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A description of free-radical reactions in the solid state is important for some processes causing long-term
stability problems of natural and synthetic products. Recent studies revealed that, in the solid state,
mercaptooctadecanethiyl radicals, C18H37S•, do not abstract a hydrogen atom from mercaptooctadecane, C18H37-
SH, but yield perthiyl radicals, C18H37SS•, via a net sulfur transfer (Faucitano et al.ChemPhysChem2005, 6,
1100-1107). Here, we demonstrate that such a sulfur transfer is not a general phenomenon of thiyl-radical
reactions in the solid state, providing experimental evidence for a solid-state hydrogen-transfer reaction between
a dithiyl radical, generated through the photolysis oftrans-4,5-dihydroxy-1,2-dithiacyclohexane (DTTox), and
dithiothreitol. The photolysis of crystalline solid deposits of DTTox yields two isomers of 2,3-dihydroxy-1-
mercaptotetrahydrothiophene with a combined quantum yield ofΦF ) 0.39( 0.02. This quantum yield was
increased toΦF ) 0.87 ( 0.13 when the solid deposits contained an additional dithiol,DL-1,4-dimercapto-
2,3-butanediol (DTT), at a ratio of DTT/DTTox ) 10:1. This increase in quantum yield depended, in part, on
the presence of oxygen but was independent of residual moisture in the solid samples. Mechanistically, the
formation of 2,3-dihydroxy-1-mercaptotetrahydrothiophene can be rationalized by the H transfer from DTT
to a photochemically formed dithiyl radical from DTTox, yielding 2 equiv of monothiyl radicals from DTT,
followed by a series of radical transformations.

Introduction

Free-radical reactions play an important role in the degrada-
tion or “aging” of synthetic and natural products. These
processes may be triggered photochemically and/or through the
(auto)oxidation of labile functional groups of the respective
target molecules or impurities present in these materials. Much
research effort has focused on the mechanisms and parameters
controlling free-radical reactions in solution. However, a great
deal of these reactions occur in nonfluid media such as polymers
and even solids.1,2 For example, many pharmaceutical drug
candidates are formulated or preformulated in the solid state,
where oxidative degradation is a well-known phenomenon. The
fact that these formulations often contain multiple components,
such as drug(s) and excipients, may render mechanistic inves-
tigations on such solid-state oxidation reactions quite complex
compared with studies of single crystals.3

A fundamental reaction involved in many oxidation processes
is the abstraction of a hydrogen atom.1 Reactions performed in
single crystals have provided important physicochemical details
on the parameters controlling H-transfer reactions in the solid
state. For example, intramolecular H-transfer processes triggered
by the photolysis of ene-diones and related compounds show a
strong dependency on the crystallographic distances between
H acceptors and H donors, where the sum of the van der Waals
radii of the reacting atoms may represent an upper limit for
distances over which H-transfer reactions occur.1 The resulting

biradicals recombine to yield final products that have molecular
dimensions similar to those of the reactants, which is consistent
with the topochemical principle. The photolysis of undecanoyl
peroxides provides an example for an intermolecular solid-state
hydrogen transfer. Here, the selectivity of the intermolecular H
transfer from a neighboring chain is the result of a rotational
motion of the long-chain alkyl radicals to relieve local stress
caused by the photochemical release of CO2.4

To predict the solid-state reactivity of heterogeneous solid
formulations, we need quantitative information on the generation
and reactivity of specific pharmaceutically relevant reactive
species in the solid state. Thiols represent a pharmaceutically
and biologically highly abundant functional group that is easily
oxidized to the respective thiyl radical through H transfer or
combined electron/proton transfer.5,6 This paper focuses on the
solid-state reactivity of thiyl radicals. Recently, Faucitano et
al. reported the quite unusual solid-state reaction between a thiyl
radical (RS•) and a thiol (RSH), which did not proceed via
hydrogen transfer but a net sulfur transfer to yield a perthiyl
radical (RSS•).7 This radical was identified by electron spin
resonance spectroscopy on the basis of the analogy to a radical
obtained during theγ irradiation of crystalline cystine dihy-
drochloride.8 The net sulfur transfer was rationalized by a
topochemical control of the reaction in the solid.7 The present
paper will show that such a sulfur transfer does not constitute
a general pathway of solid-state thiyl-radical reactions. Instead,
hydrogen transfer appears to be the predominant solid-state
reaction between dithiyl radicals, photochemically generated
from trans-4,5-dihydroxy-1,2-dithiacyclohexane (DTTox; species
1 in Scheme 1) and dithiothreitol (6).
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We recently established that the photolysis of DTTox in
solution yields dithiyl radicals2, which ultimately form two
isomers of 2,3-dihydroxy-1-mercaptotetrahydrothiophene5 via
either reactions 3 and 5 or reactions 6 and 7 (see Scheme 1).9

In methylene chloride (CH2Cl2), the dithiyl radical2 abstracts
a H atom from a second molecule of DTTox, demonstrating its
suitability to initiate H-transfer reactions.9 On the basis of the
molecular similarity of1 and6, we expected good cocrystal-
lization of both compounds to permit chemical reactions in the
solid state. We will show that dithiyl radical2 indeed abstracts
a H atom from6 in the solid state, resulting in the formation of
a thiyl radical. The latter will ultimately form 2,3-dihydroxy-
1-mercaptotetrahydrothiophene through a reaction with molec-
ular oxygen.

Experimental Section

Materials. D/L-DTTox andDL-1,4-dimercapto-2,3-butanediol
(D/L-DTT) were obtained from Sigma-Aldrich Chemical Co. (St.
Louis, MO) and used as received. If not stated otherwise, all
experiments were conducted withD/L mixtures of these com-
pounds. Optically pureL-DTTox was prepared by oxidation of
L-DTT and preparative high pressure liquid chromatography
(HPLC) separation. Methylene chloride (CH2Cl2) and HPLC-
grade acetonitrile (CH3CN) were purchased from Fisher Sci-
entific (Pittsburgh, PA) and used as received. Water was distilled
by a Labconco purification system. D2O was received from
Cambridge Isotope Laboratories, Inc. (Andover, MA).

Photochemical Reactions.Photochemical reactions were
carried out either in a Rayonet photoreactor (Southern New
England Ultraviolet Co., Branford, CT) or in a custom-built
photolysis system. The Rayonet photoreactor was equipped with
up to eight RPR-3500 lamps, which emit light between 305
and 410 nm, overlapping with the low-energy part of the UV
absorbance of DTTox (absorbance ca. 250-325 nm;λmax ) 280
nm). The custom-built photolysis system was composed of an
arc lamp power supply (model 68806; Oriel Instruments,
Stratford, CT), a convective lamp housing (Oriel Instruments)
equipped with a 100-W (ozone-free) xenon lamp, a monochro-

mator (model 77250; Oriel Instruments), and an integrating
sphere (Labsphere, Inc., North Sutton, NH). The light beam was
guided into the monochromator with a fused-silica plano-convex
lense (Oriel Instruments) and from the monochromator into the
integrating sphere via a biconvex fused-silica lense (Oriel
Instruments). From the integrating sphere, the reflected light
was collected and quantified by a Labsphere integrating sphere
system control (SC-5500; Labsphere, Inc.). Data acquisition was
performed over an RS232 interface using software written in
Delphi (Borland, Scotts Valley, CA). The photolysis sample
was placed into the integrating sphere, and the monochromator
wavelength was set to 297( 2 nm (slit width) 280 µm).

Sample Preparation.For photochemical experiments in the
Rayonet photoreactor, either neat DTTox or physical mixtures
of DTTox and DTT at different mass ratios were dissolved in 1
mL of methylene chloride in quartz test tubes. The methylene
chloride was then evaporated using a vacuum pump (Barnant
Co., Barrington, IL), leaving thin layers deposited on the walls
of the quartz test tubes. After irradiation, the deposits were
dissolved in 1 mL of acetonitrile and diluted to 1:20 (v/v) with
purified water for analysis by reverse phase-HPLC (RP-HPLC).
For studies of kinetic isotope effects, a physical mixture of DTT/
DTTox (10:1; w/w) was dissolved in deuterium oxide. The
samples were allowed to exchange for 4 h at 5 °C before
lyophilization. Thin-layer deposits were then prepared as stated
above.

For photochemical experiments in the integrating-sphere
system, thin layers of sample were deposited on quartz windows
(Hellma, Plainview, NY). A 5 mg/mL solution of DTTox and a
50 mg/mL solution of DTT were made in methylene chloride.
Then, 100-µL aliquots of the individual solutions or a 1:1 (v/v)
mixture of both solutions was placed on the quartz window,
and the solvent was evaporated. Each window was placed
individually into the integrating sphere and irradiated with 297-
nm light for either 1-2 (DTT/DTTox mixtures) or 5 (DTTox)
days. After irradiation, the deposits were dissolved in 1 mL of
acetonitrile and diluted to 1:20 (v/v) with purified water for
analysis by RP-HPLC.

SCHEME 1
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HPLC Analysis. Product separation was carried out on a
Hewlett-Packard 1050 instrument equipped with a UV detector.
A 100-µL aliquot of diluted sample was injected using an
Agilent Technologies 1100 autosampler onto a HPLC column
(Phenomenex ODS, 250× 4.5 mm) and eluted using a linear
acetonitrile/trifluoroacetic acid gradient with UV detection at
214 nm. The mobile phase started with 5% mobile phase B
[0.1% (v/v) trifluoroacetic acid/90:10 (v/v) acetonitrile/water]
at 0 min and increased linearly to 30% mobile phase B within
30 min at a flow rate of 0.8 mL/min. Products were isolated
and lyophilized for characterization.

Quantification of H 2O2. Hydrogen peroxide (H2O2) was
measured spectrophotometrically by detecting its titanium sulfate
complex at 410 nm, usingε410 ) 700 L mol -1 cm-1.10 To
determine the limit of detection, a H2O2 standard curve ranging
from 0 to 500µM concentrations was prepared. We obtained a
limit of detection of 10µM. The standard curve was linear
between 10 and 500µM H2O2. Sample preparation and
irradiation was as described above for photochemical reactions
in the Rayonet photoreactor. After irradiation, samples were
reconstituted with 1 mL of peroxide analyte solution [1% Ti-
(IV), 10% H2SO4] and immediately analyzed by UV spectros-
copy.

Solid-State NMR Spectroscopy.Solid-state NMR was used
to determine the crystallinity of the solid deposits. As a result
of the large mass quantity needed for analysis, deposits were
prepared using a rotary evaporator instead of test tubes. Differing
ratios of DTT/DTTox (10:1, 4:1, 2:1, and 1:1) were tested with
a final mass of 1 g/deposit. Reagents were dissolved in 500
mL of CH2Cl2, and the solvent was removed using a rotary
evaporator.

All 13C spectra were acquired on a Chemagnetics CMX-300
spectrometer (7.05 T) using cross polarization (CP) and magic-
angle spinning (MAS). Samples were packed into 7.5-mm
zirconia rotors and spun at 4 kHz in a Chemagnetics probe
outfitted with a Pencil spinning module. Samples were packed
in the rotors under normal atmospheric conditions and Kel-F
endcaps were used to hold the sample in the rotor. The variable-
amplitude CP experiment was used along with the total
suppression of spinning sideband pulse sequence and two-pulse
phase-modulated decoupling. A 120-s pulse delay and a1H 90°
pulse width of 4-4.5 µs was used. A contact time of 5.0 ms
was also used for the maximum transfer of magnetization from
the 1H to the 13C nuclei. The free-induction decay contained
1024 data points acquired at a dwell of 33.3µs. To obtain a
relatively high signal-to-noise ratio, 1024-2560 transients were
acquired depending upon the component ratio. Spectra were
externally referenced to tetramethylsilane using the methyl peak
of hexamethyl benzene at 17.35 ppm.

X-ray Diffraction. X-ray diffraction patterns were obtained
on a Bruker D8 Advance diffractometer equipped with a theta-
theta goniometer. Cu KR radiation was used to generate the
diffraction patterns (λ ) 1.54 Å) with an X-ray generator with
the power setting at 40 kV and 40 mA. A step scan of 0.04° 2θ
with 12 s/step from 15° to 40° 2θ was used. The samples for
analysis were mounted on plastic sample holders, and to avoid
any type of water adsorption during the course of the acquisition
of the diffraction pattern, a thin polymer film was used to seal
the sample in the holder.

Quantification of Residual Moisture. Solid deposits con-
taining different ratios of DTT and DTTox were tested for
residual moisture after dissolution in 0.5 mL of anhydrous
methylene chloride (CH2Cl2). The total volume was injected
into a Karl Fischer coulometer (Mettler Toledo, Columbus, OH)

for titration analysis according to published procedures in the
Annual Book of ASTM Standards (ASTM 1533-88). Samples
were corrected for moisture in the solvent by titration of neat
CH2Cl2.

Results

Characterization of the Reaction Mixture. Solid-State13C
NMR. NMR experiments were initially performed on the two
native reactants DTTox (1) and DTT (6) to optimize the
experimental parameters. Spectra of both compounds could be
assigned using the same NMR acquisition parameters, making
it easy to study mixtures of the two compounds. The spectra,
shown in Figure 1, show that both compounds were crystalline
and that mixtures of the two compounds would have resolved
NMR spectra. In addition, a physical mixture containing a 10:1
(w/w) ratio of DTT/DTTox was also analyzed for comparison
with the spectra of the solid deposits. Deposits were prepared
using varying ratios (1:1, 2:1, 4:1, and 10:1, w/w) of DTT/
DTTox. Figure 2 shows the spectra of these four deposits. The
chemical shifts of the peaks in the spectra did not change.
Changes are only observed in the relative intensity of the DTTox

component as the ratio of DTT/DTTox changed. No additional
peaks were observed. The presence of additional peaks would
indicate possible interactions between the compounds as a result
of additional bonding, either hydrogen or covalent bonding,
because NMR spectroscopy is sensitive to changes in the local
environment and short-range order.11-13

X-ray Diffraction. Diffraction patterns of DTT and DTTox

indicated crystalline samples, as shown in Figure 3. The
diffraction patterns for the solid deposits showed no changes
in the observed peak positions, indicating that no change in the
long-range order of the material had occurred (Figure 4A)14 and
that the sample was crystalline. The differences in the relative
intensities observed for the reference compounds and the final
deposit are possibly due to crystalline size and preferred
orientation effects. In addition, the overall decrease in resolution
of the samples containing DTT compared with that of the sample
containing DTTox alone is due to the polymer film that was
used to seal the DTT-containing samples to prevent moisture
absorption by DTT. The use of a polymer film blocked both
incident and refracted X-rays to and from the sample; therefore,

Figure 1. 13C CPMAS NMR spectra ofD/L-DTTox andD/L-DTT.
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the intensities observed for the DTT-containing samples were
greatly diminished, lowering the quality of the diffraction
pattern. A physical mixture of the two compounds yielded a
similar diffraction pattern as the solid deposit (Figure 4B).

Product Characterization and Quantification. Photolysis
of DTTox. The photolysis of solidD/L-DTTox resulted in the
formation of two distinct products, labeled I and II in the
chromatogram displayed in Figure 5.1H NMR and mass
spectrometric analysis confirmed that products I and II represent
two isomers of 2,3-dihydroxy-1-mercaptotetrahydrothiophene,
5, that are identical to the products obtained during the
photolysis of DTTox in either H2O or CH2Cl2.9 The yields of

both product I and product II depended on the irradiation time,
as shown in Figure 6. However, this dependence was not entirely
linear. Products I and II represent the only products observed
immediately after photolysis. However, upon prolonged storage
(>12 h), these products degrade into secondary products, which
have not been further characterized.

Photolysis of DTT/DTTox Mixtures.Solid deposits of mixtures
containing various ratios of DTT/DTTox were prepared. The
photolysis of these mixtures resulted in an increased yield of
product I, depending on the weight fraction of DTT, and a
generally decreased yield of product II, displayed in Figure 7.
At a weight ratio of DTT/DTTox ) 10:1, the photolytic yield
of product I increased about 4-fold as compared with the yield
of product I obtained with DTTox alone (i.e., in the absence of
DTT), whereas the presence of DTT actually diminished the
photolytic yields of product II. In control experiments, we
verified that the photolysis of DTT alone did not result in any
formation of products I and II (in these experiments, care must
be taken to avoid any oxidation of DTT to DTTox during sample
preparation). The levels of residual moisture were independent
of the relative content of DTT, quantified as 9( 1% residual
moisture, representatively, for DTT/DTTox ratios of 1:1, 4:1,
and 10:1. Hence, the enhanced yields of product I and the lower
yields of product II were not caused by different levels of
residual moisture.

The absolute stereochemistry of products I and II was not
determined as a result of the lack of an independent stereospe-
cific synthesis. However, the data presented in Figure 8 show
that especially the photolysis of optically pureL-DTTox produced
significantly lower yields of product II compared with the
photolysis ofD/L-DTTox. For example, representatively, for a
10-min photolysis, the yields of product II were 88% lower
during the photolysis ofL-DTTox compared with that ofD/L-
DTTox and 50% lower forL-DTT/L-DTTox (10:1, w/w) com-
pared with that ofD/L-DTT/D/L-DTTox (10:1, w/w). These
differences between the photolysis ofL/D-DTTox andL-DTTox

point to some conformational preference for product II formation

Figure 2. 13C CPMAS NMR spectra of mixtures ofD/L-DTT/D/L-
DTTox at various ratios between 1:1 and 10:1 (w/w).

Figure 3. X-ray diffraction patterns ofD/L-DTTox (A) and D/L-DTT
(B).

Figure 4. X-ray diffraction patterns of a solid deposit (A) or a physical
mixture (B) of a 10:1 ratio ofD/L-DTT/D/L-DTTox.
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in the photolysis of the other epimer,D-DTTox. Importantly,
such differences were not observed for product I formation.

Effect of Oxygen.The formation of products I and II was
sensitive to the presence of O2. Photolysis of DTTox under N2

(20-min purging of quartz vials with N2) gave about 50% lower
yields of products I and II compared with that of the photolysis
of DTTox under air. The photolysis of 10:1 (w/w) mixtures of
DTT/DTTox under N2 gave about 27% lower yields of product
I and 50% lower yields of product II compared with that of the
photolysis under air. However, hydrogen peroxide was not
detected after photolysis under air.

Isotope Effects.The large increase of product I in the presence
of DTT suggests a photooxidation of DTT through a primary
reactive intermediate from DTTox. A normal product isotope
effect should be observable if this oxidation step contains a rate-
determining hydrogen or proton transfer. To test for this, all
the exchangeable protons of DTT and DTTox were exchanged
in D2O before lyophilization and the preparation of solid deposits
of 10:1 (w/w) mixtures of DTT-d4/DTTox-d2 was conducted
under an air atmosphere from which moisture was excluded
through a CaCl2-containing tube linking the quartz vial and the
vacuum pump. Figure 9 shows that the photolysis of DTT/DTTox

yields about 1.6-fold higher yields of product I and 1.8-fold
higher yields of product II compared with that of the photolysis
of DTT-d4/DTTox-d2.

Quantum Yields.In determining the quantum yields through
eqs I and II, the integrating sphere was used, wherePabs is the
amount of photons absorbed,Pc is the amount of photons
reflected from a control sample lacking DTTox, andPs is the
amount of photons reflected from a sample containing DTTox.

The moles of product produced were calculated from the peak
areas of products I and II recorded during HPLC analysis (vide
supra). The photolysis ofD/L-DTTox alone gave quantum yields

Figure 5. Product formation during the photolysis of DTTox in the
presence or absence of DTT: (A) HPLC traces of control samples
before photolysis; (B) HPLC traces of samples after 10 min of
irradiation in the Rayonet photoreactor.

Figure 6. Yields of products I and II after specific amounts of time
of photolysis in the Rayonet photoreactor. Yields are expressed as moles
of product per moles of initial reactant, DTTox.

Figure 7. Effect of hydrogen-donor content (DTT) on the yields of
(A) product I and (B) product II. Yields (after 10 min of photolysis)
are expressed as moles of product per moles of initial reactant, DTTox.

ΦF ) moles of product/moles of absorbed photons (I)

Pabs) Pc - Ps (II)
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for the combined formation of products I and II ofΦF ) 0.39
( 0.02, whereas the photolysis of 10:1 (w/w) mixtures of DTT/
DTTox gaveΦF ) 0.87 ( 0.13.

Discussion

The following experimental features are important for a
mechanistic discussion of the results. (i) The photolysis of thin
deposits of crystalline DTTox under an air atmosphere yields
two isomers of 2,3-dihydroxy-1-mercaptotetrahydrothiophene,
5, products I and II, with a combined quantum yield ofΦF )
0.39( 0.02. (ii) With the admixture of increasing amounts of

DTT to DTTox, the yield of product I increases up to 4-fold,
while the yield of product II decreases. The combined quantum
yield of products I and II for 10:1 ratios of DTT/DTTox amounts
to ΦF ) 0.87 ( 0.13, that is, is close to 1.0. (iii) Under a N2

atmosphere, the yields of products I and II decrease by 27 and
50%, respectively. (iv) The formation of I and II shows normal
product isotope effects of 1.6 and 1.8, respectively, when the
exchangeable protons of DTT are replaced by deuterons.

The mechanism displayed in Scheme 2 (reactions 8-11)
accounts for all the observations under air. These reactions have
been formulated on the basis of known reactions of thiyl radicals
in solution15 or analogous processes ofR-hydroxyalkyl radicals16

(reaction 11). Dithiyl radical,2, abstracts a hydrogen atom from

Figure 8. Quantitative comparison of product I (A) and product II
(B) for the photolysis ofD/L-DTTox and 1:10 (w/w) mixtures ofD/L-
DTTox/D/L-DTT with optically pure L-DTTox and L-DTTox/L-DTT.
Yields (after 10 min of photolysis) are expressed as moles of product
per moles of initial reactant, DTTox

SCHEME 2

Figure 9. Product isotope effect on the production of products I (A)
and II (B) from DTT-h4 and DTT-d4 at a 10:1 ratio ofD/L-DTT/D/L-
DTTox.
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DTT to yield 2 equiv of monothiyl radicals (reaction 8). The
latter either undergoes a 1,5-H shift or undergoes a 1,2-H shift
(reaction 9) to yieldR-mercaptoalkyl radicals, where the 1,5-H
shift appears more probable on the basis of theoretical predic-
tions17 and the 1,2-H shift would likely be solvent-assisted.18

These radicals add oxygen (reaction 10) and could eliminate a
hydroperoxyl radical to yield5 (reaction 11). One possible
reaction, not shown in Scheme 2, is the reversible addition of
oxygen to either the dithiyl or the monothiyl radical.15 The
reaction with the monothiyl radical would most likely yield
DTTox and a hydroperoxyl radical,19 that is, represent a pathway
not leading to product5. Similarly, the addition of oxygen to
the dithiyl radical2 would not yield5 but possibly a higher
oxidation product of DTT such asR-disulfoxide or sulfonic
acid;20,21 product 5 is, however, the only reaction product
observed immediately after photolysis.

In Scheme 2, reaction 8 is formulated as a formal H-atom
transfer. In aqueous solution, such a H-atom transfer between
thiyl radicals fromâ-mercaptoethanol and DTT occurs, in fact,
quite rapidly with k ) 1.7 × 107 M-1 s-1.22 An alternative
description of reaction 8 would be proton-coupled electron
transfer.23 The normal product isotope effect recorded for
samples containing DTT-h4 versus DTT-d4 would be consistent
with both mechanisms.

Reactions 8-11 clearly require molecular oxygen for product
formation. An alternative mechanism, consistent with our
photochemical results in solution,9 which would operate inde-
pendent of the presence of O2, is displayed in Scheme 3. Also,
this mechanism requires an initial reaction of dithiyl radical2
with DTT to yield monothiyl radicals (reaction 8). Subsequently,
the monothiyl radicals abstract H atoms from the methylene
groups of DTTox (reaction 12), followed by C-S bond homoly-
sis (reaction 13). The thiocarbonyl intermediate7 may exist in
equilibrium with intermediate8, and both intermediates serve
as precursors for ring closure (reactions 14 and 15). Reduction
by DTT would yield product5. Importantly, both mechanisms
displayed in Schemes 2 and 3, respectively, have the potential
to initiate chain oxidations: reaction 8 via formation of the
known chain carrier for DTT oxidation, HO2• 19 and reactions
16 and 17 via formation of additional monothiyl radicals from
DTT. However, at present, the quantum yields obtained for the
photolysis of DTT/DTTox mixtures (10:1, w/w) only allow us
to conclude that the addition of DTT increases the efficiency
of product formation. Moreover, a variation of the light intensity

had little effect on the photolytic yields of5, indicating that
any potential chain reaction would only occur to a negligible
extent.

The solid-state net-hydrogen-transfer reaction between diradi-
cal2 and DTT presents an important contrast to earlier published
work, where the reaction of a long-chain aliphatic-thiyl radical,
C18H37S•, with a long-chain aliphatic thiol, C18H37SH, within
thiourea clathrates proceeds via a net sulfur transfer to yield a
perthiyl radical, C18H37SS•.7 Hence, sulfur transfer is not a
general phenomenon of a solid-state thiyl-radical reaction with
a thiol. Instead, the extent to which either sulfur or hydrogen
atoms are transferred will likely depend on the specific
orientations of the reacting molecules toward each other in the
solid state.

Conclusion

Our studies provide evidence for a H-atom transfer between
thiyl radicals and thiols in crystalline solid deposits of DTTox

and DTT. Though potential chain carriers are generated as a
result of this process, no experimental evidence for a chain
oxidation of the crystalline mercaptane was obtained.
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