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Prof. Linda H. Doerrer

Boston University

Chemistry Department

590 Commonwealth Ave., SCI 383
Boston, MA 02215

(617) 358-4335

15 February 2019
Dear Professor Holder,

Please find attached our manuscript entitled “Cu(l)-O. Oxidation Reactions in a
Fluorinated All-O-Donor Ligand Environment” which we are submitting for publication
consideration as an invited perspective article in Dalton Transactions in honor of Professor
Geoff Cloke.

We are responding to the reviewers’ helpful and detailed comments as described
below.

Reviewer 1:
1. Introduction, first paragraph. “Oxidation reactions can be either oxidase,
monooxygenase, or dioxygenase”. These are rather enzyme types/enzymatic
mechanisms; the author should define them and comment on the differences.

A brief expansion in the text to clarify has been added as well as one dioxygenase
enzyme to Scheme 1.

2. What is “E” in Scheme 3?
“E = Si or Al” has been added to the caption of Scheme 3 for clarification.

3. Itis not immediately obvious what is the starting material in Scheme 7 — it took me
a few moments to understand that it is CuMes. Can the layout of the scheme be
improved to make it more clear what reagents lead to what outcomes? Furthermore,
the subsequent discussion in the paper highlights differences between compounds
which have some degree of structural similarity, yet differing from one another in
other aspects. For example, when the author describes the interaction between Cu(l)
complexes and 02, it is hypothesized (for compounds 4 and 7) that less K---O/F
lead to ““...diminished ability to generate a stable {Cun-O2} species...”. Yet, the
relevant schemes (Scheme 5 and 7) only demonstrate similarity between the
compounds, not differences. In my view, there needs to be one big
scheme/table/figure in the manuscript in which there would “one-to-one”
assignment of the compounds with their respective numbers so the reader could
easily link reactivity differences with the structural ones.

Scheme 7 (now scheme 6) has been expanded substantially to make the nature of
the reactions and the compound numbering clear.
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4. The authors describe encapsulation of the potassium ions by the alkoxide ligands’
fluorines; while the solid-state information on the strength of such interaction can
be obtained from the structural studies, the nature of K--F interaction in solution is
deduced primarily from the conductivity studies. | am curious whether it could be
possible to use *°F NMR spectroscopy to estimate K---F interaction in solution?

For 1-6, °F NMR spectra are nearly identical between encapsulated and
unencapsulated complexes. In light of this suggestion, a sentence has been added
to the conclusions to address future variable temperature °F NMR experiments that
further explore K---F/O interactions. We have a manuscript in preparation on some
Sn(IV) compounds that do exhibit temperature- dependent fluxionality.

5. Scheme 5 should have compounds #s in it: it would be easier to follow the text this
way

Scheme 5 includes non-Cu examples of fluorinated O-donor complexes, as
background material from our group, which are not discussed significantly in the
text. Only the Cu-containing complexes have been numbered, and Scheme 6
(previously scheme 7) has been revised to make their identities clearer.

6. There are several clear advantages to using fluorinated ligands in catalysis in
general, and the oxidation catalysis in particular. The steric/electronic argument
(fluorination reduces basicity, prevents bridging, and forms mononuclear species)
is very much valid and is clearly presented in the paper. The authors also talk about
fluorine atoms providing ligands to the intercalated alkali metals, which contributes
to the overall stability of the complexes by creating less charge separation. There is
one point that, in my view, could be further elaborated, and that is the
stability/robustness of F-substituted hydrocarbons under oxidizing conditions — this
consideration, | think, is particularly relevant to the application discussed here. This
point is addressed later in the manuscript, but not in initial discussion on the
advantages of the fluorinated ligands.

A sentence has been added to the introduction to address this additional advantage
of fluorinated ligands.

7. What is the structure of the DFT-proposed asymmetric trimer (asT)? Scheme 10
describes the overall transformation with all possible intermediates, including the
ones which are not observed (“M”). However, “asT” does not appear there.

Now Scheme 9, this has been expanded in order to incorporate the asymmetric
trimer.
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Reviewer 2:

1.

In discussing tyrosinase activity it might be appropriate to cite a few papers from
the group of F. Tuczek. That group has made many pioneering contribution to the
field of tyrosinase chemistry.

To account for the ongoing area of research in tyrosinase models, we now cite
multiple papers and a review by Tuczek, as well as papers from other relevant
groups, including Casella, Herres-Pawlis, Stack, and Lumb.

In many of the schemes the authors have used "normal” formulae to describe many
compounds. The manuscript will become much more readable if the authors use
appropriate Chemdraw figures in those schemes instead of normal formulae.

The substantial revisions to Scheme 6 (previously scheme 7) should address this
point.

Thank you for considering our paper.
Sincerely,
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Cu(l)-O, Oxidation Reactions in a Fluorinated All-O-Donor Ligand
Environment

Received 00th January 20xx, Sarah E.N. Brazeau and Linda H. Doerrer*
Accepted 00th January 20xx

Investigation of Cu-O, oxidation reactivity is important in biological and anthropogenic chemistry. Zeolites are one of the
DOI: 10.1039/x0xx00000 most promising Cu/O based oxidation catalysts for development of industrial-scale CH, to CH;0H conversion. Their oxidation
www.rsc.org/ mechanisms are not well understood, however, highlighting the importance of the investigation of molecular Cu(l)-O,
reactivity with O-donor complexes. Herein, we give an overview of the synthesis, structural properties, and O, reactivity of
three different series of O-donor fluorinated Cu(l) alkoxides: K[Cu(OR),], [(PhsP)Cu(u-OR),Cu(PPhs)], and K[(RsP)Cu(pinf)], in
which OR= fluorinated monodentate alkoxide ligands and pinf= perfluoropinacolate. This breadth allowed for the
exploration of the influence of the denticity of the ligand, coordination number, the presence of phosphine, and K---F/O
interactions on their O, reactivity. K+:-F/O interactions were required to activate O, in the monodentate-ligand-only family,
whereas these connections did not affect O, activation in the bidentate complexes, potentially due to the presence of
phosphine. Both families formed trisanionic, trinuclear cores of the form {Cus(u3-0),}*. Intramolecular and intermolecular
substrate oxidation were also explored and found to be influenced by ligand coordination. Namely, {Cus(ps-0),F from
K[Cu(OR),] could perform both monooxygenase reactivity and oxidase catalysis, whereas those from K[(RsP)Cu(pinf)] could

only perform oxidase catalysis.

formation of reactive {Cu,-O,} intermediates performing
(sub)stoichiometric and/or catalytic substrate oxidation.'*%> The
coordination spheres of these model complexes are dominated by N-
donor ligands, due to the prominence of imidazole donors in
enzymes and their ease of synthetic modifications. While
investigation of these complexes has led to an increasingly
sophisticated understanding of how ligand environments influence

Introduction

Catalytic oxidation reactions are fundamental processes on earth —
both in biology and in synthetic chemical conversions. A detailed
understanding of their properties and iterative improvements in

performance are important goals for fundamental and applied
reasons. Oxidation reactions can be either oxidase, monooxygenase,
or dioxygenase, as shown in Scheme 1. In oxidase reactions the
substrate is oxidized without the introduction of atoms from O,
which are reduced and form H,0. In monooxygenase and
dioxygenase reactions, on the other hand, one or two O atoms from
0,, respectively, are incorporated into the substrate. In designing
new oxidants, enzymes such as ascorbate oxidase, particulate
methane monooxygenase (pMMO), dually reactive tyrosinase,!
quercetin 2,3-dioxygenase? and others have served as inspirations
because these enzymes catalyze desirable transformations under
ambient conditions (Scheme 1).34 In particular, tyrosinase reactivity
has been widely studied via model complexes and is an ongoing area
of interest.>'2 A common trait among this enzyme group is a Cu
active site that activates O, to effect intermolecular oxidation
reactions.? Of particular interest is C-H bond functionalization, such
as the oxidation of CH4; to CH3;0H by pMMO. To better understand
these transformations in Cu enzymes, a large array of Cu(l) model
complexes that reduce O, have been prepared to explore both

Department of Chemistry, Boston University, Boston, Massachusetts 02215, USA.
E-mail: doerrer@bu.edu; Tel: +1 617 358 4335

This journal is © The Royal Society of Chemistry 20xx

intermediate formation and reactivity, none of these models
perform usefully on an industrial scale.

Zeolites have shown considerable promise as industrial oxidation
catalysts, having been used as catalysts by petrochemical companies
since the 1960s.1® Rather than N-donor ligands, all zeolites bear
anionic aluminosilicate O-donor frameworks, as shown in Scheme 2,
and can be loaded with a variety of metal cations. By tuning zeolite
properties, these materials can be adapted to a number of industrial
refining processes, finding particular success as a fluid catalytic
cracking (FCC) catalyst, which produces primarily gasoline from
crude oils.’” Zeolites have also been examined for other reactions.
Two of the most studied for oxidation reactions are Zeolite Socony
Mobil-5 (ZSM-5) with MFI framework, and mordenite (MOR). Both
frameworks have similar Cu coordination environments that are
proposed sites for reaction with O,, with nearly identical structural
properties.16:18

Notably, activated Fe and Cu zeolites have been shown to
catalytically oxidize substrates, including the most difficult one, CH,,
first achieved by Fe/O ZSM-5,° and later by Cu/O ZSM-5.20 While
Fe/O ZSM-5 is a stronger oxidant of CH, compared to Cu/O ZSM-5,
Fe/O ZSM-5 requires N,O for activation, whereas Cu/O ZSM-5 can be
activated by either N,O or O,, making it more fit for industrial

J. Name., 2013, 00, 1-3 | 1
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application.’® Additionally, Cu/O ZSM-5 requires a temperature of
only 150 °C to activate CHy, has a selectivity greater than 98%,2° and
has well-understood active site(s).?® 1& 21 22 |n Cu/O ZSM-5, the
mechanism of formation of the active site was fully characterized. As
shown in Scheme 3, each Cu site is coordinated bidentate to the O-
donor framework, and when exposed to O,, forms a pu-n2:n? peroxo-
bridged dicopper intermediate, which rearranges to {Cu,0}?*.2% 22
Similarly, Cu-MOR also catalyzes CH,; to CH3OH oxidation, bearing
two related {Cu,0O}** active sites with the same core structure.®
More recently, Cu/O zeolites that oxidize CH; with [Cu303]** have
been investigated in ZSM-5 and MOR.%3-2>

To develop molecular oxidants based on zeolite active sites, the use
of O-donor ligands is necessary. Hydrogenated O-donor ligands are

[Cu0*" [Cuz031%*
Q o
° 9 O O /i 0 \ E—0 e
/cul C{JI\E / cu'T >t /\ N ) o e}
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Scheme 3. Proposed reactive species in Cu/O zeolites ZSM-5 and MOR, based on Chem. Rev. 2018, 118, 2718, Nat. Comm. 2015, 6,
7546, and J. Catal. 2016, 338, 305.
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Scheme 4. Decreasing alcohol pK, values with increasing fluorine content.

challenging to work with primarily due to oxidative ligand
degradation but also due to high pK, values, which increase the
degree of bridging, possible polymerization, and reduced open
coordination sites.?¢

Additionally, higher spin states are known to promote oxidation
chemistry, including high-spin Co(Il),?” high spin Fe(lll),?® and
intermediate spin Ru(IV).?? Fluoride is known to promote high
oxidation states when bound to metal centers including [Cu'VF¢]%,
[CoVFe]*, [RhV'Fg], and [ReY"F;].3° When ligands are highly
fluorinated, pK, values are generally decreased, as shown in Scheme
4, due to increased stabilization of the conjugate base upon
fluorination.3! Carbon-fluorine bonds are robust to most oxidation
conditions, making perfluorinated ligands well suited for catalytic
reactivity with O,. The decreased basicity of fluorinated ligands also
results in lower propensity for bridging under analogous
conditions.32 33 |n fluorinated alkoxide complexes, fluorine can often
interact reversibly with Lewis acidic alkali metal cations, lending to
greater complex stability.34-40

Our research group has successfully demonstrated the combined
benefits of fluorination and O-donor ligands, including stabilizing
complexes with high formal oxidation states*! 42 as well as high spin
states.”®> For example, a monomeric organocuprate complex with
Cu', {K(18C6)}[Cu"(OC(CgH4)(CF3),),], was found to be stable at room
temperature, with the partially fluorinated a-cumyl alkoxide ligand
backbone.*® We have also observed high-spin square-planar

perfluoropinacolate (pinf) ligand, shown in Scheme 4.3 More
recently, a square-planar [Co"(pinF),]- complex was isolated, with an
intermediate S =1 spin state and exceptionally large zero-field
splitting.*?

Fluorinated Alkoxide Complexes

There now exists a large number of complexes with fluorinated
alkoxide ligands, and some representative complexes can be seen in
Scheme 5. These include primarily mononuclear, homoleptic
aryloxide and alkoxide 3d metal complexes. For example, four-
coordinate monodentate high spin complexes with either OCgFs or
3,5-0CgH3(CF3), ligand environments were synthesized with Co(ll),3?
Ni(l1),%* Cu(l1),32 and Zn(l1),*> and a five-coordinate Fe(ll) complex.*®
The perfluoro-t-butoxide (OC4Fg) ligand was also employed,
supporting unusual three-coordinate complexes with Fe(ll), Co(ll),
and Cu(ll).* A series of homoleptic Zn(ll) complexes was also
prepared with fluorinated aryloxides and the a-cumyl alkoxide,
OCPhMef,, with the coordination number of Zn dependent on ligand
steric bulk.?> Several dimeric species have been prepared with 3d
metals as well.3% 4> 46 We have also used the bidentate pinF ligand to
prepare several room-temperature and air stable complexes.
Divalent complexes with the form [M(pinF),]? were initially reported
by C.J. Willis and co-workers with M = Mn, Ni, Cu and Zn, but
characterized only by elemental analysis and magnetic
susceptibility.*® Our group characterized these species more
thoroughly, and prepared several new complexes as well.42 4349

behavior with [Fe'(pinf),]> and [Co"(pinf),]*, with the
2- 1- r q
FsC 2-
OC4Fg OC4F9 3 CF3
FsC Ou,. .0
M M FsC — M CFs
\ ~ 3 (@) ~~

49 ] FsC CFy |

M = Co, Ni M = Fe, Co, Cu M = Fe, Co, Ni, Cu, Zn

Scheme 5. Selection of O-donor fluorinated complexes synthesized by our research group.

This journal is © The Royal Society of Chemistry 20xx
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We have since applied our unique ligand systems to investigate the
efficacy of all-O-donor molecular systems in intermolecular
oxidation. As mentioned above, investigations in this area have been
dominated by N-donor ligands,'3% structurally, spectroscopically,
and (sometimes) functionally mimicking those from nature and
leading to a greater understanding of their mechanisms. To date,
however, none of these systems have been adapted commercially.
The ability of O-donor zeolites to catalyze conversion of CH; to
CH3O0H highlights the necessity of a deeper exploration of O-donor
Cu(l) complexes and their reactivity with O,. While there are some
examples of mixed N/O-donor scaffolds,>%-%° our work constitutes the
only fully O-donor ligand environment in molecular Cu-0, chemistry.
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Scheme 6. Syntheses of Cu(l) O-donor complexes.

4| J. Name., 2012, 00, 1-3

Please do not adjust margins

This journal is © The Royal Society of Chemistry 20xx




== -DaltenTransactions - i

Journal Name

Application of all O-donor ligand environment for Cu-
0, Reactivity

Cu(l) Complexes with O-donor Ligands

Cu(l) O-donor fluorinated complexes were synthesized in an anoxic,
anhydrous environment. To date, there are three different complex
families (Scheme 6): linear Cu(l) bis-alkoxide complexes, [Cu(OR),]-
(OR=0C,F4(1, 4,7); OCPhMEeF, (2, 5); OCMeMeF, (3, 6)),%* the dimeric
[(PhsP)Cu(u-OR),Cu(PPhs)] (OR= OC¢Fs (8), OCsFs (9), OCPhMeF,
(10),%2 with formation of [(cysP)Cu(OC4Fs)] (11) in the presence of a
bulkier phosphine,52 and three coordinate [(RsP)Cu(pinf)]-(PRs= PPhs,
Pcys) (12 - 15).83 All are synthesized in a similar fashion, shown in
Scheme 6, first using alcoholysis with {Cu'(mes)},®* © followed by
addition of alkoxide salts and neutral ligands where necessary.

Structural characterization of 1-3 revealed the linear coordination
one would expect, in addition to extensive interactions of
unencapsulated K* ions with the ligand O and F atoms.6! The K*
counter cations were encapsulated with 18C6 (4-6, respectively) for
structural comparison. Comparing 1, shown in Scheme 7, to 4 the
number of K---F/O interactions decreases from ten to one in the solid
state.®® A PPh,* complex (7) was also synthesized via in-situ
generated TI[Cu(OCy4Fy),]. Complexes 1-7 are all linear in the O-Cu-O
angle, with the number of K:--F/O interactions dependent on the
degree of K* encapsulation.®! Additionally, 2 also contains two
cuprophilic interactions®®-73 in the solid state, which are attributed to
K---F/O interactions linking adjacent complexes together.6® These
low-coordination {CuO,} environments are rare’* in the literature,
but the related non-fluorinated complex,[Cu(O'Bu),], was also
determined to have a linear two-coordinate geometry.”>’¢ No
details of its reactivity with O, were reported.

In order to explore the influence of phosphine steric bulk on Cu
alkoxide geometries, the [(R3P)Cu(u-OR),Cu(PR3)] series was
synthesized through combination of PPh; and HOR with {Cu'(mes)},
(Scheme 6), with bridging ligand OR= OC¢Fs (8), OC4Fs (9), or
OCPhMef, (10). When Pcy; was substituted for PPh; with the
OR=0C,F,, steric bulk prevented formation of a dimer and instead
resulted in linear [(cysP)Cu(OC,4Fs)] (11).52 Complexes 8-10 are three-
coordinate at Cu with a butterfly-type {Cu,0,} rhombus whose fold
angle in the solid state is dependent on the identity of OR, with 8
having a planar {Cu,0,} rhombus, 10 being slightly bent, and 9 having
the sharpest fold of 128.41(9)°. Fold angles were found to be
dependent on the orbital interactions between Cu and 0.%2
Compound 9 was also found to have a Cu...Cu distance of 2.8315(5)A,
consistent with a metallophilic interaction, as a result of the fold
angle.®?

Most recently, K[(RsP)Cu(pinF)] complexes were synthesized in order
to explore the effect of a more stabilizing bidentate ligand.®> We
employed our expertise with KHpinf as the ligand source in
combination with Cu(l) (Scheme 6). A phosphine source was added
to stabilize the coordination sphere, PPh; (12) or Pcy; (13). These
complexes were prepared with both free K* (12-13), and with K*
encapsulated with 18C6 (14-15). X-ray crystallography of 12 revealed
a distorted trigonal-planar geometry, with three K---F/O interactions.
Complexes 13-15, which were not characterized by X-ray
crystallography, are proposed to have anions structurally similar to

This journal is © The Royal Society of Chemistry 20xx

ARTICLE

Scheme 7. Schematic diagram of 1 showing intramolecular K---F
interactions as dotted lines.

12.%3 Compared to monodentate 1, bidentate 12 has significantly
fewer K---F/O interactions in the solid state, likely due to the
presence of PPh3.61 &3

J. Name., 2013, 00, 1-3 | 5
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Scheme 8. Known reactivity of Cu(l) alkoxides with O,.

The solution conductivity of 1-6 revealed the degree of ionic
character of these complexes in solutions. As expected, 4-7 behaved
as 1:1 electrolytes, indicating an ionic solution, with fully dissociated
cations and anions. Unexpectedly, 1-3 showed significantly
decreased conductivity compared to the complexes with
encapsulated [K(18C6)]*, indicating that more K:--F/O interactions,
shown in Scheme 7, result in compounds that do not fully dissociate
in solution. Dimeric [(Ph3P)Cu(p-OR),Cu(PPh3)] 8-10 showed no ionic
species present in solution, demonstrating that the dimers are robust
and do not exist in equilibrium with a charged form, such as
[(RsP),Cu][Cu(ORY),].527°

Reduction of O, and Intermediate Stoichiometries

Both the monodentate K[Cu(OR),] and bidentate K[(R3P)Cu(pinF)]
complex families were tested for reactivity with O,. Addition of O, to
a solution of fully fluorinated 1, with the monodentate OC4Fq ligand,
led to the formation of a deep purple intermediate which was then
evaluated by manometry and shown to form in a 3:1 Cu:0, ratio at
all concentrations; this intermediate was postulated to be a
trinuclear species, {Cus(u3-0),}, Tocars (Scheme 8).61 This structure
was confirmed by cryospray-ionization mass spectrometry (CSI-MS).
Notably, Tocars is the first O-donor T core to be characterized by
resonance Raman spectroscopy, with OO vector stretches at 718
(*0) and 671 cm (180). These assighments were confirmed by DFT
analysis.8% Both 2 and 3 on the other hand, with partially fluorinated
monodentate ligands, show concentration dependent reactivity with
0,. When [Cu'] > 3 mM and O, is introduced via slow diffusion, 2
affords a dark blue solution, and 3 afforded a dark red-brown. A 3:1
stoichiometry is observed by manometry at these concentrations,
indicating formation of Tocphmer2 fOr 2 and Tocmemer2 for 3.61

When [Cu'] < 2 mM, the resulting spectrum of 2 is red-shifted from
A= 496 and 590 nm to 644 nm. For 3, similar shifts were observed.5!
In these cases, manometry indicated a 2:1 Cu:0, stoichiometry,
corresponding to dimers Docphmer2 @aNd Docwvemer2- There are two
possible electronic structures for such dimers, {Cu(lll)(p-O,),Cu(ll1)},

6 | J. Name., 2012, 00, 1-3

0, and {Cu(l1)(n?,n2-0,)Cu(ll)}, 3P, which can exist in equilibrium with
one another, depending on the solvent (Scheme 9).8! The electronic
spectra of Docphmerz aNd Docwmemer2 @re most consistent with a
{Cu(l)(-0,),Cu(lIN)} core, based on the N-donor ligand literature,'3
15 but confirming vibrational data have not been obtained. Docmemer2
was determined to have low stability in solution, starting to decay
immediately following full formation. The long-term stability of
Docphmer2 Was not evaluated.

Formation of Tocmemer2 Was also shown to be dependent on the rate
of O, addition, as noted in Scheme 8. Directly bubbling O, into a
solution of 3 at all Cu(l) concentrations results in formation of the
dimer. Similarly, directly bubbling O, into a solution of fully formed
Tocmemer2 results in conversion to the dimer Docmemer2.?2 These
different results based on method of O, addition demonstrate our
control over forming dimer or trimer, based on ligand and Cu:0,
ratio. This behavior was not observed for Tocagg.

Complexes 4 and 7 were also examined for O, reactivity; however,
both showed no color change upon addition of O, under identical low
temperature conditions.®! It was hypothesized that fewer K::-F/O
interactions result in diminished ability to generate a stable {Cu,-0,}
species in this complex series.

Evaluation of complexes 12-15 for O, reactivity allowed for a
comparison of how the presence of two monodentate versus one
bidentate ligand affects Cu(l) reactivity. When 12-15 were exposed
to 0,, a teal species formed.53 UV-Vis spectra of all four species
exhibited similar electronic transitions and extinction coefficients,
and therefore are proposed to have the same core structure. To date,
only reactivity with 12 has been extensively characterized. CSI-MS
showed the stoichiometry of the reactive Cu-O, species of 12 to be
{Cu3(p3-0)2}%, Tpink, identical to Tocare core (Scheme 9). Additionally,
Teine Was evaluated by EPR at -196 °C, showing a triplet ground state
core that is consistent with other characterized T systems.53 82 &
Because all four [(R3P)Cu(pinF)]- species have similar reactivity with

This journal is © The Royal Society of Chemistry 20xx



Dalton Transactions

0,, we deduce that K::-F/O interactions do not strongly influence
these complexes’ abilities to reduce O,.

These polynuclear {Cu,0,} species have measurable lifetimes at
lower temperatures, but none are significantly stable above -40 °C.
Tocars is stable at -80 °C for at least three hours.8 Both Tocmemer2 and
Tocphmer2 are stable at -80 °C for at least one hour,®! and Ty for at
least 30 minutes.®® Formation of T for all ligand scaffolds is
irreversible either from vacuum or bubbling N,.

2K*
o
o K TN
KICU'(OR)] —2>{ KICU"(02)(OR)] } — > (ROJCU!_| ZCu'(OR)
[Cu(l)] Y sp
M
not observed L
3K* o) o 2K*
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K
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N
(RO)Cui /Cu”'(OR)
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Scheme 9. Formation of {Cu30,}* species Tyine and Tocare UpON
reaction with O,.

Because Tocars and Tyine have the same core structure, their
mechanisms of formation were investigated in detail via a stopped-
flow spectroscopy kinetic study (Scheme 9). As expected, both Cu(l)
complexes interact with O, in a step-wise fashion. When bidentate
12 is mixed with O, in the stopped-flow reaction, a species with A=
380 and 480 nm forms in the first five seconds and then rapidly
decays. This species is proposed to have a {Cu(ll1)(p-0,),Cu(lll)} core,
Oqinr, based on the UV-Vis data (vide infra), and has a k;; = 0.418(1)
sl Opine transitions decay, with k4 = 0.049(1) s, giving way to
formation of Tyine. However, the kg, of Tpine is 0.268(6) s, indicating
that an intermediate must exist. DFT calculations have identified this
as an asymmetric trimer, AT, as the likely intermediate.? We
propose that a mononuclear {Cu-O,} species, M, must be formed
initially; however, no kinetically resolvable chromophore is observed
within the time limitations of the spectrometer.

Tocare Obtained from 1 has a similar formation pathway, but no
observable intermediates between a dinculear species and the final,
symmetric trimer were indicated by the kinetic data. The two d-d
transitions of deep purple Tocare Slowly grow in over 25 minutes.
Fitting of single-wavelength data led us to detect two discrete steps:
{Cu,0,} (Docars) growth with kg; = 0.96(5) s%, and conversion of Docars
into the trimer with kp = 0.009(3) s1.2% Interestingly, Docars forms
more quickly compared to Opin, possibly due to the more flexible
monodentate OC,Fq ligands, which may also explain why (to date)
conditions for spectroscopic isolation of Dgcarg have not been found.
In contrast, Tocars has @ much slower rate of formation from Dgcarg
than that of Tyine from Ogine. This difference could arise because the
bidentate ligands are closer to their final configuration in Oyine versus

This journal is © The Royal Society of Chemistry 20xx

those in Docare. These observations reveal that while the different
fluorinated O-donor ligands do not affect the identity of the final Cu,-
0, core, the ligand coordination does affect the rate of T formation.
The formation of ATye en route to SYTpie, may also be due to the
decreased flexibility of the chelating ligand. For the monodentate
series only, 1 — 3, the K:--F/O interactions are required for formation
of a low-temperature stable Cu,-O, intermediate.

Reactivity of {Cus-O,} with Substrates

Reactive {M,-O,} species can have either nucleophilic or electrophilic
character at the O atom. Both types of reactivity were seen in these
systems. Using the relatively stable Tocmemer2, Tocphmemer2, Tocars, and
Toine  {Cu3O,} cores, nucleophilic reactivity with CO, and
oxidase/oxygenase reactivity with C-H bonds were probed. The
oxidation reactions are summarized in Scheme 10. It should be noted
that in the formation of Tyine, all PR3 is oxidized to OPRs, with a H
NMR vyield of 88% per {Cu30,}.%3

Tocmemer2, Tocphvemer2, and Tocars Were evaluated for nucleophilic
reactivity with CO,.6? Exposure to CO, led to color change upon
warming, and the Tocarg OF Tocphmemer2 Cases yielded powders that
when analyzed by IR spectroscopy indicated the presence of bound
CO5%, but no clean products were able to be isolated. Reaction of CO,
and Tocwmemer2 Yielded blue crystals of a Cu(ll) alkoxide carbonate
tetramer, {{Ky(DME);s}[Cu(OCMeMeF,),(CO3)1}s, along with an
unidentified green species.b!

The partially fluorinated Tocmemer2 aNd Tocphmemer2 SPECiES Were
found to perform intramolecular ligand hydroxylation. The {Cu30,}
species were generated at -80 °C and then allowed to warm to room
temperature, upon which a color shift to green was observed. These
solutions were analyzed by ESI-MS, and the hydroxylated free ligands
were identified. This analysis was repeated with isotopically labeled
180, resulting in a mixture of labeled and unlabeled free ligand,
confirming O, as the source of the oxygen in intramolecular ligand
hydroxylation.®! These two T cores highlight the advantage of full
ligand fluorination of Tocars and Tpine Which are inherently immune to
C-H oxidation and can direct their oxidation chemistry to external
substrates.
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Scheme 10. Oxidation reactivity of O-donor T cores.

Oxidase reactivity was probed in the conversion of para-
hydroquinone (H,Q) to para-benzoquinone (BQ) (Scheme 10).
Catalytic oxidation with Ty, Was observed with modest turnover.
Notably, the identity of phosphine has a measurable effect on TON,
whereas encapsulation of K* has little effect (12 vs 14). Total recovery
of H,Q and BQ is 94%, indicating clean reactivity.®® Tocaro Was also
shown to catalytically convert H,Q to BQ, with a comparable TON
(12, 14 vs 13, 15) . Product recovery is lower, however, at 48%.80
Similar TONs for these two trimers suggest that oxidase reactivity is
not affected by ligand coordination environment of the {Cu30,}*
unit., The rigidity of the pinF ligand likely results in more T stability
during oxidase reactivity. This effect may also lead less side reactivity
as indicated by higher recovery of unreacted H,Q.

Intermolecular monooxygenase reactivity was also investigated for
both Tocars and Tpine. Excitingly, Tocars Was shown to be able to
stoichiometrically hydroxylate 2,4-di-tert-butylphenolate (DBP) to
3,5-di-tert-butylcatecholate (DBC) (Scheme 10). The typical product
observed is the ortho-substituted DBC; however, 10% of reactions
resulted in small amounts of the meta-substituted DBC. Again O, was
confirmed as the source of the oxygen atoms by an isotopic labeling
experiment with 180,.8% This system is not only the first O-donor T
core to exhibit this reactivity, but also the first symmetric {Cu3z0,}
system to perform hydroxylation reactivity. Other trimeric Cu-O,
species have been shown to do substrate hydroxylation,>1-53 84 but
not with a symmetric T core structure. Notably, Tpine had no reactivity
with DBP. Phenolates with other substituents were explored,
however, no oxidase or oxygenase reactivity was observed with
these substrates for either trimer, and Tocars Was found incapable of
catalytic oxidation of DBP.8% Tocqrg and Tpine Were both also found not
to abstract hydrogen atoms from 9,10-dihydroanthracene.®% 8 These
results further show that ligand environment influences
hydroxylation capabilities of {Cuz0,}*> cores. The greater flexibility of

8| J. Name., 2012, 00, 1-3

monodentate ligands of Tocarg may provide a more accessible site for
hydroxylation to occur, which cannot occur in the more rigid ligand
environment of Tpine.

Conclusions and Future Directions

Cu(l) complexes with mono- and bidentate fluorinated alkoxides
react rapidly with O, to form {Cu30,} cores that can effect intra- and
intermolecular hydroxylation of sp2- and sp3-hybridized C-H bonds as
well as one example of carbonate formation from CO,. Three
different factors have been considered: cation encapsulation, ligand
coordination (monodentate vs bidentate), and presence of
phosphine.

Potassium encapsulation was shown to affect T formation in the
monodentate series, but not in the bidentate complexes. Due to the
quantitative and qualitative differences in K:--F/O interactions
affecting Cu-O, reactivity, further investigation of the effect of the
nature of the cation (K* vs Na* or Cs*) and its encapsulation is
ongoing. Greater exploration of cation::-F/O interactions are also
underway in a Sn-containing system, including by variable
temperature 1°F NMR.8%

Both the intra- and intermolecular reactivity of T intermediates were
shown to be dependent on ligand identity and coordination. Ligand
flexibility partially determined whether hydroxylation could be
performed, as the monodentate complexes were more reactive. In
particular, partially hydrogenated Tocmemer2 @and Tocphmer2 Underwent
intramolecular ligand hydroxylation, whereas their fully fluorinated
counter-part, Tocare, Was found to perform phenolic hydroxylation in
addition to oxidase catalysis. The more rigid Tying, ON the other hand,
only effected hydroquinone oxidation and was unable to perform
hydroxylation reactions, but the Tpi,e chromophore persists at higher
temperatures than for Tocsrg. The mechanisms of the oxidation
reactions will also be investigated in more detail. Preliminary data

This journal is © The Royal Society of Chemistry 20xx
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suggest that proton and electron transfer steps are involved, rather
than H atom abstraction.

Phosphine served to complete the coordination sphere for the
bidentate complexes. Interestingly, in contrast to the monodentate
species, all four compounds formed visible T species, regardless of
cation encapsulation. In the pinf series, the starting material with
Pcy; led to double the TON versus that with PPhs. Similarly, future
studies on the formation of Tyin from K[(cysP)Cu(pinF)] could show
how the different phosphines effect formation of T. Going forward,
it is interesting to consider how [(R3P)Cu(p-OR),Cu(PR3)] complexes
would behave. As this series is deficient in alkoxide and contains
coordinated PPhs, this may result in different O, activation {Cu,0,}
moieties. Continued exploration into Cu(l) O-donor complexes will
reveal a greater understanding of how the coordination environment
affects Cu-O, oxidation chemistry.
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