculations
except as noted were carried out with NRCVAX.!!
Experimental details of the x-ray analysis are given in
Table 1.

Theoretical studies. The enolization of the phenyl-
acetic acids was studied with Dewar’s semi-empirical
methods '? (the program MOPAC was used'*) and with
the recent Austin Model 1 (AMI1) parameter set.'
Stewart’s Parametric Model 3 (PM3)'* also was used in
a few calculations. Symmetry was imposed on some of
the structures as described. All systems were optimized
structurally with tight convergence criteria and the
Hessian matrices were then computed to verify the sta-
tionarity of the located structure and to obtain vibra-
tional frequencies and zero-point energies. The
enolization of acetic acid was also studied with ab initio
techniques ' with the program Gaussian 90.'7 Struc-
tures were optimized and characterized at the
RHF/3~21G level, structurally refined in optimizations
at the RHF/6-31G" level and more reliable relative
energies were then computed with the inclusion of per-
turbational corrections for electron correlation to third-
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Table 1. Crystallographic data for 3-methylcarboxy-1H-indazole

Formula CoH;3N, 02
Formula weight 176-17
Space group P6,

a (A) 14-717(4)
c (A) 21-201(17)
V(A% 3789(3)

zZ 18

dcalc (g Cm_s) 1-390

Crystal size (mm)
# (Cu Ka) (cm™) 7-6
T(O) 23(2)

0:10x0-10x 010

No. of data measured 4110

No. of unique data 1931

No. of data used 1574

R; (merging R) 0-022

2(max (u) 120

Range of hkl 0<hg 14
0<kg13
0glg22

R? 0-052

R® 0-062

(Shiftferron)max | 0-005

Largest peak (" A~%)  0-17

yR=EL( Fo| - |F|)T| Fo|

"R=[Zw( Fol - | Fe|) /}:w.l Fo |19, with w = 1/ [6*(F) + 0-001(F2)].

order in the frozen core  approximation,
MP3(fc)/6-31G*[/RHF/6-31G". Heats of formation,
relative and vibrational zero-point energies and the ab
initio total energies are summarized in Table 3.

RESULTS AND DISCUSSION

Solid-state structure of 3-methylcarboxy-1H-indazole

Figure 1is an ORTEPII'® view of the hydrogen-bonded
trimer formed by the three crystallographically indepen-
dent molecules. The pseudo-threefold axis relating the
molecules is approximately paraliel to the crystallo-
graphic sixfold screw axis. The H—O and H—N dis-
tances given in Figure 1 suggest probable bifurcated
hydrogen bonds, although it must be noted that the
hydrogen atoms were placed at calculated positions. In
each molecule, the carbonyl is rotated slightly out of the
plane of the indazole ring system (the torsion angle
N-2—C-3—C-10—0-1 is —4-6°, — 16" and 2-8° for
molecules A, B and C, respectively).

Important bond lengths and bond angles of the 1H-
indazole fragment of 2-Me are listed in Table 2 for mol-
ecule A and the differences from these values in
molecules B and C are also given. For comparison with
the structures of other 1H-indazoles and of pyrazole,
we selected the crystal structures of the parent
indazole! (3), of 4-nitro-7-phenylsulfonylmethyl
-1H-indazole®® (4), of the indazole frameworks
A and B in morpholinebis(3,5-dinitroindazole)?!
(58) and of di-tert-butyl 2-(1H-indazole-3-yl)amino-
fumarate®* (6). These systems are shown in Scheme 2
[others reported with similar characteristics
include 3-morpholino-6-nitroindazole, 2*2 4-
(6-hydrazino-1H-indazol-3-yl)benzene-1,3-diol**® and
3-phenyl-5-methyi-1H-indazole?*] .

The data in Table 2 allow one to study the respon-
siveness of certain bonds to substitution and/or crystal
packing. Whereas 3 and 4 contain 3-unsubstituted 1H-
pyrazoles, 5B is closely related to 2-Me as it contains

Figure 1. ORTEPII drawing of the hydrogen-bonded
3-methylcarboxy-1H-indazole trimer formed by the three
crystallographically independent molecules

the electron-withdrawing NO, group in the 3-position
and 6 contains an amino function (formally electron-
donating) in that position. In 5B, @ and 4 are slightly
(0-014 A) shorter compared with 2-Me, the pyrazole
angles differ by less than 2° and the effects of the
second NO- group are clearly manifested in the benzene
ring. Except for b, the bond lengths in the pyrazole ring
of 6 are similar to those found in 5 and the respective
values for 4 also are fairly close to the values in 5.
Hence these A values for the pyrazole rings are not a
simple consequence of the nature of the 3-substituent.
Note also that most of these A values are no larger in
magnitude than are the differences between the values
determined for the symmetry-independent molecules
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Table 2. Comparison of selected structural parameters with indazoles and pyrazole®*™ ¢

Indazoles
Indazole 2-Me Pyrazole 7
3 4 5 5 6

A B C (Ref. 19) (Ref. 20) (Ref. 21) (Ref. 21) (Ref. 22) Ref. 24 Ref. 25  Ref. 26
Parameter B-A) (C-A) (A) {B) (room 7} (low T) (neutron)
a 1-375 0-01 -0-013 -0-021 -0-017 -0-011 -0-013 -0-016 —-0-076 —0-038 —-0-042
b 1-337 -0-024 0-013 0-044 0-018 0-005 0-008 0-039 0-022 0-015 0-004
c 1-324 -0-002 -0-014 -0-036 —0-010 0-011 —-0-003 -0-004 0-021 0-004 0-006
d 1-424 —0-005 0-013 -0-023 -0-012 -0-020 -0-015 —-0-019 -0-086 —0-035 -0-106
e 1-396 0-021 -0-010 -0-001 0-009 0-001 0-005 0-014
f 1-386 -0-026 —0-008 -0-033 —-0-022 -0-015 -—-0-028 -0-013
g 1-421 —-0-040 —0-006 0-011 0-019 -0-017 -0-022 0-003
h 1-384 —-0-025 0-018 -0-025 —-0-005 -0-002 -—-0-015 -0-010
i 1-392 0-009 0-026 0-010 0-012 0-015 0-009 0:003
k 1-398 -0-011 0-015 0-008 0-008 0-009 0-004 0-013 0-020 -0-027 -0-022
) 113-2 -1-9 -2-2 -3-1 -1-1 -5-0 -1-7 -1-2 -0-8 -0-2 -1-3
a 104-5 4-1 1-6 1-2 1-2 3-5 0-8 0-5 —1-5 -0-8 0-4
a3 113-0 —-4-0 0-2 0-6 ~1-1 ~1-1 0-1 -0-7 0-7 —-1-2 -1-4
oy 103-1 27 -2-0 0-7 1-0 —-1-4 -0-6 1-5 0-2 2-0 1-3
as 106-1 -0-8 24 1-3 0-0 4-2 1-4 -0-2 1-5 0-2 1-2
B 120-3 -2-5 0-7 -2-3 -3-6 0-6 ~0-1 -1-2
B2 118-2 0-1 -0-4 1-6 2-9 -2-5 -2-2 0-3
B3 119-6 4-1 2:9 0-7 0-8 4-8 4-7 1-7
Ba 123-6 -4-8 -3-0 -2-3 -1-8 -3-5 -3-0 -2-4
Bs 114-9 4-4 1-6 2-2 1-6 2-5 1-4 2-5
Bs 123-4 -1-4 -1-9 —1-1 0-1 -1-8 -0-8 -0-8

2Values are in A and degrees. See Scheme 2 for definition of molecules.
®Differences A are given for molecules 3—6 where A = molecule — 2-Me.

“Values for molecule A are given because they deviate the least from the average values for molecules A—C.
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Scheme 2

A-C of 2-Me. The parent system 3 is characterized by
the longest N—N bond (1-381 A) and comparatively
short bonds a, ¢ and 4.

For pyrazole itself (7) we included entries in Table 2
for the structures determined by x-ray diffraction at
room? and low temperature’® and by neutron
diffraction?® [the values given in Table 2 are averaged
over two independent molecules; «; for one of these
neutron structures was reported as 120°; it appears that
this value should be 112° as (i) this value agrees with the
o value of the second molecule in a comparable
fashion as do the other values and (ii) the sum of the
inner angles becomes 540°, as should be]. Note that
several of the bond lengths determined in these three
experiments deviate more from each other than from
the respective values of the indazole 2-Me. Considering
these differences in the experimental values, we can con-
clude only qualitatively that benzo condensation of
pyrazole lengthens bonds d and a while it shortens
bonds b and c to a smaller extent.

Intramolecular aliphatic diazonium coupling

Diazonium ions are well known to couple with acidic
C—H bonds of aliphatic compounds in the presence of
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a moderate base such as aqueous sodium acetate.
B-Keto-esters are typical representatives of C—H active
compounds of the type Z—CH,—Z that undergo
aliphatic diazonium ion coupling (the Japp— Klinge-
mann reaction is a special case of the aliphatic
diazonium coupling, e.g. Ref. 29). In the presence of
base, the mechanism most likely involves the formation
of the stabilized carbanion, coupling to yield the azo
compound, and subsequent tautomerization to the
more stable hydrazone isomer. This base-catalyzed
mechanism is outlined in Scheme 3 for the reaction of
o-diazoniophenylmethylacetate chioride, 1-Me. Since
our crystals consist of the methyl ester of 1H-indazole-
3-carboxylic acid, 2-Me, we assume that a small amount
of the acid, 1-H, undergoes esterification under the
acidic diazotization conditions, but it is possible that
esterification occurs after the formation of the 1H-
indazole 3-carboxylic acid, 2-H.

Base-catalyzed diazonium coupling appears unlikely
under our reaction conditions. Not only is the indazole
2 formed in the absence of base but also the methylene
compound 1 shows comparatively little C—H acidity.
Typical 1,3-dicarbonyls exhibit C—H acidities from 9
(1,3-diketones) to 14 (1,3-diesters), whereas esters have
pKa values of about 25. The phenyl substituent helps to
increase the acidity somewhat [cf. toluene (pK; = 37),
Ph,CH: (pKa.=33-35) and Ph;CH (pK. = 28-33)%)
but the substrate’s pK, is certainly higher than 20.
According to Parmerter,?® ‘the only phenylacetic acid
that has been observed to couple [intermolecularly]
with diazonium salts is 2,4-dinitrophenylacetic acid’ to
result in formazan derivatives.

An alternative mechanism for the indazole formation
may involve the addition of the diazonium ion to the
enol form. This isometric enol might be formed in
small amounts under the acidic conditions of diazotiz-
ation and it might act as the reactive species. The
respective enol is shown in Scheme 3 and its cyclization

concomitant with HCIl elimination yields the 1H-
indazole, just like the base-catalyzed path, as the
primary product which then tautomerizes. We have
studied the equilibrium between the keto and the enol
forms of 1-H with quantum-mechanical methods to
examine the feasibility of this alternative route
theoretically. For the theoretical study, we select to
study the acid 1-H. Whether 1-H or its methyl ester
1-Me actually undergo the reaction is not clear (see
above), but 1-H provides for an excellent model in
either event.

Theoretical study of the keto—enol isomerization

Judging the theoretical method

In selecting the best parameter set for our theoretical
study, we reviewed the extensive compilation by
Stewart.3! Inspection of the data for aromatic systems
with and without nitrogen (not including indazole)
revealed no clear advantage for either AM1 or PM3.
With our crystal structure of 2-Me, however, we are
now in a position to compare and judge the perform-
ance of these parameter sets with regard to our specific
system of interest.

We optimized C; symmetric 2-Me with the AM1 and
PM3 methods and the results are compared with the
solid-state structure in Figure 2. As can be seen, the
agreement between both theoretical methods and the
x-ray data is generally very good. Bond alterations in
the aromatic rings and trends in angular distortions are
all manifested in the same fashion in all three data sets.
There are no obvious systematic differences between
calculated and measured bond lengths indicating that
solid-state effects on these ‘hard’ parameters are very
small or essentially negligible. However, angular defor-
mations are more susceptible to packing effects as such
deformations require less energy and for most angular
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Table 3. Heats of formation, energies and vibrational zero-point energies®

Molecule Method AH;or E N®  VZPE® AETY  AEL.°
3-Methylcarboxy-1H-indazole, 2-Me
Cs AMI1 2-36 0 103-60
C; PM3 -13-99 2 98-69
C PM3 —14-36 0 98-69
Trimer of 3-methylcarboxy-1H-indazole, (2-Me);
C AM1 ~12-87 6-65°
Planar AM1 —12-89
C PM3 —57-18 4-70°¢
Planar PM3 -57-21
Acetic acid isomers
8a, eclip. OH AM1 —-103-02 0 39-00 20-00 20-79
RHF/3--21G —226-532925 1 41-30
8b, stag. OH AM1 -102-99 1 38-91
RHF/3~—21G —225-534237 0 41-39 2638 25-88
RHF/6— 31G* —227-810648 35-42 34-92
MP2(fc)/6— 3lG —228-415423 36-10
MP3(fc)/6—3lG —228-427686 33-20
9a, cis—tr AM1 —83-02 0 39-79
RHF/ 3-21G —226-492201 0 40-84
RHF[6-31 G* —227-754194
MP2(fc)/6— -31G* —228-357892
MP3(fc)/6— -31G* —228-374773
9b, cis—cis, C;s AM1 —79-35 0 39-65
9¢, tr—tr, Cy, AM1 -77-27 1 37-65
9d, tr—r, C; AM1 —80-66 1 37-96
9e, tr-tr, Cs AMI1 —78-05 1 37-67
2'-Diazonium-phenylacetic acid isomers
10a, C; AM1 158-99 2 91-07 3-28 3-34
11a, C; AMI1 16227 1 91-13
10b, C,, HO;, AMI1 151.68 0 91-68
10c, C,, CO,; AMI 149.15 0 91-72 7-98
11b, C, AMI1 162-17 0 9065
11c, G AM1 157-13 0 91-34
Phenylacetic acid isomers
12a, C; AMI —-71-74 2 91-86 17-56 16-38
13a, C; AM1 —54-18 2 90-68
12b, C, AMI1 -75-47 0 92-18 14-49 14-13
13b, C; AM1 —60-98 0 91-82

2Values in kcalmol ™! except for ab initio total energies which are in atomic units.

®Number of imaginary frequencies NIMAG.
¢ Vibrational zero-point energy.

4 Relative stability of the keto over the enol form without and with inclusion of vibrational zero-point energy corrections.

“These values are trimerisation energies for 2-Me m kcalmol ™! per indazole unit.

"Meller—Plesset calculations based on RHF/6—3IG structures,

parameters we find that the sets of calculated par-
ameters differ less among each other than compared to
the experimental data. The most noticeable differences
occur in the C—N—N(H) (az) and C—C—N (a3)
angles of the pyrazole, in the solid state the
N—N—N(H) angle is compressed to 104-5° and
C—C—N angle is opened to 113-0° whereas the calcu-
lated values indicate only small deviations from the
ideal five-membered ring angle of 108°. The angles in
the pyrazole ring of 2-Me are in excellent agreement
with the respective values found in crystal structures of

the indazoles and pyrazole (see above). Since the
packing effects for 2-Me and the crystals of the other
indazoles and of pyrazoles are all different, it would
appear that the deviations in the angles C—C—N and
C—N—N(H) indicated by the theoretical methods are
artifacts of the methods.

The Hessian matrices were calculated for the C;
structures to assure that the stationary structures are
minima. The AM1 optimized structure was confirmed
to be a minimum, but two imaginary frequencies were
found for the PM3 structure. Both of these imaginary
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Figure 2. Selected structural parameters of
3-methylcarboxy-1H-indazole as determined with AM1 and
PM3 compared with values determined in the x-ray diffraction
study. Values given by italics are the averages of the exper-
imental values for pyrazole; compare Table 2

frequencies are a”-symmetric and the associated tran-
sition vectors indicate pyramidalization at the NH-
nitrogen (i138cm™!) and a torsion of the
methylcarboxy group (i25 cm™!). We reoptimized the
indazole with the PM3 parameters without any con-
straints and found a chiral minimum that is only
0-4 kcalmol ™! (1 keal = 4- 184 kJ) more stable than the
planar structure. This chiral structure differs very little
from the planar structure: only the torsional parameters
are affected. Specifically, the carboxyl group is rotated
significantly with respect to the indazole plane by 47°
and the pyrazole-IN is pyramidalized such that a
IH—N—N—C dihedral angle of 160° results. [We note
that the potential energy surfaces along the N-1 inver-
sion path are rather shallow on the AMI1 and on the
PM3 surfaces. The frequencies of the vibrational modes
corresponding to pyramidalization (AM1) or N inver-
sion (PM3) all are <100 cm™!.] These results suggest
that PM3 underestimates the degree of electron deloca-
lization in the pyrazole ring to some extent and AM1
was therefore used in study of the enolization
equilibria.

Trimerization of 3-methylcarboxy-I1H-indazole

We optimized (2-Me)s at the semi-empirical levels com-
pletely and also with the condition that the indazoles all
lie in the same plane. While the complete optimizations
resulted in chiral structures of the type found in the
solid state, the heats of formation (Table 3) suggest no
intrinsic advantage for asymmetric structures and,
importantly, they also show that such small distortions
require very little energy.

The Cs-optimized and de facto C3, AMI structure of
(2-Me)s is shown in Figure 3. The crystal structure
analysis indicates bifurcated H-bonds with the H—O
bond being longer than the H—N bond by about
0-17 A (Figure 1). The PM3 structure exhibits such
bifuraction and the same preference for shorter H—O
bonds compared with N—H bonds (by 0-18 A) but all
H-bond lengths are predicted to be much longer (ca
0-4 A). In contrast, the AMI structure shows a clear
preference for the O-acceptor: the H—O distances are
2-12 A and agree closely with the x-ray structure but
the H—O and H—N distances differ greatly (by
0:62 A). With the AM1 and PM3 parameters, the
trimerization energies, that is the stability increase for
each 2-Me upon trimer formation, are 6-7 (AM1) and
4.7 (PM3) kcalmol ™!, respectively.

2.680 121.7"
* 120.5% 11200 Y

Figure 3. Selected structural parameters of the C; symmetric
hydrogen-bonded trimer of 3-methylcarboxy-1H-indazole as
determined with AM1 and PM3

Acetic acid enolization

Enolizations of carbonyls and the keto—enol equi-
librium of acetaldehyde in particular have been studied
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in detail both theoretically**=** and experimentally, 3
but there are only a few reports on the corresponding
process for carboxylic acids (the radical cations of
acetic acid and its enol forms have been studied in the
gas phase®*® and substituent effects were examined
theoretically**") or derivatives (for a recent example,
see Ref. 37. Enolization is considered to be the key step
in the conversion of arylacetohydroxamic acids to sec-
ondary amides. It is thought that a conjugating group
at C-2 is needed to acidify the a-proton or to increase
the proportion of the enol form). For acetaldehyde, the
enol form vinyl alcohol was calculated to be
13 kcal mol ! less stable at levels that employed double-
¢ basis sets and included electron correlations.

Acetic acid was optimized with the AM1 method with
the CHj group either eclipsing (8a) or staggering (8b)
the HO group. Conformation 8a is the minimum and
8b is the transition state structure for the nearly free
CH3; rotation. Several isomers of the enol form 1,1-
dihydroxyethene (9) were examined (Figure 4). The
planar structure 9a in which the conformations about
the C—O bonds are cis and trans is the most stable one
for 9. Structure 9b with two C—O s-cis conformations

1
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OH H OH
H,C —< _ >=<
o H OH

also is a minimum 3-7 kcalmol™* higher in energy.
Three structures with two C—O s-frans conformations
were considered within different symmetry constraints,
but each one of these exhibits one imaginary frequency
(Figure 4) and thus they all are transition-state struc-
tures. With the most stable isomers 8a and 9a, the heat
of reaction for the enolization reaction is
200 kcal mol~!. Inclusion of the vibrational zero-point
energy differences increases the endothermicity of this
equilibrium by about 0-8 kcalmol™*.

At the RHF/[3-21G level, the energy difference
between 8a and 8b remains small (08 kcalmol™') but
is in favor of 8b. Of the enol forms, only 9a was con-
sidered at the ab initio RHF[3-21G level and it was
confirmed as a minimum. Forms 8b and 9a were re- -
optimized at RHF/6—31G* (Figure 4) and the effects
of electron correlation on relative isomer stability
were estimated with third-order Mgller—Plesset

-311 cm! -81 cm”! -291 em’!
66 cm’! 345 cm’! 245 cm”!

439 c¢m! 462 cm’
523 em’! 509 cm’!

Figure 4. Enolization of acetic acid. AM1 optimized stationary structures are shown on top together with their symmetries and the
frequencies of the two lowest vibrations. The ab initio structures are shown in more detail with structural parameters given at the
levels RHF/3-21G and RHF/6-31G
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perturbation theory. At our highest level,
MP3(fc)/6-31G"*[/RHF/6-31G*, we find a preference
of 33-2 kcalmol ™! for the keto form 8b of acetic acid
compared with the enol form 9a. Vibrational zero-point
energy corrections reduce this preference (after scaling)
by 0-5 kcalmol™!. The enolization of acetic acid thus
requires about 20 kcalmol™! more energy compared
with the formation of vinyl alcohol from acetaldehyde.
The ab initio data indicate that the absolute preference
energies for the acid are underestimated by the semi-
empirical theory. In reflection of this finding, our dis-
cussion of the semi-empirical results for the much larger
systems will focus more on relative lowerings in the pre-
ference energies than on their absclute values. The
semi-empirical theory is well known to reproduce such
relative energy differences much more reliably.

Enolization of o-diazoniumphenylacetic acid

To estimate the effects of the aromatic ring system on
the enolization equilibrium pertinent to the formation
of the indazole 2-Me, we considered the cation o-
diazoniumphenylacetic acid, 10, and its enol form, 11,
in our AM1 study. The planar structures of 10a and 11a

H
0.0
H
H H
10a
H N3
H N

were first optimized with the assumed stereochemistries
shown. Both of these structures either are transition
states or higher order saddle points. Optimization of 10
without symmetry constraints resulted in the structure
10b, shown in Figure 5, in which the hydroxyl O-atom
is placed in proximity to the N; function. Rotamer 10¢
in which the carbonyl-O is close to the N; group was
also optimized. Unconstrained reoptimization of 11a
resulted in the chiral structure 11b shown in Figure 6
and the rotamer 11c also was found as a minimum. As
with the parent 1,1-dihydroxyethene, the cis—trans con-
formations about the C—O bonds are preferred; 11c is
5-0 kcalmol~! more stable than 11b.

In 10b and 10¢, the carboxyl groups are oriented in
such a fashion as to allow for electrostatically favour-
able neighboring group interactions with the diazonium
function. We have discussed the nature of these
interactions in detail for the smaller system 3-
diazoniumpropenoic acid’ and, recently, we have
applied our new electrostatic analysis method to 2’-
diazoniumbenzoic acid and 2'-diazoniumbenzoate with
equal success.’® This electrostatic model predicts a
higher stability for the conformation that places the

more highly charged oxygen in the proximity of the
diazonium function. As expected, 10¢ with its carbonyl-
O close to the N, function is preferred by
2-5 kcal mol~? over 10b.

With the most stable structures of the keto form
(10c) and of the enol form (11¢) of o-
diazoniumphenylacetic acid, we find that the enol is
only 8-0 kcalmol ™! higher in energy than the acid. The
o-diazonium phenyl substituent lowers the relative
energy of the enol form by the substantial amount of
12 kcalmol ™!, Our theoretical results suggest that the
enol might indeed be a viable intermediate and that it
might be the reactive species involved in the aliphatic
diazonium coupling as proposed in Scheme 3. The
addition of aromatic diazonium ions to activated
double bonds is well documented.?® In contrast to the
well known Widman—Stoermer synthesis®® of cinno-
lines via the diazotization of p-aminophenylethenes, the
addition to the enol form of the ester would undoubt-
edly prefer the regiochemical route leading to the pyra-
zole rather than the pyridazine formation.

Enolization of phenylacetic acid

The enolization of the parent phenylacetic acid was
examined to quantitatively estimate the magnitude of
the diazonium substituent effect on the enolization
equilibrium. We first optimized the planar structures of
12a and 13a with the assumed stereochemistries as in
the case of 10 and 11 and then optimized the chiral
minima 12b and 13b without symmetry constraints.
Structures of 12b and 13b are shown in Figure 7.
According to the AMI1 heats of formation, the enol
form 13b is 14-5 kcalmol™! less stable than the keto
form 12b.

The assistance of the electron-withdrawing
diazonium function is clearly important for the enoliz-
ation of the o-diazoniumphenylacetic acid. The heat of
reaction for enolization of the diazonium ion system is
65 kcalmol™! less compared to the unsubstituted
phenylacetic acid. Not only does enolization provide
the advantage of conjugative stabilization through the
formation of the phenylvinyl system (mesomeric form
I) but, in addition, the highly electron-withdrawing
N-substituent causes push—pull electron density shifts
that stabilize the enol form through partial delocaliza-
tion of the positive charge on to the dihydroxyvinyl
substituent as represented formally by the mesomeric
forms II and HI.

HO_ _HO HO\C{ HO HO* HO
H H Z “H
B a4 it
+ N+ '+
.N §N' N %N.
1 II 111
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Figure 5. Rotamers of o-diazoniumphenylacetic acid as optimized with the AM1 model. 10¢ is preferred over 10b
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CONCLUSION

3-Methylcarboxy-1H-indazole, 2-Me, is formed by
inframolecular aliphatic diazonium coupling in the
diazotization of o-aminophenylacetic acid was iden-
tified and structurally characterized by single-crystal
x-ray crystallography. Whereas intermolecular aliphatic
diazonium coupling was reported for the one case of
2,4-dinitrophenylacetic acid, the intramolecular coup-
ling to a methylene group of low acidity in the absence
of base appears unprecedented.

It is proposed that indazole formation might involve
the addition of the diazonium function in a regioselec-
tive fashion to the enol form of the substrate, Additions
of diazonium ions to activated C=C double bonds are
precedented and our semi-empirical studies suggest that
the enol form of o-diazoniumphenylacetic acid is a
viable species that might be the reactive species. With
the AM1 parameters, the semi-empirical calculations
suggest that the enolization of acetic acid is greatly
assisted by the o-diazoniumphenyl substituent and that
the enol is only about 8 kcalmol™' higher in energy
compared with the acid. Qur higher level ab initio cal-
culations suggest that the AM1 method overestimates
the stability of the enol somewhat, but the qualitative
conclusions are expected to remain valid. The compari-
son with the enolization of phenylacetic acid itself
shows that both the formation of the extended conju-
gated system as well as push—pull stabilization are
equally important for the relative stabilization of the
enol form.

The diazotization of o-aminophenylacetonitrile
under the same conditions yield 3-cyanoindazole in
good yield*® (note that the acid 1-H is accessible syn-
thetically by hydrolysis of the product 3-
cyanoindazole). The mechanism of that reaction has
not been studied and it remains an open question
whether an analogous ‘enolization’ might be involved.
Substituted o-toluidines form indazoles in good yield*!
via intramolecular aliphatic diazonium coupling.
Again, the mechanism of this reaction is not known,
although it obviously must be different from the one
discussed here for the phenylacetic acids.

Supplementary material is available directly from the
authors and contains structure factors, positional par-
ameters, an isotropic thermal parameters and intra- and

——-
NO HCI

2

O,N CH, O,N
\Oi NaNO,
e .
NO, HAc

~Z 7 2 p
= ~2§ =27 g

intermolecular bond lengths and angles (10 pages)
together with archive entries of the semi-empirical and
ab initio calculations (26 pages). Further details of the
crystal structure investigation are available on request
from the Director of the Cambridge Crystallographic
Data Centre, University Chemical Laboratory,
Lensfield Road, Cambridge CB2 1EW, UK, on quoting
the full journal citation.
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