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Abstract—The dehydration of various 4,5-dihydro-4- and -5-hydroxy derivatives of pyrazole and isoxazole has been
investigated. Heats of dehydration of 4,S-dihydro-4-hydroxy-1,3,5-triphenyipyrazole and 4.5-dihydro-5-hydroxy-
isoxazole are evaluated and used to assess the empirical resonance energy and conjugation energy of pyrazole and
isoxazole. The former possesses resonance stabilisation comparable to pyrrole but that of the latter is low.

Quantitative assessments of aromaticity, or more pre-
cisely, of properties characteristic of aromatic
compounds, provide a basis for rationalizing the chem-
istry of 4n+ 2« electron systems. The most comprehen-
sive series of data, and arguably the most valuable, is
furnished by evaluations of resonance energy, i.c. the
enhanced stability of the aromatic system relative to a
hypothetical nondelocalised structure or a model linear
polyenc.” Early resonance encrgy determinations were
obtained from heats of combustion and hydrogenation
dnmbtnmncemymtheuseofMOu'eﬂmentshas
come o the fore.? In previous papers in this series new
experimental approaches, which supplement the already
available methods, have been described. Thus the
resonance energy of the pyridone ring and related
systems is well suited for evaluation by comparison of
AH° for the heteroaromatic tautomeric equilibrium with
the corresponding AH® for a saturated model,’ an ap-
proach applicable to a wider variety of systems than an
earlier conceptually similar but more rigorous method
based on gas phase isomerisations of analogous alkylated
compounds.* For S-membered ring heterocycles, parti-
cularly pyrrole, indole and carbazole, resonance energy
has been deduced from the reduced basicity of the ring
relative to a nonaromatic model.>* Heteroaromatics
which form pseudo bases stable in solution have been
investigated on the basis of the hydroxylation equili-
brium constants.'*

The present paper reports assessment of resonance
energy utilising the heat of dehydration of a hydroxydi-
hydro derivative of an aromatic compound. Although the
approach should be general for a variety of systems, the
comparative ease of preparation of 4,5-dihydro4- and
-5-hydroxy-isoxazoles and -pyrazoles prompted us to
study initially members of these series, viz. 2, 3, 8-11.

RESULTS AND DESCUSSION
Preparation of compounds. trans - 4,5 - Dihydro - 4 -
hydroxy - 3,5 - diphenylpyrazole 2 was prepared from

2: X=NH 4: X=NH 8: X=NH
3: X=0 8: X=NPh 9: X =NPh
6: X=0 10: X=0
Ph
\
Ac0” o
[} 3
Scheme 1.

route,” bowever.thecomspondm; reactions of 1 with
hydroxylamine in dioxan and in ethanol both gave 3, m.p.
172-174°, rather than substances of different melting
points (mps 193-194° and 172-173°) as reported else-
where.® The trans configuration for 3 was assigned on
basis of the low value for Jos=3Hz (CDCl; solu-
). Re.cnon of the erythro chlorohydrin 7, derived
hydrazine gave the cis derivative 8 as
e but we found it was dehydrated during
and we gave it no further attention.

owever, 7 with hydroxylamine and phenythydrazine
orded the relatively stable novel cis-derivatives 9 and
10 (J4s=7.5 and 9 Hz respectively). 4,5 - Dihydro - § -
hydroxy - 3 - phenylisoxazole 11,° snd the debydrated
fully-conjugated systems also required for the study.
viz. 4,7 8,'°6'* and 13° were prepared by literature routes.
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Qualitative dehydration studies. UV Spectral data for
the dibydrohydroxy compounds, 2, 3, 9, 10 and 11 in
cthanol, and of the protonated forms of the aromatic
systems 4-6, 13 in H,SO, are reported in Table 1. The
spectra of the cations were invariant over at least the
first 20 min of preparation indicating the stability of the
cations in the acid medium. The dehydrations of 2, 3,
9-11 in H.SO, were followed by UV spectroscopy. No
attempt was made to obtain rate data but from qualita-
tive observations, Table 1, we conclude: (i) the isoxazole
derivatives 3 and 10 dehydrate less readily than the
corresponding pyrazoles 2, $ (which dehydrated on
recrystallisation) and 9, which is consistent with the
expected differential stability of the O and N stabilised
carbenium ion intermediate generated by loss of the OH
group (as H.0); (i) in both the dihydro-4-hydroxy-
isoxazole and -pyrazole series the cis isomers dehydrate
more readily than the corresponding trans isomers
reflecting the release of greater steric strain on
carbenium ion formation in the cis series; (iii) the -
hydroxy derivative 11 dehydrates much more readily
than members of the 4-bydroxy series.

The feasibility of using acetic anhydride and phosphorus
oxychlonde as dehydrating agents was investigated by
measuring the UV spectra of 2in these media. However the
spectra were unchanged over 35 min from dissolution.

Quantitative dehydration studies. Of the five dihydro-
hydroxy compounds 2, 3, 9-11 only 9 and 11 were
considered to dehydrate sufficiently fast to undertake
calorimetric heat of dehydration measurements. Heat
changes on dissolving the dillydrohydroxy derivatives
[Arom HOH] and the corresponding aromatic compound
(Arom) in H;SO,, AHA and AHjp respectively, are repor-
temeableZ.ScbemeZdeﬁmtheheatcbmoesm—
volved, some of which refer strictly to very highly biased
equilibrium reactions, e.g. AH, and AHs. Both AH. and
AHjp are composite terms given by egns (1) and (2).

1Q is of course a function of the solvent-solute interactions but
is a function also of the solvent cobesive properties and of the
size of the solute (cavity term) (J. J. Moura Ramos, M.-L. Stien
and J. Reisse, Chem. Phys. Letters 43, 373 (1976)). This last
coatribution is probably very similar for [Arom] and {Arom OH]
while the solvent-solute interaction may differ by 2 to
4 kcal/mole.
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AHA=AH.+AHs + AL+ AHs M
AHs = AL+ Al,. v

Now AH,, AH¢ and AH, are given by eqns (3-5) and
combining these with egas (1) and (2) gives eqn (6).

AH, = AH; + AHs - AH, 3
AHs=AH,~AH, @
AHs=AH,0— AHs 8]

AH, = AH A - Al + AH o - AH, - AHs. ()]

A value for AHs of —8.2+0.3kcalmole™ can be
estimated from data reported elsewhere'? and we elected
to evaluate AH, and AHi0o by measuring the heats of
solution of [Arom HOH] and [Arom] in a nonpolar
solvent. Essentially, this assumes the heat of dissolution
AH, is related to the heat of vapourisation/sublimation,
AH,, by AH,=AH,+Q where Q is an enthalpy term
which is similar for [Arom] and [Arom HOH].t A number
of nonpolar solvents were considered but low solubility
precluded the use of those which mimic the gas phase
most closely, e.g. saturated hydrocarbons, CS; and CCL.
Accordingly we were compelled to use the less than ideal
solvent chloroform; heats of solution in this solvent are
given in Table 2. From the experimental data we obtain
values for AH, (the heat of dehydration as defined by
Scheme 2) of —25kcal mole™* for 9 and —4 kcal mole™
for 11. The major source of error in these values derives
from the use of chioroform as an inert solvent and this is
difficult to estimate. However since we require a
difference term, i.e. AH o~ AH,, systematic effects may
partially cancel, i.c. AQ~0, and we believe values for
AH, are reliable to within +3 kcal mole™".

“Resonance energy” evaluations. The classical and
probably most quoted resonance energy, bereafter called
empirical resonance energy ERE, generally has been
derived by comparing heats of combustion or hydro-
genanonofarommcswnhthoseofnmpleumatwed
models.? Similarly comparison of the AH, values with
the conespondmg value AH,,, for the dehydration of
cyclopentanol, viz. -2+0.5kcal mole™ (from AHAg)
cyclopentanol -57.97+0.31,"> AH«g) cyclopentene

Table 1. UV spectral data

Compounds BtOH !’m‘ Comments
xmnx. bie IDAX, log &
3, 8-Diphenylpyrasole (4) 280 4,80 2.7¢ 4.3
trans -4, -Dihydro-4-hydroxy
Tmm (2) 2 411 Incomplets debydration (o, S0%) after
76 min,
1,8, 5-Triphsnylpyrasole (5) 283 4,58 2,80 4.3
ois -4, 5-Dihydro-4-hydroxy
“dertvative (9) ) 348 4,33 Dehydration complete within 10 min,
3, 5-Diphenylisoxasale (6) 267 4,97 812 "M
cis -4, 8-Dihydro-4 -hydroxy
“Jerivative (10) 208 411 - 302 4,10 Spectrum wnchanged in M, 80, over 70 mia,
trans -4, 5-Dihydro-4-hydroxy
“darivative (3) 200 6,22 208 614 Spectrum unehanged {n H,80, over 70 mia,
3-Phenylisoxasols {19) 0 4.08 278 4.07
4, 8-Dihydro-5-hydroxy
derivative (11) 258 4,81 Dehydration complete within 10 min,
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Table 2. Calorimetric measurements at 25*

Compounds Solvent Heat of dhlg}nﬂm Remarks

9 H,50, -47.65+ 0,85 aH,

5 H,80, -16,43 4 0,83 aH,

9 CHC, 4.98+0,01 aH,

5 CHCl, 3.29 + 0,01 aB,,
1 H,80, -32,72 + 0,88 aH,
13 H,50,. -16,47 4 0,17 aH,
1 CHCl, 3.98 +0.02 aH,

13 cHCl, -0.90 # 0,01 aH,,
®AH, = -8.3+0.3 kual mole”!

[Arom HOH], ———s HO(l) + [Arom],

()
[Arom HOH]) /

w[“

% (Arom]
w

|

fArom HOH| :‘L—. HsO(l) + [Arom]ieacs

[

[H;O’,FSO:]W [Arom H*,HSOL Jieo:

Scheme 2.

+823+0.22,' and AHd(l) water —68.32kcal mole™'"
provides the basis of the ERE evaluations for pyrazole
and isoxazole [eqn (7)].
ERB‘—AH|+AH||+R|—R2+R3. (7)

The other terms in eqn (7) are R,, the resonance
inherent in the X~N=C fragment in [Arom HOH], R,, the
resonance associated with conjugation of the ring with
the C-5 phenyl group in [Arom], and Rs, a term arising from
differential conjugation of pendant phenyl groups (at the 1
and 3 positions) in [Arom HOH] and [Arom). In calculati

we assume R, (N-N=C) =411 kcal mole™

because it should be comparable to enamine resonance
energy,’® R =2+0.5 kcal mole™ from the difference in
ERE of styrene and benzene,'” and Ry =0x0.5, whence
ERE ;yrasote = 25 + 6 kcal mole ™. For isoxazole we take
R, =4+1kcal mole™' (cf. the ERE of ethyl vinyl ether
3.6 kcal mole™").!” R, is of course zero and Rs, which now
refers fo only one pendant phenyl, we take as 0
0.5 kcal mole™' whence EREiiouazoe =6+ 5 kcal mole ™,

Previous values for ERE,, .. have fallen in the
range 26.8-41.5 kcal mole™'.* What appears to be the
only measurement of EREqeemnote provided values for
various methyl isoxazoles of 50 kcal mole™''® which
would seem to be far too high.'” The very low value
obtained here is consistent with an MO calculation which
assigned isoxazole a delocalisation energy of only 6%
that of benzene. ™

Conjugation energies. The hybridisation of the ring
atoms bonded to the carbon atoms involved in the
dehydration reaction are not the same in the heterocyclic
system and the alicyclic model. This aspect of ERE
evaluations has been discussed in depth by Dewar and
Schmeising® who contended that single bond energies
vary sigunificantly with the hybridisation of the carbon
atoms. Subsequently Cox summarised appropriate

data and deduced a bond energy scheme which takes into
account these variations. Using Cox’s bond contributions
to molecular heats of formation™ and the value for
AH«1)" for water we obtain “calculated” values for AH,
(Schemes 3 and 4). The difference between the experi-
mental and calculated values gives the conjugation
energy, a term not to be confused with ERE.® Assuming
the conjugation between pendant phenyl groups and the

. X-N=C fragment is the same in [Arom HOH] and

[Arom), the conjugation energies for pyrazole (bonded to
a S-phenyl substituent) and isoxazole are 14 and 1 kcal
mole ™" respectively.

Conjugation energies have been calculated previously
for pyrazole, 27 kcal mole ™, but not for isoxazole.” The
value for pyrazole however was considered uncertain
because of the choice of the bond energy for the N-N
bond, a term which fortunately cancels in the present
calculation. Our value of 14kcal mole™' lies close to
pyrrole, 15kcal mole™’, and less than benzene, 22 kcal
mole™".” The isoxazole conjugation energy is rather less
than that for furan, 8 kcal mole™'.> but close to 5% of
that for benzene (cf. the delocalisation energies referred
to above).®

CONCLUSION
Calorimetric determinations of the heat of dehydration
provide a feasible alternative for evaluating resonance
energies of aromatic systems, providing dehydration
proceeds readily. ERE and conjugation energies obtained
for pyrazole and isoxazole show that pyrazole and pyr-
role share comparable resonance stabilisation but isox-

azole is very much less aromatic.

EXPERIMENTAL

Spectral measurements. UV spectra were measured using a
Unicam SP 3500 spectrophotometer and NMR obtained using a
Perkin Elmer R 12 spectrometer operating at 60 MHz.
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H . Ph
H \ 1 (@ + HO0(1)
Ph AN Ph AN
Pn
(9

3 .
Csp -OH -45.8 koal mole™}

(Clpa . 3)1 .17 "
‘CIP’ - m: 40,4 " "
cp’-N +8a2 v v

-s z [[] "
Csp -Csp - 4,1

cep’-copd + 0.4 " ¢
c.ps -Ph* - 41 " "
Total 482 " "
] Caloulated AH,

= -10,8 kcal mole~

(s)

Cop? - Cap®  -12.6 iocal male™)
Cep?-Pn¢  .12,8 "
c=cC st.9 " "
Cap? - N +4,0 " "
cop?-m)' .56 "
a8 mo®m -e.3 " "

1

® Superscript 1 refers to a primary C-H bond,
Mmordmbac-nbondldj-ocmmeIhm.
* bond contributions to AH? for C-Ph bonds were taken to be equal

=73

toﬁnou!orC-Clpzbond..unovduo-mnum!orc-mbond-.
Any small error here would probably ocour in both totals and so cancel

Scheme 3. Bond energy scheme for the dehydration of (9)

M.
B pn
——
o H
ao
Cop® 0B  -45.3 koal mote”!
3«:.” - mn -8,3 " "
c.p’ - Hte +2,0 " "
co’ -0 BRI
c.',s - Cl‘ps +0,4 " "
c-pa - c.Pz - 4,1 " "
Total

_71.‘ ”" ”

H

Ph
2/ S, @ + HO(1)

|s)

Cop? -Cop®  -12.85 koal mole™!
c=c w19 0
c.pz_ ml - "' " ”
Co? B -ea
(:.p3 - o _31.‘ " "
aE’ B, 01) -68,3 " "
Total K78 DU

<+ Caloulated AH, = -2.9 koal mole™

* Superscript " refers to & secondary C-H bond.

Subsoript,,, refers to a C-H bond adjacent to two O atoms,

The value

mmmummmm{a)mmummm-m

Csp® - M) and cop® - 1)}

superscript 1 and subscript, - see notes to Scheme 3,
Scheme 4. Bond energy scheme for the dehydration of (11)*

Compounds. The following materials were prepared using lit-
erature routes: trans - 4.5 - dihydro - 4 - hydroxy - 35 -
diphenylpyrazole’ 2, m.p. 210-211° (tit.” m.p. 209°); trans - 4,5 -
dibydro - 4 - hydroxy - 3.5 - diphenylisoxazole® 3, m.p. 172-174°
(lit* m.p. 172-173": cis - 4.5 - dihydro - S - hydroxy - 3.5 -
diphenylpyrazole’ 8, m.p. 160°, decomposed to 4 during
purification, (lit.” m.p. 172-173%); 4,5 - dih -§5 - hydroxy-3-
phenylisoxazole® 11, m.p. 120.5-121.5° (tit.” m.p. 120-122°); trans-
chalcone epoxide® 1, m.p. 89-90° (lit. m.p. 89-90%); erythro - 1 -

chloro - 2 - hydroxy - 1,3 - dipheaylpropan - 3 - ome” 7, m.p.
105-110° (lit.” m.p. 106-107%); 3.5-diphenylpyrazole’ 4, m.p. 203-
205° (fit.” m.p. 198-199); 13,5-triphenylpyrazole™ §, av.p. 141.5-
142° (lit."® m.p. 138-138.5%); 3,S-diphenylisoxazole'' 6, m.p. 141--
143° (lit." m.p. 141%); 3-phenytisoxazole® 13, b.p. 126-128°/15 mm
(tit.* 124%12 mm).

cis - 4.5 - Dikydro - 4 - hydroxy - 13,5 - triphenylpyrazole 9.
erythro - | - Chloro - 2 - hydroxy - 1.3 - dipheayl - 3 - propanone
(2.60 g, 0.01 mole) in ethanol (30 mi) and phenyihydrazine (2.16g,
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0.02 mole) were beated to reflux for 8 min and allowed to cool. A
mixture of colouriess needles (m.p. 180-190°) and colouriess
flakes (deeomposm. at 170-200°); ¥, (Nujol) 3210, 1590, 1495,
890 and 76Scm™"; r{(CDy:CO] 2.5-3.%m). formed, the larger
proportion being the needles. Recrystallisation from ethanol
afforded solely the needles (m.p. 184-191%). Removal of solvent
from the mother liquor gave colouriess needles of a different
compound whose m.p. and IR spectra were identical with those
of 13S5-triphenylpyrazole. Further recrystallisation of the
needles (m.p. 184-191°) afforded pure cis - 4.5 - dikydro - 4 -
hydroxy - 135 - triphenylpyrazole (1.5 g, 48%), m.p. 196-196.5°
(Found: C. 79.9; H. 5.8: N, 8.9. C3,H\4N,O requires: C. 80.2: H,
5.8: N, 8.9%): v, (Nujol) 3540 (OH), 1590, 1495, 1320, 1130.
1080. 740 and 690 cm™~'; v (CF;CO-H) 2.0-3.0(m): r (acetone-Dy)
1.9-3.5 (15 H. m, Ph), 4.6 (1H, half of an AB quartet after shaking
with D,O. J 9Hz. H-4), 4.9 (1H. half of an AB quartet. J 4Hz.
H-5) and 5.8 (1H. d. J 8 Hz. disappears on shaking with D-0,
OH).

cis - 4.5 - Dikydro - 4 - hydroxy - 35 - diphenylisoxazole (10).
erythro - 1 - Chloro - 2 - hydroxy - 1,3 - diphenyl - 3 - propanone
(2.60g, 0.01 mole) in ethanol (20ml) and hydroxylammonium
chioride (2g) in water (6 ml) were heated to reflux for S min and
allowed to cool. Colourless flakes formed (m.p. 171-176° with
some melting at ca. 140° indicating the probable presence of a
little 3.5-diphenylisoxazole). Recrystallisation twice from ethanol
(10ml) gave pure cis - 45 - dikydro - 4 - hydroxy - 3.5 -
diphenylisoxazole (1.4 . $9%). m.p. 180-181° (Found: C, 75.0: H,
$.6. N, 6.2. C,sH,;NO, requires: C, 75.3. H, 5.5: N, 5.9%) vpe.
(Nujol) 3400 (OH), 1580, 1495, 1105, 890, 735, 700and 68Scm™': ¢
[(CD;),S0] 2.0-3.2 (10H, m, Ph), 4.50 (2H, AB quartet. J 7.5 Hz.
H-4 & H-5) and 5.20 (1H, disappears on shaking with D.O, OH).

Calorimetric measurements. These measurements were per-
formed either with an LKB 8700 calorimeter (solvent H,S0,) or
with the calorimeter described previously:* in both cases the
performance of the calorimeter was checked by measusrement of
the beat of solution of tris(thydroxymethyllaminomethane in
aqueous hydrochloric acid.® Thermochemical functions are
expressed in terms of the defined calorie (4.1840J) and refer to
the isothermal process at 25°. Measurements were carvied out
with solutes such that their concentration in the final solution
was about 3 x 107> mole 1°%; this is sufficiently dilute to consider
that the heats of solution refer to infinite dilution.

The sofution process in solvent chloroform took place rapidly
and measurements of heats of solution in this solvent were very
reproducible (Table 2). Since chioroform has an appreciable
vapour pressure at 25%, there is a correction to be made for the
evaporation of the soivent into the vapour space of the ampoule.
Separate experiments established that this ampoule breaking
correction was 0.1374cal; all heats of solution in chloroform
have been corrected.

The solution process in solvent sulphuric acid was less
straightforward, because of slow (and possibly not quite
complete) dissolution: thus the relatively large quoted errors in
these cases, even though the cglorimetric system is inherently
capable of more accurate or reproducible results.
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