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Abstract: The reaction mechanism of copper(ll)-mediated naphthol coupling in the presence of TMEDA
(N,N,N’,N’-tetramethylethylenediamine) is studied using infrared multiphoton dissociation (IRMPD) spec-
troscopy and DFT calculations. It is shown that the coupling reaction proceeds in ad hoc formed binuclear
clusters [(1-H),Cu,CI(TMEDA),]*, where (1-H) is a deprotonated naphthol molecule (methyl ester of
3-hydroxy-2-naphthoic acid). The IRMPD spectra of the isolated cluster in the gas phase reveal that it
contains two uncoupled naphtholate subunits and only the irradiation promotes the coupling reaction, which
is thus observed as a genuine gas-phase reaction. The driving force for the C—C coupling is a keto—enol
tautomerization of the initial coupling product, and the formation of the corresponding binol in the cluster
is exothermic by 0.61 eV. In contrast, analogous C—0O and O—O couplings are endothermic reactions.

Introduction

The mechanism of the oxidative C—C coupling of naphthols
and related molecules mediated by transition metals is subject
to an ongoing discussion. Most of the recently published highly
enantioselective syntheses of BINOL and its derivatives are
based on naphthol coupling catalyzed by chiral complexes
containing two metal centers (vanadium, iron, or copper).t™*
In consensus, the suggested mechanisms for these chemically
bound binuclear catalysts are based on aformation of acomplex
between the catalysts and two molecules of naphthol, which
thus couple in a highly chiral environment (Scheme 1).
Interestingly, aso formation of a self-dimerized chiral assembly
of vanadium complexes on a SiO, surface was reported, which
also promoted the enantioselective naphthol coupling.®

The mechanistic scenarios for the naphthol couplings medi-
ated by transition metal salts or mononuclear transition metal
complexes are more diverse. However, a generation of a free
radical or a metal-bound radical from the naphthol reactant is
usualy involved as a central concept. The so-formed radical
then reacts with another naphthol molecule from the reaction

mixture.>° In marked contrast to these scenarios, we have
recently shown experimentally that, for copper-mediated naph-
thol coupling, various isolated complexes of copper(ll) and
naphtholate in the gas phase do not show any significant
reactivity toward molecules sensitive to the carbon-centered
radicals (e.g., CHsl or (CH3S),),*® which therefore implies very
low reactivity toward a nonactivated molecule of naphthol .**
Instead, we have proposed a mechanism based on an ad hoc
formation of binuclear clusters in the reaction mixture, where
both molecules of naphthols are coordinated to metal centers
and thus both molecules are activated for the coupling reaction.
Such binuclear complexes can be identified by mass spectro-
metric analysis of reaction mixtures,** ¢ and the unimolecular
reactivities of these binuclear complexes then suggest the
formation of the coupled products.™*

The mechanism has been suggested based on an electrospray-
ioni zation mass spectrometric study*”*® of copper(l1)-mediated
coupling of methyl ester of 3-hydroxy-2-naphthoic acid (1) in
the presence of a nonchiral ligand TMEDA (N,N,N’,N’-tetram-
ethylethylenediamine).™® The use of the substituted naphthol 1
instead of 2-naphthol isimplied by the kinetics of the coupling
in solution: The coupling of 2-naphthol proceeds too fast, so
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Scheme 1. General Mechanism for Naphthol Coupling Mediated by Binuclear Metal Complexes, Where Metal M Can Be Vanadium, Iron, Or

Copper

Scheme 2. Mechanism for Naphthol Coupling Mediated by a Binuclear Copper Complex, Where Metals Are Bound via a Counterion X (X =
NOs~, CI7, or Br7) and Each Metal Atom Bears a TMEDA Ligand and Deprotonated Naphthol 1**
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that only the binol product can be observed in the mass
spectrometric experiment, whereas the electron-withdrawing
ester function of 1 slows down the coupling and the reaction
intermediates can be sampled from the reaction mixture.*2~1¢
The suggested mechanism for the naphthol coupling mediated
by copper(l1) in the presence of TMEDA is depicted in Scheme
2.11

Here, we will demonstrate that the oxidative coupling of two
naphthol molecules in the binuclear copper clusters can be
observed as a genuine gas-phase reaction as monitored by
infrared multiphoton dissociation (IRMPD) spectroscopy.?® A
complementary study using density functional theory (DFT)
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reveals the identity of the intermediates and provides the
underlying energetics for the suggested mechanism.
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Experimental and Computational Details

The gas-phase infrared (IR) spectra of mass-selected ions were
recorded using a Bruker Esquire 3000 ion trap mounted to a free-
electron laser at CLIO (Centre Laser Infrarouge Orsay, France).?*
The laser was operated in the 40—45 MeV electron-energy range
and it provided light in a 1000—1800 cm™* range. The ions of
interest were generated from a CH,Cl,/CH3OH solution of [Cu(O-
H)CI(TMEDA)] and the methyl ester of 3-hydroxy-2-naphthoic acid
(or its binol) by electrospray ionization, were mass-selected, and
were stored in theion trap. The fragmentation was induced by one
to four laser pulses admitted to the ion trap, and the dependence of
the fragmentation intensities on the wavel ength of the IR light gives
the infrared multiphoton dissociation (IRMPD) spectra. The power
of the free-electron laser slightly decreases with increasing wave-
numbers (see the Supporting Information); the reported IRMPD
spectra are averages of two or three raw spectra and are not
corrected for the power of the free-electron laser.

In contrast to most mass spectrometric methods, IRMPD provides
direct experimental information about structures of ions in the gas
phase. The technique consists in the fragmentation of mass-selected
ions in a storage cell by atunable infrared laser. The ions can be
fragmented only if they can absorb photons of agiven energy, which
means that the photons have to correspond to an arbitrary transition
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v = 0 — v = 1 in the studied ion. The dependence of the
fragmentation yield on the wavelength of the laser provides a link
to the infrared spectrum of the isolated ion. For structure elucidation,
usually a comparison of the IRMPD spectrum with a theoretical
IR spectrum is made and a positive assignment requires a match
of all measured IRMPD bands with the calculated spectrum. The
obtained intensities of the IRMPD bands do not however exactly
correspond to the theoretical IR intensities, and some bands can
even disappear in the experimental spectrum.?>23 The fragmentation
is obviously associated with a sufficient amount of energy absorbed
by the parent ion, but aso with the efficient intramolecular
vibrational redistribution, which allows a repetitive photon absorp-
tion by the v = 0 — » = 1 transition. Dissociation of an ion can
be usually achieved only after absorption of severa IR photons,
which challenges the linear relationship between the conventional
IR intensities and intensities of bands measured in the IRMPD
spectrum. All details of mechanisms influencing the appearance of
the IRMPD spectra remain still to be uncovered.°

The computational DFT study was performed using the
B3LYP?* 2" functional as implemented in the Gaussian 03 pack-
age.®® Basis sets 6-31G*, TZVP, and a combination of 6-311+G*
for copper and 6-31G* for all other atoms (denoted as 6-311+G*:
6-31G* in the following) were tested.?® We found that using the
combination of the 6-311+G*:6-31G* basis sets leads to a good
agreement in relative energetics and geometries with the results
obtained for the structures optimized at the best B3LYP/TZVP level
tested (Table S1 in the Supporting Information). On the other hand,
the energetics obtained using the smallest basis set 6-31G* is
significantly different from those obtained with larger basis sets.
Further, we found that the 6-31G* basis set completely fails for
the description of the closed-shell singlet binuclear clusters. Asfar
as the calculated IR spectra are concerned, al methods provide
very similar results, if the geometries are similar (thus with
exception of closed-shell binuclear clusters). As acompromise, we
have thus chosen optimization at the B3LY P/6-311+G*:6-31G*
level followed by a single-point calculation at the B3LYP/TZVP
level. Zero-point energies and IR spectra were calculated at the
B3LYP/6-311+G*:6-31G* level. The calculated frequencies were
scaled by a factor of 0.9613 for copper(l) species and 0.95 for
copper(l1) species, " if not stated otherwise (see figure captions).
The biradical dicopper complexes were optimized at the triplet
states, and the energies of the corresponding biradical singlet states
were obtained by single-point calculations at the UB3LYP/TZVP
level and applying a broken symmetry correction:®? Ji, = 2(Ens —
Egs)/({SPHs — (SPes),>® where HS corresponds to the triplet state
and BS corresponds to the UB3LY P calculated energy for the open-
shell low-spin state. The Ji, values found for various conformers
of the complex 3* range from —0.04 to 0.13 eV. These values are
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at the border of accuracy expected for the method applied; therefore
we discuss only energies of the triplet states in the following,
whereas the singlet state energies are listed together with more
details about the choice of the method in the Supporting Informa-
tion.

Results and Discussion

In a previous experimental study about the mechanism of
the copper catalyzed naphthol coupling, the mono- and binuclear
species evolving from the reaction solution of naphthol 1 (methyl
ester of 3-hydroxy-2-naphthoic acid) and Cu(OH)CI- TMEDA
were probed with respect to their connection to the coupling
process. As mentioned in the Introduction, the binuclear cluster
[(1-H),Cu,CI(TMEDA),]" has been suggested to carry the
coupling reaction. Collision induced dissociation of the mass-
selected cluster [(1-H),Cu,CI(TMEDA),]* in the tandem (triple
quadrupole) mass spectrometer® revealed three major dissocia-
tion channels: cluster cleavage to [(1-H)Cu(TMEDA)]* + [(1-
H)CuCI(TMEDA)], elimination of TMEDA, and elimination of
(1-H),. Comparison with the reactivity of the monomeric
complex [(1-H)Cu(TMEDA)]* and the corresponding binol
complexes led to the unambiguous conclusion that the elimina-
tion of (1-H), from [(1-H),Cu,CI(TMEDA),]* corresponds to
the formation of a coupled molecule, rather than consecutive
losses of two naphthoxy units.** Although it was shown that
the binol molecule (2) was not formed in the solution, the
coupling promoted under the electrospray conditions was
difficult to exclude. In other words, the mass-selected ions did
not need to correspond only to [(1-H),Cu,CI(TMEDA),] *, but
also isobaric complex [(2)Cu,CI(TMEDA),]* could have been
present. In order to resolve this dilema, the structures of ions
in the gas phase are investigated by infrared multiphoton
dissociation (IRMPD) spectroscopy (see Experimental and
Computational Details). We will first address the monomeric
complex [(1-H)Cu(TMEDA)]" and the complexes of hinol 2
(4,4'-bi-3-hydroxy-2-methylnaphthoate), [(2-H)Cu(TMEDA)]*
and [(2-2H)Cu,CI(TMEDA),]*, in order to understand some
genera featuresin the IRMPD spectra of these compounds. With
this knowledge we will approach the complex of interest, [(1-
H),Cu,CI(TMEDA),]*, and elucidate the mechanism of the
coupling reaction.

The experimental spectrum of [(1-H)Cu(TMEDA)] " agrees
well with the theoretical spectrum obtained for the complex,
where both, naphtholate and TMEDA are bound as bidentate
ligands to the copper ion (Figure 1). Figure 1laand 1b show the
effects of the basis sets TZVP and 6-311+G*:6-31G*, respec-
tively, on the computed spectra. Both predictions are in very
good agreement with the experimental spectrum in the
1200—1500 cm™* range (mostly stretching modes of the single
bonds). The IRMPD band at about 1570 cm™* corresponding
most probably to the carbonyl vibration is predicted at slightly
lower wavel engths using both basis sets. For the following larger
complexes, only the basis set 6-311+G*:6-31G* is used.

We have shown previously that, for the phenolate/Cu(ll)
system ([PhOCu] "), the wavelength of the stretching vibration
of the C—0O bond is a sensitive marker for the transfer of the
radical site from copper(ll) to the aromatic ring: The stretching
vibration of the C—O bond around 1500 cm™* corresponds to
the localization of the radical site at the aromatic ring, whereas
its red shift to about 1300 cm™! indicates localization of the

(34) Roaithova, J.; Schroder, D.; Misek, J; Starg, |. G.; Stary, |. J. Mass
Spectrom. 2007, 42, 1233.

J. AM. CHEM. SOC. m VOL. 132, NO. 1, 2010 283



ARTICLES

Roithovd and Milko

(@ B3LYPTZVP ﬂ

\ C=0 stretch
C-0 stretch
C-C stretch

/ CH; def.

000 1200 1400 1600

C=C stretch

Intensity [arb. u.] —

=

(B B3LYP/6-311+G*6-31G*

Intensity [arb. u] ——

1000 1200 1400 1600
wavenumbers [cm™'] ——~

Figure 1. IRMPD spectra (black lines) of the [(1-H)Cu(TMEDA)]*
complex compared with theoretical IR spectra (black bars) of the most stable
structure of the corresponding complex calculated (a) at the B3LYP/TZVP
level (scaling factor 0.97, the maximum theoretical intensity I = 362
km/mol) and (b) at the B3LY P/6-311+G*:6-31G* level (scaing factor 0.95,
Imax = 318 km/mol). The gray areas show the theoretical spectra folded
with Gaussian peak shapes with fwhm (full width at half-maximum) of 20
cm™, The “ball and stick” model shows aview on the optimized geometry;
copper is given in yellow, oxygen in red, nitrogen in green, and carbon
and hydrogen atoms in gray. The lengths of the C—O and O—Cu bonds
are given in angstroms.

nonpaired electron at the copper ion.*>*° The former situation
corresponds to the reduction of Cu(ll) to Cu(l), and it is only
realized if no ligands or a single additional ligand is attached
to the [PhOCuU]* core, because Cu(l) strongly prefers a linear
coordination.>” On the other hand, two or more additional
ligands stabilize the oxidation state Cu(l1) and phenolate remains
in its reduced form.

Two bidentate ligands bound to the copper ion in the complex
[(1-H)Cu(TMEDA)]" are arranged in a distorted tetrahedral
geometry. Thus, already the geometry suggests that copper keeps
the oxidation state (I1). Analysis of the theoretical spectrum
reved s that the C—O stretching vibration of the naphtholic group
is located at 1320 cm™2, which demonstrates the closed-shell
character of the naphtholate group. Consistent with this conclu-
sion, the spin density at the aromatic moiety (CyoHgs) amounts
to 0.04 e (Mulliken analysis at the B3BLYP/TZVP level). This
finding is in agreement with the previous experimental results
which showed that the complex of naphtholate and copper(I1)
is not reactive toward dimethyl disulfide and other sensitive
reagents toward the carbon-centered radicals.

In order to probe the putative product of the C—C coupling
step, also the binol 2 isinvestigated. The most stable structure

(35) Milko, P.; Roithova, J.,; Tsierkezos, N.; Schroder, D. J. Am. Chem.
Soc. 2008, 130, 7186.
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Holthausen, M. C. Chem.—Eur. J. 2008, 14, 4318.

(37) (a) Chaboy, J.; Munoz-Paez, A.; Merkling, P. J.; Marcos, E. S. J. Chem.
Phys. 2006, 124, 064509. (b) Inoue, K.; Ohashi, K.; lino, T.; Judai,
K.; Nishi, N.; Sekiya, H. Phys. Chem. Chem. Phys. 2007, 9, 4793.
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Figure 2. IRMPD spectra (black lines) of (a) [(2-H)Cu(TMEDA)]* and
(b) [(2-2H)Cu,CI(TMEDA),]* and their comparison with theoretical IR
spectra (black bars, scaling factors 0.966, | = 652 km/mol and | =
658 km/mol, respectively) of the most stable structures of the corresponding
complexes. The gray areas show the theoretical spectrafolded with Gaussian
peak shapes with fwhm (full width at half-maximum) 20 cm2. The “ball
and stick” models show a view on the optimized geometries of the
corresponding complexes; copper is given in yellow, chlorine in orange,
oxygen in red, nitrogen in green, and carbon atoms in gray; the hydrogen
atoms have been removed. The lengths of the C—O and O—Cu bonds are
given in angstroms.

found for the complex of binolate (2-H)~, copper, and TMEDA
is analogous to [(1-H)Cu(TMEDA)]*. The copper ion is in
distorted tetrahedral geometry coordinated to one of the naphthol
subunits and to TMEDA (Figure 2a). The experimental IRMPD
data are well reproduced by the corresponding calculated
spectrum up to 1500 cmt. However, the C=0 and C=C
vibrations are again predicted at sightly lower wavenumbers
than observed in the experiment. Interestingly, the carbonyl
vibration of the noncoordinated ester function (1678 cm™,
denoted by an asterisk in Figure 2a) does not appear in the
experimental spectrum at al. It might be smply explained as
an experimental artifact due to the decreasing intensity of the
free-electron laser with increasing wavenumbers (Figure S1 in
the Supporting Information). However, this phenomenon can
also point toward a more fundamental difference between the
coordinated and noncoordinated carbonyl groups. Specifically,
different capabilities of the two carbonyl groups in the internal
vibrational redistribution (IVR) process can be suggested and
this effect forms a challenge for forthcoming studies. We note
in passing that structures with copper being coordinated to both
ester functions are not possible because of the spatial distance
of the carbonyl groups.

Next to the mononuclear copper complex of binol 2, aso
binuclear complexes are formed. The most abundant binuclear
complex contains doubly deprotonated binol bound to two
copper ions. Each copper ion bears a TMEDA ligand, and the
complex contains also a chlorine atom as a counterion. In the
most stable structure found for this complex (see a view at
Figure 2b), chloride forms a bridge between two copper ions.
A structure in which the bridge is broken and the chlorine anion
is bound only to one of the copper cations lies 0.41 eV higher
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Chart 1

0
Hico-GC O O C-OCHs
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in energy. The calculated spectrum for the most stable structure
agrees well with the experimental IRMPD spectrum; only the
band corresponding to the stretching modes of the double bonds
is again predicted at lower wavenumbers. For comparison, the
IR spectrum of the more energetic isomer contains two separated
bands at 1558 and 1612 cm™* for the C=0 bands of the two
nonegquivalent carbonyl groups, which is not observed in the
experimental spectrum.

The comparison of all spectrain Figures 1 and 2 reveals two
important findings. First, the binol skeleton shows more intense
bands of C—C and C—O single bonds in the range of about
1180—1350 cm™* compared to the bands of double bonds in
the range of about 1550—1650 cm™?, whereas the opposite is
found for the naphthol complex. In particular, the intense band
at about 1200 cm~* seems to be a spectral sign of the larger
system. Second, the coordination of the copper ion to the
carbony! group of the ester function has a decisive impact on
the intensity of the C=0 band with respect to other bands in
the spectrum. Thus, from the relative intensities of the C=0
bands and other bands in the IRMPD spectrum, it can be
estimated whether both ester functions or rather only one of
them is coordinated to the metal center.

Finaly, a cluster with two units of the naphtholate/copper/
TMEDA complex [(1-H)Cu(TMEDA)]" bound via chloride is
investigated (Chart 1). The calculations show that the coordina-
tion of naphtholate and TMEDA to the copper ion in the two
subunits has almost a square planar geometry. Two orientations
of the [(1-H)Cu(TMEDA)]* subunits can be considered (3a*
and 3b" in Chart 1), and several minima for each orientation
can be found if we consider a rotation of one [(1-H)Cu-
(TMEDA)]™ subunit around the axis going through both copper
ions. All located minima lie very close in energy (with the
energy differences smaller than 0.1 €V), and therefore it can be
expected that the investigated cluster ion is rather floppy in the
gas phase. The most stable structure corresponds to the isomer
3a’, and 3b™ lies 0.04 eV higher in energy. For the sake of
completeness, we have investigated also structures in which
TMEDA operates as a bridging ligand (3c™ and 3d™ in Chart
1), but these isomers lie more than 1.3 €V higher in energy
than the isomers with chelating TMEDA ligands. The cal culated
IR spectra of all optimized structures of 3" are very similar in
that the positions of individual bands do not differ more than a
few wavenumbers.

The experimental IRMPD spectrum obtained for the cluster
[(1-H),Cu,CI(TMEDA),]* shows features similar to those of

spectra reported above. In comparison with the theoretical
spectra of 3a" and 3b™, the observed bands can be assigned
(Figure 3). The broad band centered at about 1600 cm™ is
attributed to the C=C and C=0 vibrations. Similarly to other
calculated spectra discussed above, the vibrational modes of
the double bonds are predicted at dlightly lower wavenumbers
than observed experimentally. The band at about 1430 cm™
corresponds to the deformation vibration of the methyl group,
the overlapping bands from about 1220 to 1390 cm™* represent
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Figure 3. IRMPD spectrum (black solid lines) of the [(1-H),Cu,Cl-
(TMEDA),]" complex. Comparison of the experimental spectra with the
theoretical IR spectra (black bars, scaling factor 0.95) of the most stable
structures of (a) 3a* and (b) 3b™. The gray areas show the theoretical spectra
folded with Gaussian peak shapes with fwhm of 20 cm™. The “ball and
stick” models show aview on the optimized geometries of the corresponding
complexes; copper is given in yellow, chlorine in orange, oxygen in red,
nitrogen in green, and carbon atoms in gray; the hydrogen atoms have been
removed. The lengths of the C—O and O—Cu bonds are given in angstroms.
The maximum theoretical IR intensities are Iy = 1651 km/mol and Iz
= 1124 km/mol, respectively.
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Figure 4. Comparison of IRMPD spectra of the [(1-H),Cu,CI(TMEDA),]" (black solid lines) with calculated spectra (scaling factors 0.9613, I given in
brackets) of the primary coupled products (a) *4" (Iya = 589 km/mal), (b) 5% (Imax = 625 km/mol), and (c) 6" (Inax = 447 km/mol), and the enol forms
of the C—C coupled product products (d) *7a* (Imx = 483 km/mol) and (€) 7b* (Imx = 781 km/mol).

C—C and C—O vibrations, and finally the bands at 1140, 1170,
and 1200 cm™* correspond to the deformation vibrations of the
aromatic systems. The experimental and theoretical spectra are
in very good agreement, although the C=0 stretching mode is
again predicted at slightly lower wavenumbers and the same is
true for three bands corresponding to the deformation vibrations
of the aromatic system.

Figure 3b demonstrates that the calculated IR spectra are not
sensitive to the actual conformation of the [(1-H).Cu,Cl-
(TMEDA) ,]* complex. The IR spectrum of the most stable
structure found for isomer 3b™ is amost identical with that of
3a’. Even the spectrum of a structuraly very different, high-
energy isomer with the TMEDA ligands acting as bridging
ligands has very similar appearance (see Supporting Informa-
tion). The small differences between the spectrain conjunction
with the sampling of a mixture of low-energy conformations
can account for a seemingly lower resolution of this IRMPD
spectrum compared to the spectra mentioned above.

The IR spectra of possible complexes with the same mass,
but containing the coupled product, are shown in Figure 4. None
of the spectra is in agreement with experiment. On one hand,
the possible primary coupled products corresponding to the keto
form of the C—C coupled product 4+, the keto form of the C—O
coupled product 5%, and the O—O coupled product 6" have
completely different band structures in the range of stretching
vibrations of single bonds (ca. 1200—1400 cm™) and in
particular the band at 1315 cm™?, which corresponds to the C—O
stretching mode, is not reproduced at al. None of the theoretical
spectra of all possible coupled products, including more stable
enol foms of the C—C coupled product 7a® and 7b",
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reproduces the experimental band at 1570 cm™!, which is
consistent with the interpretation of this band as a carbonyl
stretching mode of the ester function coordinated to copper(ll).
As dl coupled products contain copper(l) ions, the appearance
of the IR spectrain thisrange is completely different. Note also
that neither increasing nor decreasing of the scaling factor
applied to the theoretical vibrations leads to agreement between
any of the theoretical spectra and the IRMPD spectrum.

In summary, we conclude that the ion isolated in the gas phase
corresponds to the complex [(1-H),Cu,CI(TMEDA),] © with two
isolated naptholate units and the observed elimination of the
coupled product (1-H), is induced either by irradiation (here)
or collision (in previous work) and the coupling is therefore
observed as a genuine gas-phase reaction.

Based on our calculations and structure verifications by
IRMPD spectroscopy, we therefore suggest the following
reaction mechanism for the oxidative coupling of two naphthol
molecules (Figure 5). The reactive complex 3%, i.e, [(1-
H),Cu,CI(TMEDA),]*, isformed ad hoc in solution by binding
of monomeric units [(1-H)CuCI(TMEDA)] and [(1-H)Cu-
(TMEDA)]*, or by an exchange of chlorine atoms by the
naphthoxy units in [Cu,Cl3(TMEDA),]™ or [(1-H)Cu.Cl,-
(TMEDA),]*. We notein passing that all these speciesincluding
the investigated complex [(1-H),Cu,ClI(TMEDA),] * are sampled
directly from the reactive solution. The C—C coupling between
two naphthoxy units within the reactive complex [(1-
H),Cu,CI(TMEDA),]* (33") is endothermic by 0.96 eV and
leads to the keto form of the binol product coordinated to the
[Cu,CI(TMEDA)]" cluster (*4a"). This isomer can relax by
opening one Cu—Cl bond to a more stable form *4b*, which
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Figure 5. B3LYP/TZVP//B3LYP/6-311+G*:6-31G* calculations of the oxidative coupling of two naphthol molecules 1 catalyzed by copper(ll) and TMEDA.

contains one tightly coordinated copper ion and a [CuCl-
(TMEDA)] unit coordinated loosely. Note that the starting
complex isabiradical with two radica siteslocated at the copper
atoms, whereas the product is a closed-shell molecule. The
equilibrium between the coupled and uncoupled products is
driven toward the formation of binol by the subsequent
keto—enol tautomerization, which is exothermic by 1.57 eV,
and the overall coupling reaction is thus exothermic by 0.61
ev.

In comparison, the formation of the concurrent primary C—O
coupling product 5" requires similar energy (E«°*(*57) = 0.94
eV), but the subsequent keto—enol tautomerization leads still
to an endothermic product 18" with an overall energy demand
of 0.26 eV. Findly, the O—O coupling is endothermic by 2.85
eV and therefore cannot compete with the major C—C coupling
route.

The detailed analysis of the structures of the C—C coupled
products gives further rationale for the observed fragmentation
channels of mass-selected [(1-H),Cu,CI(TMEDA),] . Figure 6
shows a mass spectrum obtained by the integration of all peaks
in the IRMPD spectrum of [(1-H),Cu,CI(TMEDA),]* for the
individual observed fragmentations. We note in passing that
IRMPD spectra derived independently from the individual
fragmentation channels are the same within experimental error,
which is yet another hint that the parent ions correspond to 3*
exclusively, rather than amixture of noninterconverting isomers.
Interestingly, the relative abundances of fragmentation channels
dramatically differ from those observed earlier in the collision
induced dissociation spectrum of [(1-H),Cu,Cl(TMEDA),]*.1
Fragmentation induced by IR irradiation leads much less to the
cluster cleavage (formation of [(1-H)Cu(TMEDA)]™ + [(1-
H)CuCI(TMEDA)]), and instead the channels corresponding to
the coupling reaction prevail (see below). This can be easily
understood, because the IR irradiation leads to a slow increase
of internal energy of the parent ions,®® which provides time for
the necessary rearrangements associated with the coupling

(38) McLuckey, S. A.; Goeringer, D. E. J. Mass Spectrom. 1997, 32, 461.
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Figure 6. Mass spectrum obtained by the integration of peaksin the IRMPD
spectrum of [(1-H),Cu,CI(TMEDA),]* independently for all fragmentation
channels observed and the interpretation of the fragmentation channels. The
channelsin the hatched frames were observed only in the CID experiment.™*

reaction, and hence this thermodynamically favored process can
prevail. In contrast, a collision induced dissociation (CID)
experiment leads to kinetically favored products.

For illustration of these various aspects, let us consider a
deconvolution of the mass spectrum to the processes associated
either with the degradation of the cluster or with the coupling
reaction. The cluster cleavage (evidenced by m/z 380) and the
elimination of one naphthoxy unit (m/z 594; minor channel
observed only under the CID conditions) clearly result from
the direct fragmentation of the original uncoupled product 3*
(Figure 6). All other fragmentation channelslead via the primary
coupling 3" — 4%, where these channels include the elimination
of TMEDA, [CuCI(TMEDA)] (only in the CID experiment),
loss of the coupled product 2, and the combined elimination of
TMEDA and 2 (peaks at m/z 679, 581, 393, and 277,

J. AM. CHEM. SOC. m VOL. 132, NO. 1, 2010 287



ARTICLES

Roithovd and Milko

respectively). The C—C coupled product can be formed in two
stable isomers: thefirst one, 17a", with a conserved Cu—Cl—Cu
bridge will lead directly to the elimination of the binol product.
In the second isomer, 7b™, the copper units are separated and
therefore this isomer can lose neutral [CuCI(TMEDA)]. Both
isomers will easily lose the TMEDA ligand, because as noted
above the copper(l) ion is preferentially linearly coordinated
and the binding energies for additional ligands are small (on
the contrary, the original parent ions with two uncoupled
naphthoxy units should rather lose the naphthoxy ligand than
TMEDA).* Based on this deconvol ution of the mass spectrum,
the branching ratio between the cluster degradation (D) and the
coupling reaction (R) can be estimated. Thus, under the IRMPD
conditions the ratio D:R amounts to 30%:70%, whereas the ratio
in the previous CID experiment can be estimated as 60%0:40%,
respectively.

Conclusions

Using IRMPD spectroscopy and DFT calculations, we have
shown that the oxidative coupling of two naphthol molecules
mediated by copper(Il) proceeds in binuclear clusters, where
both naphthoxy units to be coupled are activated by binding to
their own copper(l1) center. The ad hoc formed complexes [(1-
H),Cu,CI(TMEDA),] " can be sampled by ESI mass spectrom-
etry. The IRMPD spectrum of the complex clearly reveal s that
it contains two isolated naphthoxy units and copper(ll) centers.
The coupling observed in the unimolecular fragmentation is
therefore induced by a collision or an absorption of IR photons
and therefore constitutes a genuine gas-phase reaction. The
theoretical investigation of the system shows that the formation
of the primary C—C coupled product in the keto form is
endothermic by 0.96 eV and the following keto—enol tautomer-
ization is exothermic by 1.57 eV. The overall C—C coupling is
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therefore exothermic by 0.61 €V and the keto—enol tautomer-
ization provides the driving force for the reaction. On the
contrary, both the C—0O coupling and the O—O coupling are
endothermic reactions and therefore are energetically disfavored.

Knowledge of reaction mechanismsis the most important step
toward the rational design of suitable catalysts and conditions.
It has aready been shown experimentally that chiral chemically
bound binuclear metal clusters are superior to mononuclear
metal complexes or metal salts as far as enantioselectivity and
yields are concerned. However, the combination of metal salts
and chiral ligands will most probably stay the economically
preferred variant. The enantioselectivity and yield can be thus
improved by a selection of better bridging counterions or a
solvent supporting the clustering. We believe that the binuclear
mechanism of naphthol coupling is not an exception, but similar
reactivity can be observed also for other oxidation reactions,
where copper(ll) is involved as a mediator.
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