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ABSTRACT: The mechanism of the copper-mediated disproportiona-
tion of aromatic imine disulfides to benzothiazoles in the gas phase is
investigated by experimental and theoretical methods. Application of
infrared multiphoton dissociation and hydrogen/deuterium exchange
experiments combined with density functional theory (DFT) calcula-
tions of the relevant molecular structures and the associated infrared
spectra allows the identification of the observed ionic intermediates. The
theoretical investigation of the possible reaction pathways supported by

measured
E IRMPD
1
calculated
IR

004 /l

1000 1200 1400 1600 1800

collision-induced dissociation experiments provides a consistent me-

chanistic picture of the reaction catalyzed by a single copper(I) ion. Activation of the substrate proceeds via homolytic sulfur—sulfur
bond cleavage, yielding metal complexes in the formal +3 oxidation state; carbon—sulfur coupling and hydrogen-atom transfer
complete the transformation to the products. Exploratory studies demonstrate that in the gas phase, the disproportionation of the
imine disulfide can also be mediated by other metal ions via different either homo- or heterolytic mechanisms without involving

high-valent intermediates.

B INTRODUCTION

Metal-catalyzed carbon—heteroatom coupling reactions are of
. k ) . 1
great interest in contemporary chemistry and synthetic strategy.
Typically, these procedures involve a substrate, like an aryl halide
Ar—X (X = Cl, Br, I) and a heterocomponent RY—H (Y = O, §,
NH, etc.), which upon interaction with a catalyst yield the
corresponding coupling product (reaction 1); often a base is
added to remove the HX formed.

catalyst
Ar—X + RY—H ——Ar—YR + H-X (1)

Recently, some of us reported a related intramolecular reac-
tion, in which a Cu(I) catalyst efficiently converts aromatic imine
disulfides into benzothiazoles.” Under inert gas, a 1:1 mixture of
the corresponding benzothiazole and its dihydroderivative is
obtained, of which the latter is easily oxidized in the presence of
air, leading to a nearly quantitative yield of the heteroaromatic
product (Scheme 1). The reaction was shown to provide a
convenient route to synthesize functionalized benzothiazoles,’
which are compounds of significant pharmaceutical interest.*

By means of direct monitoring of the reactive solution using
electrospray ionization (ESI)S‘6 mass spectrometry, it was de-
monstrated that a single copper atom is sufficient for providing a
plausible mechanistic rationale.””* However, the detailed reac-
tion mechanism has been unknown.

For several transition metals, such as cobalt,’ nickel, "’
ruthenium, " palladium,lz’13 and platinum,12 oxidative addition
into the S—S bond of disulfides is well-established. Accordingly,
the title reaction could proceed via an analogous insertion of
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Cu(I) to form a transient Cu(IIl) dithiolato intermediate. In
general, the availability of the copper(I1I) oxidation state is a key
factor in numerous processes. Besides its proposed participation
in biological dioxygen activation,'* the involvement of Cu(III)
species has been shown in several synthetically important
carbon—carbon'® and carbon—heteroatom'® bond formation
reactions, the aziridination of olefins via copper(IIl)-bound
nitrenes,'” the functionalization of aromatic C—H bonds,'® or
the copper-catalyzed cycloaddition of azides and terminal
acetylenes.'” While thiolates are usually prone to oxidation even
by Cu(ll), via application of appropriate electron-donating
ligands,20 stable bis(,Lt-thiolato)dicopper(H)21 is accessible, and
even diamido-dithiolato-copper(IlI) complexes®* have been
successfully prepared by electrochemical oxidation. Recently,
reaction of copper(I) ions with a pseudopeptidic disulfide
was even shown to directly produce copper(Ill) dithiolate,*
although in this case the oxidation of the metal is stepwise with
detectable copper (1) intermediates. We furthermore note that a
possible involvement of homolytic S—S bond cleavage conco-
mitant with a copper-coordinated diradical [formally a copper-
(1IT) species] was also proposed for C—S bond formation
reactions between phenolates and disulfide-bridged dicopper(I)
complexes.”*

An alternative mechanistic scenario for the title reaction could
be the involvement of a multiply centered transition structure
(MCTS),* which enables simultaneous breaking of the S—S
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Scheme 1. Copper-Mediated Formation of Benzothiazole
from an Imine Disulfide Precursor
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bond and formation of the C—S bond accompanied by hydrogen
transfer as a direct route to the products. In this way, the
formation of high-valent copper species as supposedly unstable
intermediates can be circumvented. Related reactions have
indeed been observed for metal-coordinated S,>~ moieties.”®
Further, it is useful to refer to the chemistry of the related
peroxides, for which various mechanistic variants other than
oxidative addition are known, such as homolytic cleavages or
acid-catalyzed rearrangements,”” and even simple protonation
can trigger the cleavage of the O—O bonds of peroxides.”®

In order to unravel the key factors for the present car-
bon—heteroatom bond formation by copper catalysis and there-
by explore the nature of the interaction between the metal and
the disulfide fragment, we report a combined experimental and
theoretical investigation of the process shown in Scheme 1 for
the imine disulfide parent compound 1 in the gas phase. Thereby,
the previous exploratory experimental studies” are completed as
well as extended, providing a consistent mechanistic view of the
title reaction.

B EXPERIMENTAL DETAILS

The experiments were performed using Finnigan LCQ_Classic ion-
trap mass spectrometer (IT-MS)>® by ESI of dilute methanol solutions
of the reactant 1 and the catalyst [copper(I) 3-methylsalicylate]. In brief,
the LCQ bears a conventional ESI source consisting of the spray unit
(typical flow rates range between S and 30 #L/min; typical spray voltage
is 5 kV) with nitrogen as a sheath gas, followed by a heated transfer
capillary (kept at 200 °C), a first set of lenses which determines the soft-
or hardness of ionization by variation of the degree of collisional
activation in the medium pressure regime>,30’31 two transfer octopoles,
and a Paul ion trap with ca. 10> mbar helium for ion storage and
manipulation, including a variety of MS” experiments.*> For detection,
the ions are ejected from the trap to an electron multiplier. Low-energy
collision-induced dissociation (CID) was performed by application of an
excitation ac voltage to the end-caps of the trap to induce collisions of the
kinetically excited ions with the helium buffer gas.*® For a CID excitation
period of 20 ms and a trapping parameter of g, = 0.25, we have recently
introduced an empirical calibration scheme that allows a conversion of
the experimental appearance energies (AEs) of the fragmentations to an
absolute energy scale.** The respective determinations of the AEs were
performed twice, and the results shown here are the averages of the two
data sets. In between both measurements, the correctness of the
phenomenological calibration factor used was checked by CID of
mass-selected benzylpyridinium ions.3*

Gas-phase infrared spectra (IR) of the mass-selected complex 1/Cu”
(m/z 487 for the *Cu isotope) and that of the putative copper com-
plex of the dihydrobenzothiazole product with one additional water
(m/z 294 for the “*Cu isotope) were recorded with a Bruker Esquire
3000 IT-MS* %" mounted to a beamline of the free electron laser at
CLIO (Centre Laser Infrarouge Orsay, Orsay, France). The ions of interest

were generated by ESI and then transferred to the ion trap. After mass
selection, infrared multiphoton dissociation was induced by admittance
of four macropulses of IR-laser light to the ion trap. Monitoring the
abundances of the fragment ions formed as a function of the wavelength
provides IR spectra of the mass-selected ions. Because the fragmentation
thresholds of the ions are much above the energy of a single IR photon in
the spectral regime covered, several photons are required to bring about
dissociation. Accordingly, the experiments are commonly referred to as
infrared-multiphoton dissociation (IRMPD);>® note, however, that the
process involves the sequential absorption of several photons, not the
simultaneous action of multiple photons. In the 45 MeV range in which
CLIO was operated during these experiments, the IR light covers a
spectral range from about 1000 to about 2000 cm ™~ . One data point of a
typical IRMPD spectrum is derived from the average of four mass
spectra (each with eight accumulated microscans) per wavelength, then
the latter is changed with a step size of about 5 cm™ " and the next data
point is taken. The typical acquisition time of an IRMPD spectra
spanning a spectral range of ca. 1000 cm™ ' is about an hour. Due to
occasional instabilities of the combination of the IR laser and ESI-MS, all
spectra at CLIO were at least taken two times, and the data shown below
are the averages of these runs.

Bl COMPUTATIONAL METHODS

Quantum chemical calculations were performed using the hybrid
density functional method B3LYP-D, which includes an empirical
treatment for dispersion (its revision 2).>**° Unless stated otherwise,
the results discussed below refer to singlet multiplicity. Several investi-
gated species were found to have diradical character, whose singlet state
can only be treated approximately within single-configurational Kohn—-
Sham DFT, using the broken-symmetry approach,*"** i.e., unrestricted
calculations with S, = 0. With the typical functionals, this procedure
yields spin contamination in the Kohn—Sham wave functions, and
schemes have been suggested for obtaining corrected energies,“k43
geometries,‘M’A'5 and frequencies.46 However, there is an ongoing
discussion whether these corrections are theoretically sound and
improve the results practically, because (S>) of the reference noninter-
acting wave function may not be a correct measure of spin contamina-
tion, and the symmetry breaking can actually account for some static
correlation effects;*” ~*° moreover, the first derivatives of energy become
discontinuous upon applying spin projection.’® Unless explicitly noted,
we present geometries and energetics from uncorrected (spin contam-
inated), unrestricted calculations. We calculated single-point B3LYP-D
spin-projected singlet energies using the Yamaguchi formula® at all
stationary points and found that the approximate projection has only
minor influence on energies; importantly, none of our conclusions
would be affected. The spin-projected energies, together with all ($%)
values, are reported in the Supporting Information.

The def2-SVP basis set was used for geometry optimization, harmonic
vibrational frequency calculation, and electronic structure analysis,
whereas the def2-TZVPP was employed for the determination of the
final single-point energies.>® The latter calculations were carried out
using the resolution of identity approximation.®> Additional single-point
calculations at the M06/def2-TZVPP level,> provided in the Support-
ing Information, indicate that the main conclusions made below are
independent of the specific functional chosen. The closed-shell or open-
shell nature of the M06 Kohn-Sham determinants and their ($) values
also correlate well with the B3LYP-D results.

All structures reported below are either minima or first-order saddle
points on the potential-energy surface, respectively, as revealed by
analysis of the corresponding Hessian matrices. All transition struc-
tures were checked for connecting the anticipated minima by inspec-
tion of the transitional normal mode and starting optimizations
from structures displaced along it. Values of the imaginary frequencies
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of the transitional modes are provided in the Supporting Information.
For some structures, single, very small imaginary frequencies
(<25i em ™) associated with collective modes remained after optimi-
zation; however, these are not expected to significantly affect the
computed energetics. In several cases, multiple conformers of the
involved species were identified. The calculations revealed that the
associated conformational transitions have significantly lower barriers
than the actual bond formations or cleavages; we therefore treat these
conformers as a common ensemble and only discuss the most stable
structures found.

The computed energies given below correspond to zero-point vibra-
tional energy corrected electronic energies; all calculations refer to the
gaseous state in that additional solvation, aggregation, and other similar
effects are deliberately not included. For comparison with the experi-
mental infrared spectra, in agreement with common practice, we use a
uniform scaling factor for the calculated harmonic frequencies. On the
basis of experience on similarly sized double-C basis sets, we employed a
factor of 0.97 throughout>* Previous IRMPD studies of related 3d
transition-metal complexes have amply justified the use of scaling.7b'38d'55
For the sake of simplicity, we utilized the same scaling factor also in the
computation of the zero-point vibrational energies. Modeling of infrared
spectra was done using a Gaussian line shape with a full peak width at
half-maximum of 20 cm ™, chosen to match the experimental spectra by
their appearance.

The computations were mostly carried out with the Turbomole
software package;56 MO6 tests were done using Gaussian 09.>” Molec-
ular graphics were drawn using Molekel.*®

1/Cu”
2
‘@
$| -CuH
=
g +CH,0H
E + H,
: 3
l. l T 1m/z
200 300 400 500

Figure 1. Fragmentation of mass-selected 1/ Cu" (m/z 487 for 63Cu) in
the gas phase.

B RESULTS AND DISCUSSION

The present work aims toward a detailed analysis of the gas-
phase fragmentation of the complex 1/Cu” between the parent
imine disulfide 1 and an atomic copper cation. Figure 1 shows the
collision-induced dissociation (CID) mass spectrum of 1/Cu”
(m/z 487 for the “*Cu isotope) with a product ion with m/z 276
as major fragment, which formally corresponds to the complex of
product 3 with Cu*, while 2-phenylbenzothiazole (2) is lost as a
neutral fragment.2 Hence, the interaction of the substrate with a
single copper cation in the gas phase can bring about the same
products as observed in the preparative reaction in solution
(Scheme 1). At elevated collision energies, the primary fragment
ion with m/z 276 undergoes further dissociation to afford an ion
with m/z 212 concomitant with a loss of neutral CuH. Figure 1
also shows signals at m/z 294 and 308, which can be assigned to
additions of water and methanol, respectively, present in the
background of the vacuum system of the IT-MS (see also
below).>**

Computational Analysis of the Parent lon. In order to
interpret the structure of the parent ion and follow its isomerization
pathways leading to the experimentally observed fragmentations, we
have first explored computationally the potential-energy surface
(PES) associated with the reactant complex 1/Cu” and its possible
rearranged structures (all having m/z 487). Because the loss of
2-phenylbenzothiazole (2) is observed experimentally, we particu-
larly aim to find transformations that yield copper species containing
2 as a separate ligand.

As the starting point of the gas-phase reaction and the
reference of the relative energy scale, we have chosen the Cu”
adduct of 1, hereafter referred to as reactant complex A
(Figure 2).*” In the closed-shell singlet species A, both sulfur
and both nitrogen atoms of 1 form dative bonds toward the
copper, providing a coordination environment with distorted
seesaw geometry. The tetradentate ligand 1 has a total binding
energy to Cu” of 123.8 kcal mol . The sulfur—sulfur bond is
retained in 1/Cu” but slightly elongated (2.24 A) as compared to
the free ligand (2.18 A); the phenyl groups on the imine carbons
are in a displaced parallel stacked arrangement. The computed
Mulliken d orbital population of 9.73 on copper is consistent with
the notion of a Cu(I) complex.

The conceivable rearrangements of the reactant complex A as
revealed by the computations are summarized in Figure 3 in the

Figure 2. Optimized structure of the reactant complex A (i.e., the simple adduct of 1 and Cu”) and the stationary points along the sulfur—sulfur
oxidative addition. Atom color code: Cu, turqoise; N, dark blue; S, yellow; C, green; H, white. Distances are in A.
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Figure 3. Calculated energy profile for the possible transformations of the reactant complex A. Note that the pathways leading to Ec, and Exg were not

determined.

Figure 4. Pair of magnetic orbitals of the copper(III) disulfide intermediate (B) and of the heterocyclic copper(III) intermediate (D). The « orbital is

colored blue—white, and the /3 orbital is shown in red—green.

form of an energy diagram. From the reactant complex A, a
formal oxidative addition of copper into the S—S bond can
proceed easily on the singlet PES, through transition structure
TSup associated with an activation energy of 12.4 kcal mol !
(Figure 2). The resulting copper(III) disulfide intermediate B
has a fully cleaved S—S bond (3.90 A) and is 10.1 kcal mol "
higher in energy than A. The copper in structure B remains four-
coordinate, but the coordination geometry around it is converted
to a distorted tetrahedron.

At the B3LYP-D level of theory, the copper(III) disulfide B has
a diradical character, the triplet state being 1.1 kcal mol ! more
stable than the open-shell singlet. In order to get further insight

into the electronic structure, we applied the corresponding
orbital transformation® on the broken-symmetry singlet wave
function, which showed the presence of a single pair of interact-
ing magnetic orbitals (Figure 4).

The low-lying and compact d orbitals of copper interact only
weakly with the sulfur p orbitals, and therefore, these magnetic
orbitals mostly correspond to unpaired electrons on sulfur atoms,
with some Cu—S$ antibonding character and an appreciable
delocalization to the phenyl rings. Due to the peculiar nonplanar
geometry of the complex, together with the half-twisted
C—S—Cu—S—C moiety, the two orbitals are essentially ortho-
gonal (their overlap integral is 0.0075), which explains the
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Figure 6. Optimized structure of the heterocyclic copper(III) intermediate D and the transition structures for its further transformation to the products.
In the case of TSpg,, a conformational change involving rotation of the two ligands with respect to each other (around the left Cu—N bond) is necessary
to arrive at TSpg, (from D). For TSpg,, the copper—nitrogen dative bond of the right-hand side ligand is broken along the way to the

transition structure.

computed ferromagnetic coupling between them. The presence
of mainly ligand-centered radical sites and the Mulliken d orbital
population on copper of 9.60 imply that this formal Cu(III)
disulfide species has notable Cu(1) dithiyl character.®"%>

Starting from the complex B, a two-step process may lead to the
closing of the heterocyclic ring for one “half” of the reactant molecule
1 (Figure S). One of the Cu—S bonds is broken first (TSgc, 27.9
keal mol 1), leaving behind a three-coordinate Cu(II) and yielding
the unstable intermediate C (the calculated d electron population is
9.68). From C, a rotation of the phenyl group bearing the free sulfur
radical allows the attack of the imine carbon concomitant with the
formation of a C—S bond (TScp, 27.9 keal mol ™).

The product of this stepwise process is the heterocyclic
copper(III) intermediate D (Figure 6), which is 14.8 kcal mol !
above the reactant complex A. Similarly to the copper(III)
disulfide intermediate B, this species has a diradical character;
in this case, the open-shell smglet state lying somewhat below the
triplet (AE = 1.2 kcal mol ). Application of the corresponding
orbital transformation to the broken-symmetry singlet wave
function again yields a single pair of magnetic orbitals for D, as

shown in Figure 4. These orbitals are essentially ligand-centered,
and in this case, there is a significant overlap between them
(consider the lobes on Cu and the sulfur on the right-hand side;
the overlap integral is 0.3807), which accounts for the antiferro-
magnetic interaction. The orbital shapes and the Mulliken d
orbital population on Cu of 9.64 support a character of two
copper(I) bound radicals in this case as well.

Interestingly, the reactant complex A can also react to yield the
above-discussed heterocyclic Cu(IIl) intermediate D in a single
step via TSap (Figure 7). In this multiply centered transition
structure, several bonds are cleaved and formed in a single
elementary process. Namely, one of the sulfur atoms breaks its
bonds toward the copper and the other sulfur and simultaneously
attacks the imine carbon atom, directly yielding the heterocychc
ring. The computed barrier for this pathway (31.1 kcal mol ")
is only modestly higher than that of the stepwise process, and
the M06 functional even predicts this concerted route to be
preferred.

We can now arrive at a product complex, containing a
separate 2-phenylbenzothiazole (2) coordinated to copper, if
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Figure 7. Transition structure TS,p leading directly from A to D.

the hydrogen atom is abstracted from the newly created ring in
the heterocyclic copper(Ill) intermediate D. Several pathways
for hydrogen transfer can be envisioned, differing in the target
atom accepting the hydrogen. Computations show that the
kinetically preferred way is to transfer this hydrogen atom to
the sulfur of the other ligand (TSpg,, Figure 6), with a computed
barrier of 25.7 kcal mol ', producing product isomer Eg that has
an imine thiol ligand apart from the benzothiazole. The thermo-
dynamically favored pathway corresponds to a hydrogen transfer
to the nitrogen (TSDEN, 31.6 keal mol Figure 6), which yields
product Ey;, in which an iminium thiolate and a benzothiazole
ligand are coordinated to copper. Hydrogen-atom transfer to the
carbon is neither kinetically nor thermodynamically favorable;
hydrogen transfer to copper can be already excluded on the basis
of the high energy of the supposed product Ec,, (Figure 3).

Disregarding the improbable E, form, all resulting isomers of
product complex E are again closed-shell singlet Cu(I) species
(d orbital populations are greater than 9.6 for all of them), which
means that the hydrogen transfer between the two ligands is
coupled with a formal reduction from Cu(IIl) to Cu(I). In the
light of our above findings about the electronic structures of the
involved copper(IIl) intermediates, however, these reactions can
be thought of as radical quenching by hydrogen atom abstraction.
Furthermore, a ring closure of the reduced ligand to dihydro-
benzothiazole is considered. The most stable structure of this
type of bisligated copper complex, Exg, is higher in energy than
the open forms by ~4 kcal mol '; the dihydrobenzothiazole
moiety is bound via its sulfur atom.*® From any of these product
complexes (Eg, Ey, Ec, Eng), 2-phenylbenzothiazole (2) can be
released via direct ligand loss.

We have also attempted to find further alternative routes from
reactant complex A to the E-type product isomers, but all other
located pathways involve barriers higher than those of the routes
discussed above. Notably, we were not able to find any mechan-
isms that would avoid the formation of formal copper(III)
species (see also the Supporting Information).

Computational Analysis of the Fragmentation. From the
product complexes E containing the 2-phenylbenzothiazole unit,
the first fragmentation step leads to the ion with m/z 276, which
corresponds to the loss of neutral 2. For the resulting fragment
ion, several structures based upon a monocyclic ligand backbone
(ie, Fg, Fy, and F¢) as well as a structure with a closed
dihydrobenzothiazole ring (Fyg) can be envisaged, which are

related to the dissociation of the respective isomers of the
product complex E and are all copper(I) species (Figure 8).%*
Energetically, there is a clear preference for the formation of Fg +
2 which is only 25.4 kcal mol ™" endothermic with respect to A.
However, note that along the pathway the barrier associated with
the formation of Eg needs to be crossed (27.9 kcal mol ). The
relative stabilities of the isomers F¢ and Fg parallel those of the
corresponding isomers of E. In contrast, Fy is markedly less
stable than Fg and also Fyg is increasingly disfavored. In both
cases, the effect may be attributed to the presence of only a single
electron-donating heteroatom coordinating the copper atom,
hence leading to a destabilization.®

The second fragmentation step, corresponding to the loss of
CuH from the F isomers, is of no importance with respect to the
catalyzed title reaction and the role of copper; its computational
analysis is therefore provided only in the Supporting Informa-
tion. We note, however, that the fragment ion with m/z 212
formed upon loss of CuH can be safely assigned as protonated
2-phenylbenzothiazole (2—H"). En route to the fragmentation
into 2—H" + CuH, the passage of one of the TSs has the highest
energy demand, 40.1 kcal mol ™, relative to the most stable
structure Fg of the ion with m/z 276, while the overall en-
dothermicity is 33.9 kcal mol ™" relative to Fg.

Structural Assignment of the Parent lon with m/z 487.
Having the computed energy landscape at hand, we turned to
experiments to probe the structure of the observed precursor ion
with m/z 487 and to determine which point on the PES it may
correspond to: is it the mere adduct of 1 and Cu" (i.e., reactant
complex A), some product complex (Eg, Ey, or Exg), or a
different isomer? First, we investigated if this species contains
exchangeable protons, as would be expected if it had a product-
like structure such as the E-isomers. To this end, reactant 1 and
the copper catalyst were dissolved in CH;OH and CD;0D,
respectively, and analyzed via ESI-MS. In the instrument used,
part of the solvent used in ESI inevitably diffuses into the mass
analyzer, and exchangeable positions are hence expected to give
rise to H/D exchange. On the other hand, even if occurring, the
exchange is only partial, because of additional moisture present in
the ion trap from previous experiments with grotic solvents, even
after treating for several hours with CD;0D.*”® Figure 9 depicts
the isotope envelopes measured in the respective experiments as
well as the patterns calculated for the corresponding natural
isotopic distributions. In the case of the precursor ion
(Figure 9a), the three traces match quite well, indicating that
no H/D exchange takes place. In contrast, the two fragment ions
(m/z276 and 212) show increased abundances of the ions at m/z
277 and 213, respectively, in the measurements conducted using
CD;0D, indicating the occurrence of H/D exchange in the gas
phase® to yield the respective deuterated species. Taking these
observations together, it seems justified to conclude that the
precursor ion is not converted spontaneously to Eg-, Ex-, or Eng-
type isomers of the product complexes.

As a further probe, we recorded the gas-phase infrared
spectrum of the mass-selected precursor ion to obtain structural
information. The IRMPD spectrum of the ion at m/z 487
(Figure 10) shows an intense band at about 1600 cm ! with a
shoulder at around 1570 cm ' and another weak band at
~1460 cm™".*” The major bands in the measured spectrum
are in good agreement with the (scaled) computed peak posi-
tions for reactant complex A. With respect to intensities, we note
that due to the multiphotonic nature of the IRMPD experiments
the amount of ion fragmentation is not always proportional to the

9973 dx.doi.org/10.1021/ic200442s |Inorg. Chem. 2011, 50, 9968-9979



Inorganic Chemistry

404
(C,33.8)
A—
I—\
04+ H(N,31.6}
]
11(5.27.9)
L] |.|Il
7] Wl
. Iy U]
20 it
]
n
n
]
1014 ¥

AE (kcal mol ™)
T
L

104 ¢

m/z 487

Ph..{r:H?
e
u
Fo s ;
(43.3) @
Fur NE
(36.7) ey Fue
Fy
314 i
(31.4) R
50
(25,42h e
) Fu
@ N
<0
5
H

m/z 276

Figure 8. Computed energy profiles for the loss of phenylbenzothiazole 2 to form the ions F (m/z 276). The pathway between the reactant complex A
and product complexes E is shown in Figure 3 and hence only the largest barriers are shown here.
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Figure 9. Calculated and measured isotope pattern of the precursor ion (/2 487, a) and of the two fragment ions after neutral benzothiazole loss (m/z
276,b) and subsequent CuH loss (1/z 212, ). The data were scaled to have the same intensity of the base peaks in the respective mass region. Note the
good agreement of all curves for m/z 488 in part a, whereas the corresponding peaks at m/z 277 and 213, respectively, increase in abundance in the

experiments with CD3;0D (b and c).

(single photon) IR absorbance; the major weight is therefore put
on the peak positions, rather than the peak heights in the IRMPD
spectra.®®® In agreement with intuitive assignments based on typical
infrared patterns in organic structural analysis, computations predict
the two largest bands (1603 and 1563 cm ') to stem from normal
modes corresponding to various combinations of C=N and aro-
matic C— C stretching vibrations (10 modes altogether), whereas the

third largest computed peak (1443 cm™ ') originates from aromatic
C—H in-plane bending motions.

While the computed IR spectra of the product complexes Ec
and Enp are quite different and the presence of these isomers can
thus be excluded, those of D, Ey, and Eg are in moderate
agreement and that of B fits the experimental spectrum similarly
well as A (C was not considered at all; see the Supporting
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range from 1000 to 1900 cm ™. The numbers indicate the positions of
the maxima.

Information). Therefore, the IRMPD results alone are not
sufficient to provide an unambiguous assignment of the ion
structure. However, Eg and Ey bear exchangeable protons and
are hence expected to undergo H/D exchange, which contradicts
the results shown in Figure 9a. While structure B, the product of
oxidative addition, cannot be excluded strictly, it is computed to
be significantly higher in energy than A, and the reverse activation
barrier is rather small (Figure 3), such that its contribution to the
gross population of m/z 487 is assumed to be negligible. The
same holds for D, which is even less stable, and the barrier for its
transformation to products is smaller than for its production.
Collecting all the information obtained, we may conclude that
the precursor ion with m/z 487 corresponds to structure A, and
accordingly, the stepwise rearrangement shown in Figure 3 only
takes place in the course of ion excitation and subsequent
dissociation. However, it is emphasized that this assignment of
structure A to the ion with m/z 487 is partially based on the
computed relative energetics of the isomers.
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Figure 12. CID breakdown diagram of 1/Cu” (m/z 487) to afford
fragments with m/z 276 and 212. Two additional minor channels appear
at m/z 294 and 308 (Figure 1) and are assigned to subsequent additions
of water and methanol, respectively, to the product ion at m/z 276; these
neutral reagents are residuals from the spray solvent, and water is also
present in the background of the mass spectrometer. The abundances of
these species were accordingly added to that of m/z 276.

Structural Assignment of the First Fragment lon with
m/z 276. An experimental structural characterization of the
product of 2-phenylbenzothiazole loss at m/z 276 was again
attempted using H/D exchange and IRMPD measurements. As
demonstrated in Figure 9b, the experiments provide evidence for
the presence of exchangeable protons in this ion, which is a
strong argument against structure F¢. Direct IRMPD measure-
ments of m/z 276 were not feasible because the IR photons were
not able to induce a sufficient amount of fragmentation in the
competition with a rapid adduct formation with background
water. We took advantage of the latter and deliberately studied
the water adduct (m/z 294) instead, for which the IR photons
can easily bring about the loss of a water molecule. The
experimental spectrum shown in Figure 11 is similar to that of
the parent ion, but upon closer look, we can identify a blue-shift
of approximately ~10 cm ™' of the most intense absorption. In
the computed spectrum of the most probable isomer Fs—H,O,
the largest peak (1619 cm™ ') stems from an almost pure C=N
stretching mode, while four aromatic C— C stretching vibrations with
slight mixing of C=N stretch contribute to a shoulder on its left
(~1600 cm ") and to the third largest peak (1573 cm™'). The
computationally second most intense transition (1542 cm ™ ') corre-
sponds to an O—H in-plane bending of the water ligand.”® The
computed spectrum in general fits well the experiment, reproducing
the shift in the most intense C=N stretching mode, while the O—H
bending at 1542 cm ™' seems to appear within the multiplet between
1570 and 1620 cm ' in the experimental IRMPD spectrum.
Similarly to the ambiguity encountered in the case of m/z 487, the
measured spectrum for m/z 294 is also in moderate agreement with
the calculations for Fy—H,O, which is higher in energy, however.
Instead, the structures F and Fyg can be safely excluded due to their
different IR patterns (see the Supporting Information). Again, only a
combination of the available experimental and computational in-
formation allows an assignment of the ion with m/z 276, yielding
structure Fg as the most likely candidate. As to the secondary
fragment with m/z 212, we only note that the observation of
exchangeable protons (Figure 9¢) is in accordance with the sug-
gested structure of protonated 2-phenylbenzothiazole.

Energy Demand for the Dissociation of 1/Cu*. The experi-
mentally observed energy dependence of the collision-induced
dissociation of the mass-selected ion A to yield the fragment ion
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Table 1. Summarized Results of CID Experiments of Mass-
Selected Cations 1/M" with Various Cations M"

M* m/z" AE® radical loss*
H" 425 45 —
Li* 431 sS +
Na* 447 62 +
NiCl* 517 43 -
Cu* 487 45 —
ZnCl* 523 45 -
Ag' $31 44 -

“ Mass-to-charge ratlo of the corresponding 1/M”" complexes given for
the leading isotopes. Appearance energies (in kcal mol ") derived from
modeling the breakdown graph using a sigmoid function; error, +10%.
“Occurrence (+) or nonoccurrence (—) of direct S—S bond cleavage
concomitant with loss of the corresponding thiyl radical.

at m/z 276 is shown in Figure 12. By reference to a calibration-
based method,* the apparent threshold of the benzothiazole loss
amounts to 45 £ 5 kcal mol ™", Theory predicts the highest
barrier en route to the products to be only 27.9 kcal mol '
(Figures 3 and 8). Despite several sources of systematic errors in
both experiment and theory, we assign the major source of the
divergence to the operation of a kinetic shift in ion dissociation.”*
Thus, the emplrlcal calibration of the energy scale in the IT-MS
measurements®” is referenced to direct bond cleavages, which
proceed as continuously endothermic processes without a barrier
in excess of the reaction endothermicity. Instead, the computa-
tional survey of the title reaction demonstrates its occurrence as a
complex structural rearrangement, and hence it is indeed quite
likely to require additional excess energy to proceed under the
experimental conditions. In fact, kinetic shifts having the magnitude
as observed here are not unexpected in general7l 7% and have
been reported for transition-metal complexes.”* However, a
reliable theoretical prediction of the kinetic shift would require a
precise knowledge of the energy-transfer processes occurring in
the ion trap as well as a formidable computational effort for the
treatment of a multistep reaction of complex molecules, which is
far beyond the scope of this paper.

Mediation of S—S Bond Cleavage in 1 by Other Metal lons.
In the preparative experiments in solution, a blank experiment in
acetic acid without addition of metal catalysts gave no conversion
under typical conditions, whereas replacement of the copper(I)
catalyst by either ruthenium or palladium complexes afforded the
desired products, but the reactions were more sluggish and the
yields were lower. In the gas phase, it might be possible that the
S—Sbond cleavage in 1 is also induced by other metals, including
those not being able to undergo oxidative addition. Accordingly,
we probed this alternative by subjecting complexes of several
other cations M" with neutral 1 to CID experiments. Table 1
provides a general overview of the results obtained for various
cationic complexes; the complete details are given in the
Supporting Information.

Upon CID, all 1/M" complexes studied undergo S—S bond
cleavage concomitant with the release of neutral benzothiazole
(see the Supporting Information). In the gas phase, the title
reaction thus is not specific for copper but can also be mediated
by other metals and even by a proton. Moreover, most of the
measured appearance energies match the value of 45 £ 5 kcal
mol ' found for M* = Cu’. Only for M = Li and Na, the
apperance energies are slightly larger, and the dissociations are

B D
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NI s)\ e
\@/ N—:‘M\
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Cu* 076 000 076 084 012 076
Zncl* 093 004 097 0.91 —0.01 -0.90

Figure 13. Open-shell singlet Mulliken spin populations of the struc-
tures B and D for M = Cu and ZnCl, respectively, summed up for the
cations and ligands as indicated. Note that the values on the ligands are
significantly closer to £1 in the case of zin, indicating a larger diradical
character and the absence of the involvement of a higher oxidation state.

Scheme 2. Conceivable Pathways for the S—S Bond Clea-
vage by a Cation M": (a) S—S Bond Homolysis to Yield a
Radical Pair, (b) Oxidative Addition of the Metal into the S—$
Bond, and (c) S—S Bond Heterolysis by Lewis Acid Catalysis
to Yield a Transient Sulfur-Centered Cation Bound to a
Neutral Metal Thiolate

@

Rs—sr M| ®) , Eb))

— s [RS*M* "SR] ——
[RS—M*SR] ——— Products
%, [R$*-M—-SR] ——

accompanied by competing losses of thiyl radicals corresponding
to direct S—S bond cleavages. While the S—S bond homolysis
only requires 48.0 kcal mol " in the free ligand, expulsion of a
thiyl radical from the Cu"-containing reactant complex A was
calculated to be endothermic by 77.1 kcal mol . This value
strongly suggests that a mechanism based on direct S—S cleavage
and radical roaming is only competitive at higher energies.
Accordingly, the results in Table 1 suggest the existence of
additional mechanistic pathways of the title reaction.

One of these pathways involves oxidative addition as revealed
by the extensive calculations for the copper systems (see above).
While one might invoke similar routes for nickel and silver,
oxidative addition via high-valent intermediates can safely be
excluded for zinc, the two alkali metals, and the proton. To
understand the behavior in this class better, we carried out
exploratory computations on zinc. For the ZnCl"-catalyzed reaction,
we identified a full reaction pathway for the benzothiazole loss that is
analogous to the concerted A—TSsp—D—TSpg,—Es—Fs route
for copper. The highest point along this route is ZnCl"'—TSp,
which is 312 keal mol " above the reactant complex ZnCl"—A,
while the key intermediate ZnCI*—D is at 17.4 kcal mol " with
respect to the same reference. Both values are quite close to their
copper counterparts (31.1 and 14.8 kcal mol '), respectively. On
the other hand, ZnCl'-containing species that correspond to
intermediates along the stepwise, oxidative addition-based route
A—B—C—D are indeed much less stable; ie, ZnCl"*—B and
ZnCl"—C lie at 30.0 and 33.7 kecal mol ™" compared to values of
10.1 and 26.1 kcal mol " for copper, respectively. These theoretical
results, along with the difference in the electronic structures between
the Cu* and ZnCl" variants of B/D (Figure 13), imply a clear
mechanistic difference between the two metals, although the overall
barriers are quite similar (27.9 vs 31.2 kcal mol ). Furthermore, the
computations highlight that the concerted route can be considered
as a general Lewis acid supported S—S cleavage mechanism, as the
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availability of high oxidation states is, apparently, not crucial in
stabilizing intermediate D and the direct transition structure for its
formation (TSap). Hence, this route might be responsible for the
similarity of the experimental barriers across a wider range of cations.

The three competing mechanisms, a roaming radical route, an
oxidative addition, and a Lewis acid supported mechanism are
depicted in Scheme 2, where the distinction among routes a—c is
a formal one to assist conceptual understanding. The balance
among these pathways is subtle and depends on various factors
such as the S—S bond strength, the availability of higher valence
states, and the Lewis acidity of M". The computational results
suggest the rearrangement of the title compound in the presence
of Cu(I) to occur via oxidative addition; however, the gas-phase
experiments do not provide conclusive evidence in this respect.
Last, but not least, solvation effects supposedly exert a quite
different influence on the oxidative addition and the Lewis-acid
based pathways, which demands much more detailed investiga-
tions in the future.

Bl CONCLUSIONS

Monitoring of the title reaction using electrospray ionization
mass spectrometry reveals that the intramolecular redox reaction
between the imine and disulfide moieties in the title compound 1
can proceed in the presence of a single copper ion.” In this work,
we present a joined experimental and theoretical treatment of
this process aimed to identify structures of the involved species,
to characterize the role and oxidation state of the catalyst, and to
provide a detailed mechanistic understanding of the title reac-
tion. From the combined experimental and theoretical findings,
the following main conclusions can be drawn:

(i) The observed parent ion formed during the electrospray
ionization of the solution of the reactants corresponds to
a four-coordinate complex of Cu(I) with the intact
substrate.

(i) Theory predicts the copper-catalyzed process to begin with
S—S bond cleavage, either as a separate step, which is in fact
an oxidative addition of copper into the S—S bond, or in a
concerted manner with the formation of a C—S bond in a
multicentered transition structure. Hydrogen atom transfer
between the two parts of the substrate can then complete the
redox reaction.

(iii) After the loss of the oxidized half of the substrate in the
course of the copper-mediated disproportionation, the
reduced part prefers coordination as a neutral imine thio-
phenol ligand in the major fragment ion.

(iv) Several cations other than copper can mediate the reaction
in the gas phase. Exploratory computations suggest that the
concerted pathway is feasible, if the metal shows sufficient
Lewis acidity, whereas, in agreement with expectations,
oxidative addition necessitates the availability of higher
valence states. A roaming radical mechanism may be rele-
vant in the case of less efficient catalysts and at elevated
energies.

In the light of the present results, there seems to exist a
pronounced competition of several mechanistic pathways. Com-
putations suggest the copper(Ill)-catalyzed oxidative addition to
have the lowest barrier in the gas phase; however, the lack of
direct supporting experimental evidence and the expected large
solvent effects on the different routes hamper translation of the
derived mechanism to the preparative reaction in solution. While

the gas-phase data provide helpful knowledge for the mechanistic

understanding of the copper-mediated C—S coupling reaction,
further studies addressing the effects of solvation are indicated to
formulate a more complete picture of the reactions of copper
species with disulfides.
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