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Spectroscopic Studies of the Intermediates in the Conversion of
1,4,11,12-Tetrahydro-9,10-anthraquinone to 9,10-Anthraquinone by Reaction with Oxygen
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The intermediates of the 1,4,11,12-tetrahydro-9,10-anthraquinone (THAQ) to 9,10-anthraquinone (AQ) reaction
are studied by various spectroscopic and computational methods. X-ray diffraction, two-dimensional nuclear
magnetic resonance (NMR) spectroscopy, and geometry optimization calculations, by the UB1LYP hybrid
density functional technique, show that THAQ initially exists in the keto fooTHAQK). Addition of

very small amounts of NaOH toisTHAQK in solution catalytically converts it into the corresponding enol
form (THAQE). The THAQE is then oxidized, by dissolved @ solution, to give the novel 1,4-dihydro-
9,10-anthraquinone (DHAQ) which is isolated, and its single-crystal structure is characterized by X-ray
spectroscopy. If NaOH is added to THAQE, the 1,4-dihydro-9,10-anthrasemiquinone (DHASQ) radical anion
is produced. It is detected by electron paramagnetic resonance (EPR) spectroscopy, and its experimental
nuclear hyperfine coupling constants are correlated with those computed by the UB1LYP method. Consequently,
the production of DHASQ radical anions, upon addition of NaOH, follows the stepwise reaidhAQK

= THAQE == DHASQ. The treatment of DHAQ with NaOH in methanol also generates the DHASQ radical
proving that DHAQ is a precursor to DHASQ. It is thus shown that the DHASQ radical anion can be generated
either by oxidation of the THAQE or the single electron reduction of the DHAQ. When the DHASQ radical
anion is exposed to small amounts of, @ is converted into the corresponding 9,10-anthrasemiquinone
(ASQ). Further Q oxidizes this radical anion to AQ. This proves that DHASQ must first form the ASQ
intermediate before being converted to AQ. These results reveal that the Fsl@d@ pulping process, in the
presence of atmospheric,dirst produces AQ. From then onward it is the same as the popularsaQa
pulping process used in the paper manufacturing industry.

1. Introduction in this process, various mechanisms have been proposed. In one
mechanism, an adduct formed between the lignin quinone-
'r]nethide and AQ was believed to be a key intermediate.
second mechanism suggested the involvement of the 9,10-
anthrasemiquinone (ASQ) radical anion as an intermediate

1,9-11 i i
undergoing redox reactions of commercial interest, these IargerZEiStalySt' ; T:;St aisur‘r:pg:)n_was based OIE tl_he fact(;_hat thf
quinones also experience important structural and conforma- Q was found to be stable in aqueous alkaline media up to

. - . ; ; . -1130°C and could be generated by wood and cellulose in alkaline
tional ch d th duction to th d dical : i SR :
;?]?:n;:z;mges uring theirreduction to the corresponding radical , 1  raft pulpingt®19Alkaline-AQ pulping is still used in the

delignification of wood worldwide. However, the exact catalytic
mechanism of AQ is still an open question, and research into
this important commercial process is ongoidg.

THAQ is prepared by the [4+ 2] cycloaddition of 1,4-
naphthaquinone with butadiene in nonpolar solvents and is a
precursor in the synthesis of AQ. The AQ is then prepared from
THAQ by oxidation®? It is therefore reasonable to attempt to
use THAQ, in the presence of atmospheric oxygen, as an
additive in the alkaline pulping of wood instead of AQ. The
yields of this process were found to be very similar to that of
alkaline-AQ pulpingt*—1%

The conversion of THAQ to AQ is a complex reaction in
which four hydrogen atoms are lost and the THAQ is oxidized.
Logically, this is a multistep process that must involve more
AQ has been used as a catalytic accelerator in alkaline woodthan one reaction intermediate. We have previously used electron

pulping5~7 In an effort to understand the catalytic role of AQ Pparamagnetic resonance (EPR) spectroscopy to identify the 1,4-
dihydro-9,10-anthrasemiquino(@HASQ) radical intermediate

* To whom correspondence should be addressed. E-mail: mattar@unb.cain this oxidation processThe DHASQ was characterized by

As an extension of our study of naturally occurripgra-
quinones, we have also been investigating even larger ones, suc
as 9,10-anthraquinone (AQ), 10;dlanthronylidene, and 1,4,-
11,12-tetrahydro-9,10-anthraquinone (THAQ).In addition to

cisTHAQK
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simulating its EPR spectrum and correlating its isotropic proton
hyperfine tensor componentas°(*H), with those calculated
using the UB1LYP hybrid density functional method.

Significant to the oxidation reaction mechanism is whether
the THAQ molecule is initially in thecisketo CiSTHAQK),
transketo gransTHAQK), or trans-enol (THAQE) form. It is
not known which of these forms is prevalent in the solid state
or in various solvents.

transTHAQK

Furthermore, at ambient temperatures, it was not known
beforehand whether tresTHAQK, transTHAQK, and THAQE
tautomerization is rapid or slow. The electron affinities and
ionization energies are expected to be different for each
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molecule. For these reasons, we have opted to further study
the

THAQK = THAQE — AQ

system and attempt to characterize the structure of all of its
intermediates.

In section 2, the experimental details and computational
techniques are described. This is followed, in subsection 3a,
by the comparison of theisTHAQK X-ray and computed
structures. The conversion ofsTHAQK to THAQE and the
assignment of their liquid-phase structures by 1-D and 2-D NMR
is then discussed in subsections 3b and 3c. In subsection 3d,
the DHASQ radical anion is then generated from both the
THAQE and DHAQ intermediates. The DHASQ EPR spectra
are simulated, and the average hyperfine griensor compo-
nents are compared with those computed by the UBL1LYP hybrid
density functional method. The effects of the solvent on the
EPR spectra are also presented. Finally, in subsection 3e the
proposed reaction mechanism of the oxidatiorcisTHAQK
to AQ including its three intermediates is described. Section 4
summarizes the findings and conclusions of the whole study.

2. Experimental Details

The NMR spectra were recorded on a UNITY 400 MHz
Varian spectrometer, equipped lvid 5 mminverse detection
probe. Data acquisition and manipulation were carried out by
means of the Varian VNMR version 4.3A software running on
a SUN model IPX work station. For all two-dimensional (2-D)
experiments, the spectra were recorded at@5while for the
one-dimensional (1-D) experiments the temperature was varied
from —70 to 50°C. Typically, the 1-D'H spectra had a spectral
width of 5599.9 Hz, and the number of data points acquired
was 41,856. The corresponditifC spectra consisted of 59 968
data points, and the spectral width was 25 000.0 Hz.

The proton-detected 2-BH—3C heteronuclear multiple-
guantum coherence (HMQC) spectra were recorded &C25
TheH spectral width was 3370.1 Hz. The number of data points
was 1984 and zero filled to 4096. TREC spectral width was
1373.1 Hz. To perform the 2-D Fourier transform, the incre-
ments were zero-filled to 1024 points. Sixteen transients were
acquired per increment. The polarization transfer delay was
optimal forJcy = 140 Hz. The relaxation delay time was 2.0
s. A standard WALTZ-16 sequence was employed @

molecule. Consequently, their oxidation and reduction reactions decoupling!® A similar setup was used for the long-range

are also expected to differ.

In going from cisTHAQK or transTHAQK to THAQE, a
rehybridization of the C11 and C12 atoms fron? &ps must

proton-detected heteronuclear-multiple-bond-correlation (HMBC)
experiments, except nd*C decoupling was used and the
polarization transfer delay was optimal ftdcy = 8 Hz (n =
2,3).

To investigate the keteenol tautomerism, 0.0213 g of
cisTHAQK was dissolved in 70@L of the appropriate solvent.
This was followed by adding 4L of 0.1 M NaOH, in B;O,
and the NMR spectra were recorded.

Low resolution mass spectra were generated with a Kratos
MS 50TC mass spectrometer. The samples were directly injected
into the system and the chamber heated from 30 to°Z2at
a rate of 20°C/min. Sample ionization was carried out via
electron impact at an energy of 71.6 eV. The operating base
pressure was 2.& 1077 atm.

The EPR spectra of the radical intermediates were recorded
on a Varian E104 and a Varian E9 spectrometer described
previously!”=21 The microwave power incident on the sample
was 1.0 mW, and the magnetic field was modulated at 100 kHz.
The modulation amplitude was always less than one tenth of

occur. This may not be a simple process for a three-fused-ring the peak-to peak line widths. A Bell 640 Gaussmeter was used
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to calibrate the magnetic field while the microwave frequency
was measured by an EIP 371 microwave frequency counter.
The spectra were scanned and recorded by means of a computer
equipped with a National Instruments AT-MIO-16E-10 data
acquisition board and a PHAROS Technologies software
program!® The spectra were then simulated by a shareware
version of the Bruker SIMFONIA-WINEPR software package.
The quinones were dissolved in the appropriate solvent to
form approximately 1.0 mM solutions in 25 mL. After purging
the solutions with N for 15 minutes, the radicals were then
generated by adding 50 of 0.5 M NaOH in the absence of
air. The solutions were kept under oxygen-free nitrogen and )
were then transferred into the rectangularGEPR cavity via Figure 1. St_ructure and atom numbering of 1,4,11,12-tetrahydro-9,-
a Teflon tube passing through its center. Successive sampIeslo'amhraqu'nonec(STHAQK)'
were flushed and new ones introduced into the cavity without {hoge within the C5, C6, C7, C8, C14, C13 arene ring. In

exposing the parent solutions to any Ky controlling the N addition, due to the Sghybridization of the C11and C12 atoms,
pressure. The resulting radicals under these experimentalineir hond distance is 1.5335(16) A and characteristic of a typical
conditions were found to be stable for at least 10 days. single carbor-carbon bond. The distances between tHeasyl
cisTHAQK was purchased from Aldrich and recrystalized g carbons are 1.4952(17) A for €2 and 1.4830(2) A for
three times from hot 95% ethanol. The final crystals were grown c3—ca4.
from anhydrous methanol. The DHAQ was synthesized by  The C5, C6, C7, C8, C14, C13 arene ring is planar and is
adding a small amount of NaOH base, in the molar ratio of not affected by the bent and twisted conformation of the C1,
1:350, to 21.3 mg ofisTHAQK dissolved in 1 mL of deuterated  c2, 3, C4, C12, C11 ring. As a result of the bent conformation
methanol. The resulting solution was left to stand for three weeks of the |atter ring, the angles around the sgkene carbons, C2
until well formed reddish-orange crystals of DHAQ settled out. gng C3, are larger than 120For example, the G1C2—C3
The crystal structure data faisTHAQK and DHAQ were  angle is 124.12(12) and the C2C3—C4 angle is 123.83(12)
recorded Wlth a Bruker AXS P_4/SMART 1000 and a Rigaku  The UB1LYP HDF geometry optimization of THAQ), starting
AFCSR diffractometer, respectively. with H11 and H12 on the same side of the molecule, also
The computation of the optimal geometries was carried out predictscisSTHAQK as the most stable form. The computed and
using the GAUSSIAN 98W suite of prograrfsThe unrestricted  experimental bond lengths and angles show that both are in very

hybrid density functional (UB1LYP) of Adamo and Baré#&  good agreement and have the same conformation. The maximum
was used to determine both the optimal geometries and the totalof the difference between the computed and experimental bond
nuclear hyperfine tensors. It consists of the t&@ng—Parr lengths is less than 0.025 A; for bond angles it is less thah 1.0

correlation functional in conjunction with Hartre€ock—Becke Consequently, the UB1LYP/6-31G(d) method reproduces the
hybrid exchange functional. The optimizations were carried out experimental geometry quite well.
with the 6-316(d) basis set and were terminated when the sum The conversion fromisTHAQK, where both H11 and H12
of the energy gradients was less than 0.0005 kcal r@ol 2. are on the same side (face) of the moleculetransTHAQK,
Although very good geometries may be obtained using the where they are on the opposite sides, is impossible without going
smaller 6-31G(d) basis sets, we have opted for Barone’s largerthrough the THAQE intermediate or explicitly breaking bonds.
basis sets when calculating the hyperfine tensoT$iese basis  The formation ofcisSTHAQK pure single crystals from neutral
sets are optimized for accurate hyperfine tensor computationssolutions, as evidenced by X-ray diffraction, is a strong
of the H, C, and O centers. The UBLLYP results surpass in indication the kete-enol tautomerism
quality the more expensive ab initio methods at the unrestricted
Hartree-Fock (UHF) level23.24.26:28 CisTHAQK = THAQE = transTHAQK
To include the effects of the methanol and DMSO solvents
on the computed hyperfine argl tensors, the UAHF-PCM
method was use#f:29

does not readily occur. Since the single crystal structure may
only represent one of a number of tautomeric species in solution,
NMR spectroscopy is used to determine if THAQ in various
solvents, in addition to the recrystallization solvent (95%
ethanol), also exists assTHAQK and if it tautomerizes to

3a. Comparison of the THAQK Single Crystal and THAQE in the range—50 to 70°C.
Computed Structures. The single crystal structure of THAQ, 3b. Assignment of the'H and 13C NMR Spectra of THAQ.
obtained by X-ray diffraction after recrystallization from To the best of our knowledge, tAel and3C NMR spectra for
methanol, indicates that it exists in the bent and twisted bothcisTHAQK and THAQE have not been reported. Thus, it
cisSTHAQK form. This is consistent with its preparation by the is important to first assign their individual spectra before
[4 + 2] cycloaddition of butadiene to naphthaquinone. The studying their tautomerization.
single crystal structure, refinement parameters, bond lengths, All 'H NMR spectra ofcisTHAQK in various solvents,
angles, atomic coordinates, and their equivalent isotropic between—50 and 70°C, consist of 6 different peaks as listed
displacement parameters are listed in detail elsewffere. in Table 1. Integration of each of these peaks shows that they

The atom numbering and structure of the molecule is shown are due to the same number of protons. This is not consistent
in Figure 1. The €&C bond distance between C2 and C3 is with the suggestedisTHAQK structure or that determined by
1.318(2) A which is in agreement with similar ethylenic double X-ray crystallography and predicted by the UB1LYP computa-
bonds3! The average of the G1C11 and C4-C12 bond lengths  tions. In addition, THAQE is expected to give only five distinct
is 1.526 A. It also agrees with the normal values of similar bonds peaks and is therefore ruled out as a possible structure. The
of sp? hybridized carbon atord$and is quite a bit longer than  only remaining possibility is that in the liquid state the

3. Results and Discussion
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TABLE 1. 'H and *3C Chemical Shifts* of THAQK in carbonyl carbon signal at 197.2 ppm identifies this resonance
Various Solvents at 298 K as due to the (H5, H8) protons. Consequently, the resonance at
equivalentatoms acetone chloroform DMSO methanol 7.85 ppm results from the (H6, H7) pair. A nuclear Overhauser

H Chemical Shifts effect (NOE) experiment is used to assign the peaks at 2.26
H1, H4 2.47 2.55 2.45 2.32 and 2.25 ppm belonging to the aliphatic (H1, H4) and '(H1
H1', H4 2.23 2.26 2.22 2.15 H4') pairs of resonances. When the (H11, H12) signals occurring
H2, H3 5.70 5.75 5.70 5.66 at 3.49 ppm are saturated, the maximum enhancement is
Egl Eg ?gg ggg g-gé ;-3‘51' observed for the lines around 2.45 ppm. This indicates that they
H11 H12 3.49 3.42 344 3.49 are due to the closest nuclei and should be assigned to H1 and
' . o ' ' H4. Consequently, the remaining 2.23 ppm peak must be due
13C Chemical Shifts ' ,
to (H1, H4) resonances.
Cl,C4 24.08 24.47 24.37 23.96 .
C11. C12 46.16 46.58 46.07 46.29 The assignment of most of tHéC spectrum followed from
Cc2,C3 124.61 124.59 125.11 124.27 the HMQC spectrum, shown in Figure 2, in a straightforward
C5,C8 126.40 126.88 126.79 126.26 manner. The'®C chemical shift of the remaining quaternary
C13,C14 134.09 134.02 134.03  133.97  carbons (C13, C14) is extremely close to that of the (C6, C7)
C6, C7 134.22 134.28 135.05 134.12 pair. It was assigned to the resonance at 134.09 ppm on the
C9, C10 197.20 198.08 198.20 198.10 . . . - .
basis of the intensity of the signal relative to the protonated
& Chemical shift in parts per million (ppm). carbons and the absence of a correlation involving this chemical

shift in the HMQC spectrum.

Since all the NMR spectra in the temperature rand® to
70 °C have the same number of peaks and are due to
cisTHAQK, then it is safe to assume that the

SCHEME 1: Rapid Averaging of cisSTHAQK in Solution

CisTHAQK == THAQE == transTHAQK

keto—enol tautomerization does not easily occur under these
neutral conditions and temperatures.

3c. Conversion of cisTHAQK to THAQE. From our earlier
work, it was found that the addition of NaOH to a solution of
THAQ, in the ratio of 1:1, resulted in the rapid formation of
the DHASQ radical aniort. In an attempt to slow this complex
reaction, the ratio of NaOH/THAQ was reduced by 2 orders of
magnitude. The proton spectrum, in Figure 3a, is obtained by
CisTHAQK fluctuates between two bent conformations to give 2dding 1 equiv of NaOH/ED solution to 350 equiv 6THAQK
the average structure shown in Scheme 1. This renders the (Hl,In methanolés. Initially, the six familiar THAQK  peaks plus a

- new HOD line at approximately 4.9 ppm, arising from the
H4)’.(Hl.’ H4)’ (HZ.’ H3), (HS.’ H8), (H6, H7), and (H11, H12) exchange between NaOH and@ are apparent. In addition,
as six distinct equivalent pairs.

) there is no evidence of any paramagnetic species in solution.
The 'H and3C NMR spectra of THAQK were interpreted As the spectra were monitored as a function of time, four

using standard 2D methodology (Table 1). The (H2, H3) and new lines appeared at 3.50, 5.97, 7.35, and 8.12 ppm as shown
(H11, H12) pairs of resonances were unequivocally assignedin Figure 3b-d. The intensities of the new lines slowly increased
by inspection. The observation of a correlation in the HMBC while the those of the original six decreased. Figure 3d indicates
spectrum between thé&H resonance at 8.00 ppm with the that after 4320 min all the original THAQK peaks have
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Figure 2. H, 13C, and'H—C HMQC NMR spectrum otisTHAQK in acetoned.
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HOD

d) 4320 minutes

) 400 minutes

b) 160 minutes

a) 65 minutes

Figure 3. The 400 MHz'H NMR spectra showing the conversion@§THAQK to THAQE as a function of time. THAQE lines are indicated by
an asterisk.

TABLE 2: H and 13C Chemical Shifts* of THAQE in This indicates that the hydroxyl ion acts as a catalyst. A plausible

Methanol at 298 K mechanism for the enolization process (in water) is given in
H1,H4 H2,H3 H5,H8 H6,H7 H9,H10 Scheme 2. The absence of any intermediates suggests that once
3.50 5.97 8.12 735 8.50 one CO group has been converted te-@-H then the

conversion of the second CO group to a hydroxyl is expected

C1,C4 C2,Cc3 (C5C8 C6,C7 C9CI10 Cl1,C12 C13,C14 to be much faster than the first.

2420 123.31 121.02 123.68 142.02 117.51 124.68 A similar reasoning also holds when the solvent is methanol.
aChemical shift in parts per million (ppmy.Determined from the Sq' Elect.ron Paramagnetlc Resonance of the DHASQ

NMR spectrum in DMSO. Radical Anion. The addition of a small amount of NaOH to

THAQK using methanoty; as a solvent enabled us to gradually

disappeared and only four new peaks are apparent. IntegratiorfOnvert the parent THAQK to THAQE. However, if the ratio
of the areas under the spectral lines showed that the number offf NaOH/THAQK is increased to 1:4, the THAQK NMR
protons of the 3.50 peak were double each of the other three.SPECtrum disappears due to the formation of a paramagnetic

The NMR spectra also indicate thasTHAQK was converted ~ T€€ radical species in solution. _
to a single new product and no intermediate species were 10 Shed more light on this radical, the reaction was repeated
apparent. in DMSO, and the EPR spectra of the products were recorded.

Assuming that the resulting molecule is THAQE, then five The resulting spectrum was found to be identical to that recorded

oton peaks instead of fo e expected. Ho the OH previously by Mattar and Stephehshis indicates that the
proton peaks instea ur are expected. Fowever, e THAQK molecule first converts into THAQE and in the
moiety of the THAQE undergoes fast exchange with the labile presence of more OHsubsequently forms the DHASQ radical
S;I?t[(c))udpis(gptggacr:B%DvZﬂgetuﬁsaqgeCZi:Z?irlrirﬁ?\r/\rlzzprzgzlgtge danion. This last step is still a complex one which involves the

in DMSOd h the deuteri h . i fast loss of two protons and an oxidation. Therefore, it is quite
In D-ds, Where the deuterium exchange 1S not as fast. probable that an additional reactive intermediate is involved.
Indeed, in this case the resultii NMR spectra displayed an

OH brot K 484 There are two possible routes by which the THAQE molecule
proton peak around ©.% ppm. is converted into the DHASQ radical anion. The first entails
_The'H and™C spectra of THAQE were assigned inamanner the conversion of THAQE to the corresponding DHAQ mol-
similar to that used for the THAQK. The chemical shifts are gcyle in the presence of,OThis is then followed by a single
listed in Table 2. The entiréH spectrum was assigned by electron reduction to the DHASQ radical. In the second
inspection. The protonated carbon atoms were clearly identified mechanism, THAQE is first converted to the DHAQ dianion
from the HMQC spectrum. The chemical shifts of the quaternary \hich is oxidized back to the DHASQ anion. This is depicted
carbons (C9, C10), (C11, C12), and (C13, C14) were found t0 jn Scheme 3.
be 142.02, 117.51, and 124.68 ppm, respectively. They are based The second route requires 2 equiv of Otd form the DHAQ
on the HMBC'H/*C correlations occurring between the (8.12/  gjanion, making the first mechanism the most probable one. In
142.02), (5.97/117.51), and (7.35/124.68) ppm peaks. order to prove that the first mechanism is operational, it is crucial
It is important to note that a very small amoufsf, equiv) to isolate the DHAQ intermediate and then reduce it with-OH
of NaOH was required to convert tliesTHAQK to THAQE. to the corresponding DHASQ radical. In addition, Scheme 3
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SCHEME 2: Enolization of THAQK by OH — in an Aqueous

Po

OH- abstracts a
proton from THAQK &

OH- formed and
enolization complete

SCHEME 3:
Radical Anion.

Conversion of THAQE to the DHASQ

Q

DHAQ dianion

does not exclude the possibility of the
DHAQ + DHAQ? — 2DHAQ"™

comproportionation reaction.

DHAQ was prepared by dissolving THAQK in methardl-
and adding NaOH in the molar ratio 350:1, respectively. This
small amount of base converted the original THAQK to
THAQE. The solution was left to stand for three weeks until
well formed orange crystals settled out and their structure was
determined by X-ray crystallography. It revealed that they are
indeed DHAQ crystals, and crystallize in the orthorhombic space
group. Their unit cell parameters were found tcalre 16.354-

(3) A, b =12.612(2) A, andc = 4.914(3) A. An ORTEP
diagram of the crystal structure is given in Figure 4. Its

Mattar et al.

Medium

THAQK carbanion
radical formed

Charge migrates

from C to O
C-O single L
bond formed-\'*' grm%gond

coordinates, and their equivalent isotropic displacement param-
eters are given in ref 30.

The crystal structure shows that in going from THAQK to
DHAQ the molecule still maintains its keto structure because
its C9, 09 and C9 09 distances are 1.222(4) A and are typical
of CO double bonds. They are also in agreement with previously
published values on similar compouridsThe aromatic ring
angles are similar to those of THAQK and range from 119.3-
(4) to 120.0(4) A. They are also in good agreement with those
of analogous structures determined by Phillips and Trétter.
Because the C1C11 bond in THAQK is converted from an
sp—sp® type to an sp-sp? in DHAQ, its bond distance
decreases from 1.5299(1) to 1.478(6) A. Thé-sg? C1-C11
and C1C2 bond lengths are 1.478(4) and 1.447(5) A,
respectively. They are longer than the correspondirfg-sp
C2—C3 bond length of 1.324(9) A.

The isolation of the DHAQ in pure form, as single crystals,
enables us to verify if it can be converted into the corresponding
DHASQ radical anion via a single electron reduction. When

010

Figure 4. ORTEP diagram of the DHAQ structure and numbering of

refinement parameters, bond lengths bond angles, atomicits unique atoms.
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DHASQ in methanol

Experimental

Simulated WM
TTTTTT T T T T T T T T
321.0 321.2 3214 3216 321.8 322.0 322.2

Magnetic Field (mT)

Figure 5. Experimental and simulated EPR spectra of the DHASQ
radical obtained by the addition of 1 equiv of NaOH to DHAQ in
oxygen-free methanol.

the pure DHAQ crystals were dissolved in DMSig-to form

a 1.0 mM solution, and 1 equiv of NaOH was added, the
resulting EPR spectrum was again identical to that determined
previously by Mattar and Stepheh$his unequivocally proves
the formation of the DHASQ radical anion. Therefore, the first
proposed mechanism is certainly possible.

Since the DHAQ was originally produced and isolated starting
from THAQK in methanol, it is imperative to further prove that
the DHASQ radical may also be generated by starting from
DHAQ in methanol. The EPR spectrum obtained by adding 1
equiv of NaOH to a 1.0 mM solution of DHAQ in methanol is
shown in Figure 5. The splitting patterns and intensities of this
spectrum do not resemble those of the DHASQ radical in
DMSO. However, from such an observation alone, it is
insufficient to conclude that this radical is not the DHASQ
radical anion.

Due to the large number of overlapping lines in a very small
region of the EPR spectrum, any slight variation in #hé
hyperfine coupling constarais°(*H), will lead to large changes
in their overall intensity patterns. The proper way to determine
the nature of this new radical is to simulate its experimental
spectrum and compare the resultigig?(*H) with those previ-
ously simulated by Mattar and Stephén¥able 3 lists the
experimental and compute#o(*H) of the DHASQ radicals in
DMSO and methanol. It reveals that the experimeafs(*H),
obtained by simulation of the spectra (Figure 5 and Figure 2b
of ref 4), are very close in magnitude. The maximum difference

J. Phys. Chem. A, Vol. 108, No. 52, 20041551

TABLE 3: 'H Hyperfine Coupling Constants? for
1,4-Dihydro-9,10-anthrasemiquinone

methanol DMSO

GP exped calcd expte calcd
1H1 2240  |2.69 2343  |2.70 2.396
14y 2240  |2.69 2343  |2.70 2.396
1H2 -0.027 10.04 -0.135 10.05 -0.143
143 -0.027  |0.04 -0.135  |0.05 -0.143
1H4 2240  |2.69 2343 |2.70 2.396
Hg 2240  |2.69 2343  |2.70 2.396
1H5 -0.158  |0.55 -0.264  ]0.32 -0.191
1H6 -0.937  |0.70 -0.882  |0.79 -0.905
1H8 -0.158  |0.55 -0.264  ]0.32 -0.191
147 -0.937 0.7 -0.882  |0.79 -0.905

aValues in Gauss: 1.0 G 107“ Tesla.” GP denotes a gas phase
computation with no solutesolvent interactions: The signs of the
hyperfine coupling constants (HCCs) were not experimentally deter-
mined. The DHASQ hyperfine coupling constants were determined
from the simulated spectrum in Figure SReference 4.

DHASQ in DMSO

DHASQ in Methanol

| | — T ] T T T
322.0 3222 3224
Magnetic Field (mT)

Figure 6. Comparison of the expanded region of the EPR spectrum
of DHASQ in DMSO and methanol. Although the differences in the
hyperfine coupling constants are minimal, the appearance of the two
spectra are quite different.

DMSO and methanol. Figure 6 compares the spectral differences
in these two solvents in the high field region between 3220
and 3224 G. Although the differences in the hyperfine coupling
constants are very small, the spectra are quite distinct.

The net spin density ara#(*H) of the DHASQ radical were
previously computed in the gas phase, in the absence of solute
solvent interaction$.In this study, we have also included the
solvent effects. Table 3 lists the computa®(*H) in the gas
phase, methanol, and DMSO. The accuracy of the computed
results is very good compared to those of the radical anions of
similar quinones, where the uncertainty is usually32G. In
all the computations listed in Table 3, the maximum difference
between the calculated and experimeat&(*H) is 0.46 G. This
occurs for the four equivalent H1, HIH4, and H4 nuclei in
the gas phase and the experimental spectrum in DMSO. As the

of a°(*H) between them is only 0.23 G and occurs on the H2 effects of the methanol and DMSO solvents are included in the
and H3 nuclei. These small differences in the hyperfine coupling UB1LYP computations, the agreement between the computed
constants are attributed to the different solvents. and experimental values gets even better. Although the inspec-
The tails of an EPR spectrum are usually the regions that aretion of Table 3 shows that the relative differences between the
best resolved and suffer minimal resonance overlap. Therefore,experimental and computed values are large, the absolute
although they have low intensities, they are the most appropriateaccuracy is excellent. This is because the differences are less
regions to demonstrate the different patterns of DHASQ in than 0.5 G, while in general the range of possi#ig'H) values
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SCHEME 4: Intermediates Involved in the Conversion of THAQ to AQ.

cisTHAQK

Reduction

DHASQ

varies from 505.0 G, for a free hydrogen atom, to approximately To determine the THAQK molecular structure in various

42 mG in the case of 2,3,5,6-tetramethoxy-1,4-benzosemi- solvents, one has to resort to 2-D NMR experiments such as

quinone!8 IH—13C HMQC and'H—13C HMBC. At ambient temperatures,
One can also safely compare the trends of the experimentalthe THAQK is found to fluctuate between two extreme bent

and computea@s°(*H) in different solvents. Table 3 shows that configurations resulting in the average structure illustrated in

for the H1, H1, H4, H4, H2, H3, H6, and H7 nuclei the  Scheme 1.

experimentab>('H) values increase when going from methanol  \When a very small amount of NaOH is added to THAQK in

to DMSO. Accordingly, the computed values also show the methanold,, it is gradually converted into the corresponding

same trend. On the other hand, the H5 andai&'H) values enol form, THAQE. Monitoring this process, b{4 NMR

are less in DMSO compared to methanol. This trend is also spectroscopy, reveals that after 72 h the conversion of THAQK

true for the calculated values. Theref_o.re, from all the above to THAQE is complete.

results one may conclude that the addition of NaOH to DHAQ ¢ o6 NaOH is added such that the NaOH/ITHAQK ratio

in methanol produces the corresponding DHASQ radical anion. js 1.4 '3 paramagnetic free radical species in solution is formed

When DHASQ is subjected to trace amounts of, @e which is characterized by EPR spectroscopy as the DHASQ
solution turns red, and a new species is formed. The EPR y5gical anion. Therefore, THAQK is first converted to THAQE,

spectrum of this solution reveals that, in conjunction with the 54 in the presence of more OHit is then further converted
DHASQ radical, the ASQ radical is also present in significant o the DHASQ radical anion.

amounts. Consequently,,(as oxidized the DHASQ to the The DHASQ anion may be formed from THAQE via two

ASFQ ;Edlc.al Wherepy :Ee Hand Ht4 r:gve been ttallr:k:na;\esd. possible routes shown in Scheme 3. In one, THAQE is converted
d'url erllnc;eatﬁe n tezlczoncer: ra ||on l(J:onver s the i Q ¢ to give DHAQ which, in turn, is reduced to yield the DHASQ
radical anion to the neutral AQ molecule. Upon evaporation o radical anion. In the other, the THAQE is reduced to the DHAQ

the solvent the product quinone is precipitated. Its mass Spectrumyi- ion and is then oxidized back to the DHASQ radical anion.

fsrgomn’]semz;i:)hne n;(t)tztrgnf/sgssio%ia(‘jk tgcggrijg;ﬁg;'??ggf (';[fs 109 The first mechanism was shown to occur by isolating the DHAQ
9 P '~ intermediate, under carefully controlled conditions, and char-

?Snmgagu{g?;ﬁt'htzuji’r:gfesafe to conclude that the final product acterizing it by X-ray diffraction. Its solution was then reduced
’ q ’ by NaOH to DHASQ and detected by EPR spectroscopy.

Finally, the use of NMR, EPR, X-ray diffraction, and mass . . .
spectrogcopy suggests that the THAQ)IQ to AQ reaction follows 'I_'h_e DHASQ rad|ca_l anion E'.DR spectra have different
the set of reactions given in Scheme 4. splittings patterns and intensities in different solvents such as

methanol and DMSO. Consequently, the proper way to compare
this radical in various solvents is to simulate its experimental
EPR spectra and compare their hyperfine coupling constants

The structures oftisTHAQK obtained by X-ray crystal-  obtained from the simulations.
lography and geometry optimization show that their bond lengths ~ The ais%(*H) hyperfine coupling constants of DHASQ were
and angles are very close. Consequently, the UB1LYP/6-31G- computed using the UB1LYP hybrid density functional method.
(d) method predicts the experimental solid state geometry quite As the effects of the methanol and DMSO solvents are included,
well. the already good agreement between the computed and experi-

An important aspect of the THAQK structure, whether mental values in the gas phase gets even better. In addition, the
determined by calculations or X-ray crystallography, is that both change in the magnitude of the experimental and calcukiied
the H11 and H12 protons are on the same side of the molecule.(*H) in different solvents follows the same trends.

4. Summary and Conclusions
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When the DHASQ radical anion comes in contact with trace (8) Landucci, L.; Ralph, JJ. Org. Chem1982 47, 3486.
amounts of @ it is converted into the ASQ radical by (9) Hocking, M. B.; Mattar, S. MJ. Magn. Resor 982, 47, 187.
elimination of its H1 and H4 atoms. Further increase in,O (10) Mattar, S. M.; Fleming B. ITappi 1981, 64, 136.

- . . (11) Doyle, J. E.; Looney, F. DAppita 1982 36, 219.
concentration totally converts the ASQ radical anion to the (12) Ohtani, Y.. Takuro, N.: Kazuhiko, Seni Gakkaishi1996 52,

neutral AQ molecule. 175. Ljungquist, P.; Sjoholm, ESTFI-KONTAKT2003 December Issue,
Having determined the mechanism of the conversion of 9. _ _ o _

THAQ into AQ, one is now in a position to understand why (13) Tatsuyoshi, K.; Yukio, N.; Hiroaki, TJpn. Kokai1976 54, 540.

the addition of THAQ to alkaline soda-pulping solutions has ~ (14) Al, van T.Appita200Q 53, 300.

. - AG (15) Jahan, S. M.; Farouqui, F.IPPTA200Q 12, 15.
similar effects to th? AQ catalystin the ; oda pro_cgss. From (16) Shaka, A. J.; Keeler, J.; Frenkiel T.; FreemanJRviagn. Reson
the present study, it is clear that the alkaline conditions of soda- 1983 52, 335.

pulping and the presence of dissolvegli®the pulping solutions (17) Mattar, S. M.; Stephens, A. hem. Phys. Let2001, 347, 189.
will convert the THAQ catalyst into AQ as shown in Scheme  (18) Mattar, S. M.; Stephens, A. D.; Emwas, A. Bhem. Phys. Lett.
4. Thus, THAQ-soda pulping in the presence of atmospheric 2002 352 39.

. - . (19) Mattar, S. M.; Sammynaiken, R. Chem. Physl1997 106, 1080.
Oz is, for all practical purposes, AQsoda pulping. (20) Mattar, S. M.; Sammynaiken, B. Chem. Phys1997, 106, 1094.
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