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Abstract—The proton NMR spectra of 4-EDD (see Fig. 2) are strongly temperature dependent. At low
temperatures (< —60°) there occurs a restricted rotation around the C—O bond which connects the two
halves of the molecule. It is caused by steric hindrance of the ethoxy and methyl groups around the C—O
bond. At temperatures above —10° 4-EDD is involved in an intramolecular rearrangement reaction which
interchanges the quinone and aromatic rings. For this reaction as well as for the restricted rotation the
free energies of activation were determined.

Above 5° an equilibrium with durenoxy radicals formed by dissociation of 4-EDD is established by ESR
measurements.

INTRODUCTION
THE CHEMICAL and physical properties of quinone ketals and quinol ethers of the
type shown in Fig. 1 have been studied extensively by Miiller and co-workers since
1956. From their Miiller et al.'*/ and other investigations Dimroth et al.2*¥ it is
known that in solution these compounds can dissociate into two radicals.

An equilibrium between phenoxy radicals and the dimer molecules (cf. Fig. 1.
process 2) was found in many cases.* In this connection it should be noted that many
ESR data are available in literature but that very few NMR investigations have yet
been published. Recently Williams and Kreilick® studied the temperature dependence
of the NMR spectra of some quinol ethers (Fig. 1. R, = t-C,H,: R, = H: R, =
—COCH,. —CO-t-C,H,, —CO,CH,. CO,C,H;. CO,-c-C,H;; or CN) and
found that these compounds are subject both to a dissociation reaction (Fig. 1.
process 2) and an intermolecular rearrangement reaction (Fig. 1. process 1). The
dissociation reaction leads to an equilibrium between the dimer molecule and the
radicals. while the rearrangement reaction interchanges the aromatic and quinone
rings intramolecularly. Chemical evidence of such a type of rearrangement was
presented by Mijs et al.* who investigated the Cu* /amine catalysed autoxidation of
some 4-aryloxyphenols into oligomers. Quinone ketals were postulated as inter-
mediates. which. depending on the substitution pattern of the phenols. can decompose

* For instance (cf. Fig. 1): R, = +-C,H,, R, = H, R; = OCH,,'® SCH,, !¢ §-t-C,H,,* S-C¢Hj,*
OCOCH,,'* OCO-t-CH,,"* CO,-c-C¢H,,,** CO,C,H,,* CO,C,H,,** CO,C,CH,,* CN,!, CH,
CO,CeH,,'* CO,CH(C¢Hj),** COCH,,**2¢ and CO-t-C,Hy;' R, = R, = CcH,, R, = H;>*® R, =
R, = R, = Cl;** R, = OCH, and t-C,H,. R, = H, R; = t-C,H,;** R, = OCH4, R, = Hand R, = t-
CH,2/
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Fic. 1. The rearrangement reaction (process 1) and the dissociation reaction (process 2)
of quinol ethers and quinone ketals.

either by homolytic fission or by intramolecular rearrangement. whereby two dimeric
molecules giving a linear tetramer as a primary product. With respect to this interesting
type of rearrangement we studied the temperature dependence of the NMR spectra
of 4-ethoxydurenoxy dimer, 4-EDD, whose structural formula is given in Fig. 2.

This molecule appeared to be interesting not only for the dissociation and re-
arrangement reactions involved, but also because of a restricted rotation around the
C—O bond connecting the two halves of the molecule, which was observed at low
temperatures. A detailed description of the NMR spectra observed over a temperature
range of —110° to + 50°, will be given below.

Kinetic data for the restricted rotation at low temperatures and for the rearrange-
ment reaction were derived from the line broadening in the NMR spectra.

{a) CH, ~CH3 (a)
(b) CHy CHj (b)
0
CHy3—CH3~ 0
(d) (e
(a') CH, CH, (a")
{b") CHy CH;y (b))

0—CHy—~CHj3
{c) @)

F1G. 2. The structural formula of 4-EDD.
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RESULTS AND DISCUSSION
4-EDD was prepared by oxidation of 2.3.5.6-tetramethyl-4-ethoxydurenol accord-
ing to Martius and Eilingsfeld.> As a solid it is stable but it slowly decomposes in
solution at room temperature. The NMR spectra were recorded from solutions in
carbon disulphide at various temperatures between —110° and + 50°. They will be
discussed for three temperature ranges.

(a) F'ie NMR spectra taken between — 50° and — 10°

The spectra in this range are aimost temperature independent and are simple to
interpret. A representative spectrum is shown in Fig. 3c and a survey of the chemical
shift data and assignments is given in Table 1. The quartets (|J| = 7 Hz) at 6 = 3-56
and 2:86 ppm can be assigned to the CH,(C) and CH,(C') protons of the aromatic and
quinone ethoxy groups respectively. A double resonance experiment showed that the

TABLE 1. CHEMICAL SHIFT VALUES® (IN § PPM) AT DIFFERENT TEMPERATURESt FOR 4-EDD, DISSOLVED IN
CARBON DISULPHIDE

Temp(’) CHsa) CHy(@) CHyb) CHyd) CHic) CH,y(c) CHyd) CHy(d)

+39 1-85 1-85 177 1-77 324 324 124 1-24

+10 1-76 1-89 1-58 1-98 2:90 359 116 1-30

—-26 171 1-92 1-57 2:00 2:86 3-56 1-18 133

—-78 1-72 —1 —1 202 286 356 1-21 1-37

-110 1:61 1-61 1-06 205 292 3-58 1-26 1-38
1-84 225 2:05 2:12

* Accuracy: 0-02 ppm but 0-02-0-04 ppm for the measurements at — 110°.
t+ Accuracy: +1° but below —90°: +2°.
1 Not observable due to exchange broadening.

triplet signal at 6 = 1-33 ppm is due to the CH; (d’) protons of the aromatic ethoxy
substituent. as it changed into a singlet line on irradiation at the CH,(c') signal
position (cf. Fig. 3c. top right). The triplet centered at § = 1-18 ppm remains for the
CH,; (d) protons of the quinone ethoxy group. The protons of the methyl groups
directly attached to the quinone ring absorb at = 1-71 and 1-57 ppm. the low field
signal associated with the CH 4(a) groups adjacent to the carbonyl group. Both signals
form a quartet (see expanded trace at top. Fig. 3c) with spacings of 0-9 Hz. owing to a
long range homoallylic coupling. Further confirmation was obtained by double
resonance as irradiation at either signal position changed the other signal into a narrow
line of higher intensity (see Fig. 3c. top left). The signals at = 1:92 and 2-00 ppm
remain for the aromatic methyl groups and can be safely assigned to the positions a’
and b’ for the following reason. At higher temperatures one observes a coalescence
of the CH(a) and CH,(a’) signals and of the CH,(b) and CH,(b’) signals.

Thisisdueto therearrangement reaction (process 1) which interchanges the aromatic
and quinone rings (see section c). Therefore the CH;(a) and CH(a’) groups must be
located at comparable positions in both rings and also the CH,(b) and CH,(b’)
groups. which justifies the assignment of CH;(a’) and CH ,(b").
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FiG. 3a-e. The NMR spectra of 4-EDD dissolved in carbon disulphide at different
temperatures.
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(b) The NMR spectra taken between —110° and — 50°

By gradually lowering the temperature from — 50°to — 110° there occur considerable
changes in the spectra. which can be explained in terms of one exchange process
operating on several signal groups. Due to a restricted rotation around the C—O
bond connecting the two halves of the molecule (see Fig. 2). all eight methyl groups
become magnetically inequivalent. as shown in the spectrum in Fig. 3e and in Table 1.
One CH,(a) and one CH,(a’) signal have the same chemical shifts. which is also the
case with one CH.(b) and one CH 4(b") signal. In Fig. 3e corresponding methyl signals
have been marked. Especially the signals of the methyl groups located nearest to the
C—O bond are split most strongly (0-64 ppm for CH,(a’) and 0-99 ppm for CH(b)
groups). In each of these pairs one methyl group absorbs at surprisingly high field.
the other at low field. We suggest on the basis of diamagnetic anisotropic shielding®
that the former methyl groups lay above their neighbouring quinone or aromatic
rings. The methyl groups, responsible for the low field signals should then lie more or
less in one plane with the neighbouring rings. Molecular models fully support this
hypothesis. A favorable (i.e. sterically less hindered) conformation model is presented
in Fig. 4.

+HS

F1G. 4. A Dreiding model of 4-EDD with minimal steric hindrance of the ethoxy and methyl
groups around the carbon-oxygen bond which connects the quinone and aromatic rings.

At higher temperatures the increased rotation rate first results in line broadening.
then in coalescence of the broadened signals and finally in resharpening. For each
of the four pairs of methyl groups the difference in chemical shifts of the initial
signals determines the coalescence temperatures. Estimates of the coalescence
temperatures are given in Table 2. An increased distance in the signals results in a
higher coalescence temperature. Fig. 2d shows the situation at —78°. with broad
signals for CH,(a") and CH,(b) and already sharp. coalesced signals for CH,(a)
and CH;(b).
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TABLE 2. COALESCENCE TEMPERATURES (7) AND FREE ENERGIES OF ACTIVATION (AG} N kcal/mol) FroM
VARIOUS METHYL AND METHYLENE SIGNALS OF 4-EDD

Rotation exchange* Aromatic-quinonoid exchanget
Coalescing AS) Te AGY Coalescing AS) Te AGS
signals {ppm) ] signais {ppm) )
CHj; (a) pair 023 -97 8-8 CH(a) + CH,(a") 0-21 +20 152
CH,(a") pair 064 - 82 93 CHj,(b) + CH;(b") 043 +26 152
CH (b} pair 099 ~76 95 CH,(¢c) + CH,(c) 070 +39 —
CH,(b') pair 007 - 103 90 CH;(d) + CH,(d) 015 +16 14-6

* For the rotational exchange the accuracy in coalescence temperature is estimated as + 5°. the accuracy
of AGtas +0-7 kcal/mol.

+ For the aromatic quinonoidal exchange these figures are respectively +1° and + 0-3 kcal/mol.

$ In kecal/mol.

From the coalescence temperatures the free energy of activation for the rotation
process was calculated. The values are given in Table 2.

(c) The NMR spectra taken between — 10° and +50°

A gradual increase of the temperature from — 10° on gives again the sequence of
broadening. coalescence to one signal and finally line sharpening. now for each of
the following pairs of signals: CH,(a) and CH,(a’). CH,(b) and CH,(b’). CH,(c)
and CH,(c') and CH,(d) and CH,(d'). The observed line width variations and
coalescence temperatures are concentration independent. In Figs. 2a and b spectra
are presented for this temperature region. In the former spectrum only one signal
remains for the CHj(a.a") and CH;(b.b’) groups. due to overlap. This characteristic
behaviour for exchange between two non-equivalent diamagnetic sites can be
accounted for by the above mentioned rearrangement reaction which interchanges
the quinone and aromatic ring protons. viz. process 1 in Fig. 1.

Essentially similar results were obtained by Williams and Kreilick for the quino!
ethers mentioned in the Introduction. They found. however. at temperatures ex-
ceeding the coalescence temperature first a decrease then an increase of the line
widths. This was attributed to a dissociation reaction in which the quinolether is in
equilibrium with two radicals as shown in Fig. 1. process 2. By measuring the tempera-
ture dependence of the line width and using Johnson’s equation’ which accounts for
exchange broadening due to electron transfer reactions. Williams and Kreilick
obtained kinetic data on the dissociation reaction. Owing to the instability of 4-EDD
in solutions at temperatures > 50° we were unable to observe whether 4-EDD also
shows any line broadening related to the dissociation process. But ESR measure-
ments of concentrated solutions of 4-EDD in carbon disulphide demonstrated the
presence of 4-ethoxydurenoxy radicals. The signal intensity increases or decreases
according to heating or cooling of the solutions and drops virtually to zero at +3°.
This reversible behaviour gives evidence that the dimer dissociates and is in equi-
librium with durenoxy radicals. The ESR spectrum which will be discussed later. is
shown in Fig. S.
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As stated above. the NMR signals sharpen again after coalescence. At 50°* the
CHj(a.a’). CH,(b.b") and CH,(d.d’) signals are only slightly broader (~ 1-5 Hz) than
in the absence of exchange broadening at —20°. Probably the rate of the rearrange-
ment reaction is not yet sufficient to give smaller line widths.® But it may be that be-
tween +40° and + 50° the dissociation reactions begins to produce slight line broaden-
ing. In this case especially the line widths of the CH,(a,a’), CH5(b,b") and CH,(c,c)
signals should be affected.t

It seems. however. unlikely that the observed coalescence temperatures for the
CH,(a.a"). CH;(b.b') and CH(d.d’) signals. all being well below 40°. are influenced
to any appreciable extent by the dissociation process. The coalescence temperatures
can therefore be used to calculate the free energy of activation of the rearrangement
reaction. cf. Table 2. The value for AG? = 149 + 0-3 kcal/mol at ~ 20° is significantly
higher than the values of 9 and 12 kcal/mol which can be calculated by extrapolation
to 20° from the kinetic data of Williams and Kreilick for two of their compounds
(Fig. 1. R; = t-C,H,. R, = H. R; = COCH,; or CO,CHj;). measured in the same
solvent. This difference in free energy of activation can be caused by a higher value
of the activation enthalpy for 4-EDD in comparison with the two quinol ethers.
These contain two t-butyl substituents near the C—O bond which must be broken
in the rearrangement reaction. Release of steric hindrance will energetically favour
the fission of this bond in the transition state of these dimers in comparison with
4-EDD. For the same reason it is understandable that 4-EDD is so little dissociated
into radicals (no ESR signals measurable from 30 w/v 9 solutions below 5°).

The ESR spectrum of the 4-ethoxydurenoxy radical in Fig. 5 can be explained
from a splitting into three (caused by the OCH,-protons) of the 31 lines. resulting
from the interaction of the unpaired electron with six ortho methyl protons

—
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F1G. 5. The ESR spectrum of the 4-ethoxydurenoxy radical, obtained from solutions of
4-EDD in carbon disulphide.

* The CH,(c.c) signal is still very broad. due to its high coalescence temperature.

t According to Johnson’s equation’ which relates the NMR linewidths with the rates of exchange
between paramagnetic and diamagnetic states. the linewidths of the CH;(a.a’). CH,4(b.b’) and CH,(c.c’)
signals are in principle inversely proportional to the lifetime of the diamagnetic state. For these are the
signals which are related to groups of protons which exhibit hyperfine splitting in the ESR spectrum. The
NMR linewidth of the CH;(d.d") signal will perhaps be less dependent on the lifetime of the diamagnetic
state as the hyperfine coupling of the corresponding protons were not observable in the ESR spectrum.
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(as.cu, = 601 Oe) and six meta methyl protons (a,.cy, = 149 Oe). The values of
the hyperfine coupling constants are in good agreement with the values of 5-56 and
1-40 Oe found for the radical® presented in Fig. 6. From the spectrum a value of
032 Oe for the coupling constant of the OCH, group is calculated which is sur-
prisingly low. Coupling constants of the corresponding protons in p-ethoxyphenoxy

CH3 CHj CH; CHj

CHy CHy CH; CHy n

FiG. 6. The radical of polydurenol.

and other p-alkoxyphenoxy radicals'4 'Y usually range from 1-4 to 2-0 Oe. The low
value is probably due to a steric effect of the meta-methyl groups on the ethoxy
substituent. forcing it into a position which makes overlap of the oxygen lone-pair
electrons with the n-electron system more difficult. This results in a lower spin density
on the oxygen atom.

EXPERIMENTAL

The quinone ketal dimer of 4-ethoxydurenol. which was synthesized according to Martius and
Eilingsfeld.® was crystallized from methanol and methanol-water between 10 and 35° (yield 20%,). m.p.
82-82'5°. IR spectrum {Perkin—Elmer 221 G spectrometer, solvent carbon disulphide) showed medium to
strong bands at 2972. 2915. 2870. 1470. 1246. 1108. 1082. 1055. 1038. 1025. 986 and 965 cm™*. The NMR
spectra were recorded from 10 (w/v) % solutions of 4-EDD in carbon disulphide with a Varian A60 spectro-
meter. equipped with a decoupler V6058a and a variable temperature accessory V6040 calibrated on the
methanol chemical shift. Chemical shifts {in § ppm) are given relative to TMS as an internal standard. The
ESR spectra were taken on a spectrometer built at the laboratory in Delft. using a TE,,,-transmission
cavity and a magnetic field modulation of 1300 Hz. The ESR spectra were taken from 20 to 40 (w/v) %
solutions of 4-EDD in carbon disulphide.
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