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Complexes of redox-active metals and oxygen-centered
radicals (tyrosinyl (TyrO), O'~, or O,") have highly specific
functions in biological systems.'®) The copper-dependent
metalloenzyme galactose oxidase (GOase) specifically
dehydrogenates (oxidizes) primary alcohols to the corre-
sponding aldehydes at very high turn over frequencies (TOF)
of greater than 2.5x10°h™". The simplified catalytic cycle
shown in Scheme 1 highlights the roles of the Cu®" center and
the coordinated TyrO- radical in this process. The catalytic
cycle starts with the coordination of the alcohol substrate
R-CH,0OH to the Cu®*' center, in proximity to the TyrO-
radical (Scheme 1a). The transfer of an a-hydrogen atom
from the alcohol to the TyrO- radical via the transition state
TS (b) leads to a coordinated ketyl radical R-HC*-O (c),
which is intramolecularly oxidized by the Cu?" center to give
the aldehyde R-CH=O (d). The resulting copper(I)-tyrosine
complex is subsequently oxidized by molecular O,, thereby
turning over the catalytic cycle (e).

The catalytic reaction corresponds to a transfer hydro-
genation, R-CH,OH + O=X—R-CH=0 + HO-XH, in which
an O, molecule (X=0) acts as the H, acceptor. Transfer
hydrogenations using ketones (X = CR,) as the H, scavengers
are catalyzed with high efficiency by diamagnetic organome-
tallic complexes. The proposed mechanisms do not involve
redox reactions.” Numerous copper complexes®™® and a
wide range of other transition-metal complexes catalyze the
oxidation of alcohols to carbonyl compounds, and some of
these may even be used in combination with O, or H,0, as the
primary oxidants."¥ However, improvements of the activity
and chemoselectivity remain desirable.”! Herein, we report
that iridium—aminyl-radical complexes catalyze the dehydro-
genation of alcohols to aldehydes, with 1,4-benzoquinone
(BQ) as the H, acceptor; primary non-activated alcohols, in
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Scheme 1. Top: Simplified catalytic cycle for the GOase-catalyzed dehy-
drogenation of primary alcohols, highlighting the roles of the Cu*"
center and the coordinated TyrO* radical. Bottom: Aminyl-radical com-
plexes | (with bis(2-pyridylmethyl)-2-aminoethylamine as ligand and
R'=tBu) and Il (with trop,NH as ligand; see Scheme 2 for the formula
of trop).

particular, can be converted with very high activity and
selectivity.

Calculations predict that complexes of late transition
metals with the TyrO" radical may be efficient models for
GOase.'! Recently, Tanaka etal. proposed the rutheni-
um(IT)-aminyl-radical complex I (Scheme 1) as a key inter-
mediate in the electrocatalytic dehydrogenation of alcohols to
aldehydes.'”! We reported that rhodium-aminyl-radical com-
plexes such as I (Scheme 1), in which approximately 60 % of
the spin population of the unpaired electron is located on the
aminyl nitrogen atom,'®"! are capable of abstracting hydro-
gen atoms from a variety of substrates.

The iridium complex that we use in the catalytic
dehydrogenation of alcohols can be synthesized in two
simple steps (Scheme 2): 1) the reaction of the tetradentate
ligand trop,dach®®? (1) with [Iry(u-Cl),(coe),] (trop,dach=
N,N-bis(5-H-dibenzo[a,d]cycloheptene-5-yl)-1,2-diamino-
cyclohexane, coe =cyclooctene) in the presence of AgOTf
(OTf~ = CF;S05") to give orange-red [Ir(trop,dach)|OTf (2);
2) the deprotonation of this remarkably acidic complex
(pK1@m) =10.5, pK29™=19.6) with KO:Bu in THF or
chlorobenzene to give first the red neutral amino amido
complex [Ir(trop,dach—H)] (3) and then the deep burgundy
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Scheme 2. Preparation of 4 and proposed catalytic cycle for the
dehydrogenation of primary alcohols. BQ or Fc* can be used as the
oxidant.

anionic  diamido complex [Ir(trop,dach—2H)]" (4;
trop,dach—H and trop,dach—2H denote the singly and
doubly deprotonated forms of the ligand).

Complex 4 was characterized as the crown-ether adduct
(R,R)-[K(thf)([18]crown-6)][Ir(trop,dach—2H)] by single-
crystal X-ray diffraction (Figure 1a).?!! The rigidity and
steric encumbrance imposed by the trop,dach ligand are
clearly evident. The structure closely resembles those of
analogous rhodium complexes.'”?! Notably, the [K(thf)-
([18]crown-6)]* ion has a contact (3.3 A) to one of the
benzo groups of the [Ir(trop,dach—2H)]~ complex, and the
coordination geometries of the two nitrogen centers are
slightly pyramidal (Figure 1a).

Adding an oxidant (ferrocenium (Fc") or BQ) to a THF or
chlorobenzene solution of 4 gives the transient radical 5 and
the semiquinone radical anion (SQ ~; Scheme 2), which was
unambiguously identified by its five-line electron paramag-
netic resonance (EPR) spectrum.””” The radical 5 is rather
unstable, and attempts to isolate it always resulted in the
formation of the amino amido complex 3. Upon oxidation of 4
with FcOTH, § can be detected by pulse EPR spectroscopy,
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Figure 1. a) Structure of (R,R)-[K(thf) ([18]crown-6)][Ir(trop,dach—2H)].
Only one of the two crystallographically independent molecules is
shown. The cation is represented as a ball-and-stick model. The
hydrogen atoms and two THF molecules in the crystal lattice are
omitted for clarity. Selected bond lengths [A] and angles [°]: Mole-

cule 1: Ir—N1 1.988(3), Ir—N2 1.961(3), Ir—ct1 1.996(4), Ir—ct2
2.002(4), C4—C5 1.445(6), C25-C26 1.444(6); sum of angles at N1:
348.9, sum of angles at N2: 356.4, dihedral angle between the N1-Ir-
ctl and N2-Ir-ct2 planes: 6.0. Molecule 2: [rA—NTA 1.970(3), IrA—N2A
1.962(3), IrA—ct1A 1.995(4), IrA—ct2A 2.001(4), C4A—C5A 1.440(6),
C25A—C26A 1.442(6); sum of angles at NTA: 352.4, sum of angles at
N2A: 353.2, dihedral angle between the NTA-IrA-ct1A and N2A-IrA-
ct2A planes: 10.3. b) The Q-band HYSCORE spectrum (35.3 GHz) of 5
measured at 20 K at the echo maximum of the field-swept EPR
spectrum. The cross peaks are assigned to single quantum transitions
from the a and f3 electron spin manifolds of the nitrogen atoms N1
and N2. Inset: Proton region of the Davies ENDOR spectrum of 5. The
two sets of peaks centered about the proton Larmor frequency v, are
assigned to two pairs of protons, H,;/H,, and Hy,/Hy,. The peak at v,
originates from many protons in the vicinity of the unpaired electron.

which gives some insight into its electronic structure. Hyper-
fine sublevel correlation (HYSCORE) and electron—nuclear
double resonance (ENDOR) spectra (Figure 1b) show sig-
nals from two strongly coupled nitrogen nuclei (N1 and N2
with hyperfine coupling constants of A = (-2, —2, 37) MHz)
and four protons (H,; and H,, with A = (29, 31, 38) MHz, and
H,, and Hy, with A =(14, 15, 20) MHz; see the Supporting
Information).?¥

The electronic structure of 5 is very similar to that of the
analogous rhodium complex, which we proposed to be
essentially equivalent to that of 4 after a one-electron
oxidation.” However, as the fit between the experimental
EPR spectroscopic parameters and those calculated by
density functional theory (DFT) for a model analogous to
that proposed for the rhodium complex is rather poor, we
refrain from making a definite assignment of the electronic
structure of 5. We expect that the proton couplings originate
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from either the benzyl protons of the trop residue and/or the
[ and vy protons of the cyclohexane ring. The small shift of the
g values in the EPR spectrum of 5 (g, =1.974, g, =1.993, g; =
2.028) relative to that of the free electron (g =2.0023)
indicates that the unpaired electron is predominantly delo-
calized over the organic ligand and is not localized at the
metal center (see the Supporting Information).

In the presence of the diamido complex 4 and with O, as
the H, acceptor, benzyl alcohol is quantitatively converted to
benzaldehyde in a stoichiometric reaction. The metal-con-
taining product of this reaction is probably an iridium(III)-
hydroxide complex, from which 4 cannot be regenerated.
However, if the storable, stable precursor 2 and the H,
acceptor BQ are used, a highly active and selective catalyst
system is obtained for the dehydrogenation (oxidation) of
primary alcohols to the corresponding aldehydes (Table 1).
With only 0.01 mol% of 2 and 0.01-0.1 mol % of KOBu, in
chlorobenzene at 80-100°C, benzyl alcohol is nearly com-
pletely converted to benzaldehyde in 3 min; the correspond-
ing TOF is greater than 150000 h™' (entry 1). Quantitative
conversions are also achieved at room temperature, although
with lower catalyst activity (entries 2, 4, 9). Methylthioether
(entry 3) or heterocyclic substrates (entries4, 8, 9) are
converted in good to excellent yields, and allylic alcohols
are also smoothly converted (data not reported herein). Non-
activated aliphatic alcohols such as methanol, ethanol, and
particularly octanol are very rapidly dehydrogenated to the
corresponding aldehydes (entries 5-7). Most remarkably, the
highly selective dehydrogenation of 1,3-butanediol gives 3-
hydroxybutanal exclusively. To our knowledge, no other
transition-metal complex or GOase model system show
comparable activity and chemoselectivity. In the dehydrogen-
ation of the dihydroxy compounds 1,4-pentanediol (entry 11)
and 1,2-di(hydroxymethylene)cyclohexane (entry 12) with

Table 1: Catalytic dehydrogenation of alcohols to aldehydes.
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2 equiv BQ, the corresponding lactones are obtained in
excellent yields at TOFs greater than 60000 h™'. We assume
that, in these reactions, the primary alcohol function is also
selectively converted: an intramolecular cyclization to a
semiacetal is followed by a rapid noncatalytic dehydrogen-
ation by BQ. The hydroquinone (HQ) produced in the
reaction precipitates and can be nearly quantitatively re-
oxidized to the H, acceptor BQ.>>*

We propose the catalytic cycle shown in Scheme 2, which
is supported by the following observations: 1) A mixture of
BQ, SQ, and HQ* alone does not lead to dehydrogenation.
2) No reaction is observed in the absence of the base KOrBu.
However, 1 equiv KOrBu with respect to 2 is sufficient to start
the catalysis; with 2 equiv KOfBu, excellent results are
obtained. 3) The formation of the deep violet SQ'~ radical
anion is detected in all the reactions. 4) In a dehydrogenation
of benzyl alcohol, the amino amido complex 3 was recovered
in addition to benzaldehyde at the end of the reaction.

Ambiguity remains with respect to the intermediates I-1
and I-2 (Scheme 2), for which we have no experimental
evidence. When the substrate coordinates to the iridium
center in close proximity to the aminyl nitrogen atom in I-1,
the ketyl-radical complex I-2 could be generated through an
intramolecular hydrogen-atom transfer reaction. This step is
the rate-limiting step in GOase-catalyzed reactions (isotope
effect: ky/kp=22). When the deuterated substrate C¢Ds-
CD,OH is used in catalytic runs with [Ir(trop,dach—2H)],
we find a much smaller isotope effect (ky/kp ~2). We assume
that the coordinated ketyl radical in I-2 is intermolecularly
oxidized by SQ ! while in the GOase-catalyzed reactions
with Cu”" as the oxidant, this step proceeds intramolecularly
(Scheme 1d).

Although we do not know the exact structure nor the fate
of the radical 5 under the catalytic conditions, the EPR

Entry Substrate Product® Yield [%] t Entry Substrate Product® Yield [%)] t
1 ©/\OH @O 94 3 min 7 C7H15CH,OH C7HysCH=0 >98 10 min
OH ~o
2 g g 98 16 h 8 OH 3 98 12h
- - > Ten - O >
OH o
3 g g 70 1h 9 " 3 %8 2he
MeS MeS @/\O @/\o ”
Ny on Neg ’ OH OH
4 Lf u 98 3h 10 PN A, >0 1h
[¢]
5 CH5OH CH=0 64 4h 1 \é:\/\OH Eéo >98 10 min
0
OH
6 MeCH,OH MeCH=0 94 4h 12 C‘:OH (:tfo >98 5 min

[a] With BQ as the H, scavenger, 0.01 mol% 2, and 0.03 mol % KOtBu in chlorobenzene at 80°C. [b] The identity of each product was verified by gas
GC, MS, and "H NMR spectroscopy through comparison with a reference sample. [c] In chlorobenzene at 25 °C. [d] In chlorobenzene/THF (3:1) at

100°C.
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spectroscopic data indicate that an iridium-nitrogen-radical
complex plays an important role in the catalytic transfer
dehydrogenation of the alcohols. The efficiency of this
reaction is comparable to that of the transfer hydrogenation
of carbonyl compounds promoted by diamagnetic transition-
metal complexes. The reactions reported herein complement
this chemistry and should be of equally high synthetic value.

Experimental Section

2: [Iry(up-Cl)y(coe),] (300 mg, 0.34 mmol) was dissolved in THF
(25 mL), and trop,dach (1; 331 mg, 0.68 mmol) and a few drops of
CH;CN were added. Subsequently, AgOTf (172 mg, 0.68 mmol) was
added to this mixture. After stirring for 1 h at room temperature, the
mixture was filtered and concentrated in vacuo. Red crystals were
grown from THF/hexane (1:1). Yield: 259 mg (309 mmol, 91 % ). M.p.
(decomp.): 208-212°C. '"H NMR (300.1 MHz, [Dg]THF): 6 =4.02 (d,
*Jun=12.0 Hz, 2H, CH*™), 4.75 (d, *Jyuy=11.7 Hz, 2H, CH"™),
5.53 (s, 2H, CH™™"), 5.92 (s br, 2H, NH), 7.41-7.72 ppm (m, 16H,
CH™). BC NMR (62.9 MHz, [D4]THF): 6 = 53.0 (s, 2C, CH*"™"), 60.4
(s, 2C, CH™), 67.5ppm (s, 2C, CH™). UV/Vis (THF): Ay =
486 nm.

3: The addition of 1 equiv KOrBu to 2 in [Dg]THF led to a deep
red solution of the neutral amino amido complex 3, which was
characterized by NMR spectroscopy. 'H NMR (300.1 MHz): signals
for four inequivalent olefinic protons: 6 =2.66 (d, /iy = 8.5 Hz), 3.34
(d, *Jyy=83Hz), 346 (d, *Jyy=8.5Hz), 4.09ppm (d, *Jyu=
8.5 Hz); signal for NH: 6 =5.74 ppm (d, *Jyu=12.5 Hz). *C NMR
(62.9 MHz): signals for four inequivalent olefinic carbon nuclei: 6 =
47.8,51.4,54.8, 62.9 ppm. UV/Vis (THF): 4., =504 nm.

4: To a solution of 2 (100 mg, 0.12 mmol) in THF, KOrBu (29 mg,
0.26 mmol) and [18]crown-6 (32 mg, 0.12 mmol) were added. The
color of the reaction mixture changed to dark red. After layering the
mixture with n-hexane, red crystals of 4 grew overnight. Yield: 101 mg
(0.11 mmol, 94%). M.p. (decomp.): 186-189°C. 'H NMR
(300.1 MHz, [Dg]THF): 6=2.63 (d, /=83 Hz, 2H, CHe™),
291 (d, *Jyu=85Hz, 2H, CH"™), 532 ppm (s, 2H, CH""").
BC NMR (62.9 MHz, [Dg]THF): 6 =49.8 (s, 2C, CH**"), 52.5 (s, 2C,
CH*™"), 65.8 ppm (s, 2C, CH™™"). UV/Vis (THF): Ay = 524 nm.

Catalyses: The catalyst precursor 2 (6 pmol) was dissolved in
chlorobenzene (25 mL) at the temperature given in Table 1. Sub-
sequently, KOsBu (6-18 umol) was added, and after 5 min stirring, the
substrate (60 mmol) was added. After another 5 min, freshly sub-
limed BQ (8.6 g, 80 mmol) was added to the reaction mixture. The
progress of the reaction was monitored by GC and 'H NMR
spectroscopy. Further details are given in the Supporting Information.
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