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SUMMARY

Three different but mechanistically related Cp*Co"'/base-catalyzed
“borrowing hydrogen” alkylations by secondary alcohols with C-N or C-
C bond formation have been scrutinized by DFT calculations and
experiments. They all follow a new paradigm, whereby the metal-
coordinated alkoxide is oxidized to ketone by transfer of the B-H as a
proton to an internal or external base (and two electrons to the metal),
rather than as a hydride via the ubiquitous B-H elimination.
Stoichiometric experiments show the formation of unusual species,
including the 20-electron spin triplet carbonyl complex,
[Cp*Co(quinOH)(CO)] (quinOH = 8-hydroxyquinoline). DFT calculations
reproduced the observed relative stabilities and the ground states of all
molecules and suggest ligand non-innocence for certain intermediates.
They also pinpoint the key rate-determining steps of the catalytic
cycles, yielding cycle span parameters in agreement with the
experiment, and rationalize the observed selectivities.

Keywords: Borrowing Hydrogen; Cobalt; DFT Calculations; Hydrogen transfer;
Paramagnetic organometallics

Dedicated to Christian Bruneau for his outstanding contribution to catalysis

INTRODUCTION

Hydrogenations undoubtedly occupy a dominant role in the area of transition metal
homogeneous catalysis in terms of both fundamental investigations and applications.*® The
processes of transferring two H atoms to a substrate and its reverse (dehydrogenation)92°
are also involved in a host of other catalyzed transformations such as hydroformylation and
transfer hydrogenation, as well as in a growing family of reactions that take place through
the “hydrogen-borrowing” strategy** such as olefin hydroaminomethylation,*> alkane
metathesis,® carbonyl reductive coupling,* etc. The catalyzed transfer of two H atoms
to/from a substrate has a very rich mechanistic landscape. All highlighted pathways to date
can be grouped into two fundamental families, both including several variants. In the first
one (Scheme 1a), both H atoms transit through the catalytic metal center as hydride ligands
and two electrons are provided by the metal ion, which shuttles through the M"/M"*2 formal
oxidation states. The transformation may occur via a monohydride (a1) or a dihydride (a2)
cycle and the substrate functionalization, typically occurring by coordination/insertion, may
occur either before or after the H, activation step.* However, the two H atoms in the M™2(H),
intermediate may also be transferred to an outer sphere unsaturated substrate as H* and H-
(@3).*> Mechanisms that allow the Y/YH, interconversion without the incorporation/release

The bigger picture

The present investigation has
unveiled a new mechanistic
paradigm for transfer
hydrogenation and borrowing
hydrogen processes, which are
involved in a growing number
of efficient chemical
transformations making use of
readily available alcohols as
alkylating agents and
generating only water as waste
product. They are
consequently greener
processes, bypassing more
traditional methods to achieve
the same transformation,
which make use of toxic
reagents and produce more
waste.

We show the first example of a
dehydrogenative activation of
the alcohol substrate by
transfer of the C-bonded H
atom as a proton to an internal
or external base, with the
catalytic metal acting as an
electron repository. This
process is promoted by a
Cp*Co'"-based catalyst. This
new mechanistic
understanding can inspire the
development of better
catalysts for this important
family of transformations.
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of free H, are also common to transfer hydrogenation and hydrogen borrowing processes. In
the second mechanistic scenario, the two H atoms from H. (in catalyzed hydrogenations) or
from a dihydrogen donor molecule (in catalyzed transfer hydrogenation) are transferred to
the metal catalyst as H* and H- (Scheme 1b) and the metal formal oxidation state remains
unaltered. Within this family of mechanisms, if the substrate Y is activated by
coordination/insertion, H, may be activated by o-bond metathesis (b1)*¢ or by coordination
as a dihydrogen ligand to provide H* to the substrate and H- to the metal (b2).*7:2® Metal-
ligand cooperation may also promote H, heterolytic splitting to provide the hydride to the
metal center and the proton to a ligand, which transforms from X-type to L-type, with
subsequent hydride and proton delivery to the outer-sphere Y substrate either
simultaneously or sequentially in either order (b3).29:2°

Previously shown
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Scheme 1. Mechanistic possibilities in hydrogenation and hydrogen transfer

Activation of the two H atoms in H, or in the hydrogen donor H-Y-H as either (a) two H- (with two e provided
by the metal), (b) one H* and one H- or (c) two H* (with two e- deposited on the metal center).

This work

The high-valent organometallic cobalt system Cp*Co" is an active catalyst for the
hydrogenation of CO,%23 and carbonates,* as well as for the dehydrogenation of ammonia
borane?s and secondary alcohols.?® It was also shown to promote a family of organic
transformations that involve hydrogen-borrowing chemistry.?72% The observation of a
peculiar superior performance and selectivity of an electronically saturated complex for the
alkylation of a ketone by secondary alcohols, as detailed in the next section, has caught our
attention and has motivated us to explore the detailed mechanism of the alcohol
dehydrogenation. This investigation has led us to the discovery of a new paradigm in
hydrogen transfer chemistry, whereby the two H atoms are transferred neither as two H-
(with the help of two metal electrons) nor as an H*/H- pair, but rather as two H* plus two
electrons, the latter being used to reduce the metal center from M™2 to M" (Scheme 1c). We
will highlight two different scenarios. In the first one, one proton is incorporated into a ligand,
which changes from a one-electron (X-type) to a two-electron (L-type) donor while the
second one is captured by an external base (c1, right to left). In the second scenario, both
protons are captured by the external base (c2, right to left). It must be underlined that this
transformation is ubiquitous for irreversible metal reductions by H,, with trapping of the
generated protons by an external base (first step of path (c2), left to right). It is also well-
known for irreversible stoichiometric reductions that use metals in a protic environment
(second step of (c2), left to right), for instance the ketone reduction to secondary alcohols3®
and the arene Birch reduction,3* at least in terms of stoichiometry (radical pathways may also
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be followed). A reversible mode for the second step in catalyzed hydrogen transfer processes
has not been previously highlighted to the best of our knowledge. The details of this study,
which also allows to rationalize the observed selectivity, are described in the present
contribution.

RESULTS AND DISCUSSION
(a) Best catalyst - reaction combinations

In our recent work, the three different Cp*Co'" precatalysts 1-3 (Scheme 2) were tested in
three different but mechanistically similar reactions, all involving a secondary alcohol as
alkylating agent and a substituted aniline,?” an alkyl pentamethylphenyl ketone,?® or an
oxindole?9 as substrate, respectively, resulting in C-N bond formation for the first reaction
and C-C bond formation for the second and third ones. Experimental mechanistic studies
have demonstrated the occurrence of a hydrogen-borrowing mechanism in all cases, as
detailed in Scheme 2, with the metal complex facilitating the dehydrogenation/hydro-
genation steps, whereas the C-N and C-C bond formations occur without participation of the
metal complex.

Precatalysys: j&

~ | Co-,y
N A 7 |
Co\I | _Ca_ Lo =N \o
oc ' \_/
3
1 2
Reactions:
1. Aniline N-alkylation 2. Ketone alkylation 3. Oxindole alkylation
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R Ry + [ IRy R Ry " e Me RiITRT R
Me
[Co] l [Co], BuOK l [Co], KOH
Toluene, 150°C Toluene, 150°C Toluene, 150°C
R
Ry Me O Ry 1
Ry
IR, Meﬁsz ©\/§
+H0 O +H0
Ra@ +H,0 Me Me N
> Me \
R
Best precatalysts: 1, 2 Best precatalyst: 3 Best precatalysts: 1, 2
Mechanism:
ArNH, Ra  (+Hp)
AN= " —= ArNH—(
-H,0 R, [Co] R

j)\H (-H) o ArCHOCH2 0 Rz +H2) 0 Ry OH
R R, 100 RY Ry -on® AP R; [Co] AR, %

+H2
O ol @\/C %H

Scheme 2. Precatalysts, reactions, and hydrogen borrowmg mechanisms

OO

Reactions that follow the same initial secondary alcohol dehydrogenation in the borrowing hydrogen path and
precatalysts (1-3) with different relative performance for the different reactions.

For the oxindole alkylation reactions, 1 and 2 perform equally well and better than 3,2
justifying the proposition that both lead to a common unsaturated [Cp*Col,] species by
either CO dissociation or bridge splitting. For the aniline alkylation reaction, 1 was also
shown to be active and the activity was improved by the presence of a bulky phosphine
additive (PCy;).?” A rationalization of the alcohol dehydrogenation mechanism, as proposed
in the aniline alkylation study?” and recalled in Scheme 3, appeared rather straightforward:
the alcohol molecule is reduced by a sequence of equilibrium deprotonation, coordination
(by substitution of an iodide ligand) and B-H elimination, to afford a hydride intermediate
[Cp*ColH]. The imine resulting from the uncatalysed ketone-amine condensation is then
reduced through the reverse steps. This mechanism is a variant of pathway b1 in Scheme 1
where the proton is delivered by the ammonium ion rather than by H,. DFT calculations on
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the key cycle intermediate suggested the feasibility of all steps from the thermodynamic
point of view, but no transition states were explicitly located.?” The calculations also
suggested that PCy;, reversibly coordinates to the unsaturated intermediates, particularly to
the hydride complex, stabilizing them and perhaps protecting them from unwanted catalyst
degradation pathways.

Cp*Co(PCys3)l,

Cp*Co(CO)l; [Cp*Colsly
A +PCy3H-PCy3 B

NHPh  -CO = OH

PhNHp + Cp*Col, on " PhNH,
Me” “Ph
PhNH;"T: PhNH"T
Cp* PhNH, Cp*
Co‘ _Ph NPh 0 CO‘

H,O
PCy3 +PCys
-PCys| |+PCys
insertion Shydride .

elimination ~ CP

Lph Co~|
P N s
CysMe PCys +PCy3 cysF O
Ph Me
(}p Ph
Co~
AR
CysP H

Scheme 3. Possible pathway for aniline alkylation by hydrogen borrowing

Catalytic cycle proposed in a previous contribution?” for the aniline hydrogen borrowing alkylation.

For the oxindole alkylation, a similar cycle can be imagined, although there is an important
difference in terms of the base strength (tBuOK instead of PhNH,) and a selectivity issue in
the final hydrogenation step. We will return to these issues in a later section. For the ketone
alkylation reaction, on the other hand, catalyst 3 was found to outperform 1 and 2, even
when the latter precatalysts were used in the presence of PCy,;.2® On the basis of the
mechanism shown in Scheme 3, it is unclear how 3 could be a better catalyst because, after
exchange of the single iodide ligand with alkoxide, no open coordination site remains
available on the metal center to receive the hydride ligand, unless the oxyquinoline partially
decoordinates or the Cp* ring slips from n5 to 3 or n*. Another issue is the selectivity of the
ketone alkylation reaction, since the last step of the reaction (hydrogenation of the a,f-
unsaturated ketone produced by the condensation process) could potentially occur either at
the C=Cor C=0 bond, but only the former was observed. Therefore, additional investigations
were carried out. Before detailing the investigations on system 3, which revealed the
existence of an unsuspected new pathway, we describe more detailed calculations on the B-
H elimination pathway for alcohol dehydrogenation by the [Cp*Col,]/PhNH, system
(Scheme 3), including the location of the transition states, even if this pathway will ultimately
turn out not to be the preferred one. Besides revealing interesting features for half-sandwich
Co'" compounds with hard donor ligands, these results will serve as a useful reference for the
subsequent sections.

(b) Probing alcohol dehydrogenation by B-H elimination with [CpCol;]/PhNH,

The previously published DFT investigation?” only considered singlet states. However, the
high electron pairing energies experienced by the valence electrons of first-row metals in
relatively high oxidation states may favor higher spin states.3* Indeed, the additional
calculations indicate that all open-shell species involved in the Scheme 3 cycle are more
stable with a triplet state configuration. These calculations were carried out at the same level
of theory as the previous ones, namely using the dispersion-corrected B3LYP-D3 functional
(see Computational Details), 2-phenylethanol as model alcohol, aniline as base, and the
unsubstituted Cp ring as a simpler model of the Cp* ligand to reduce the computational cost.
The reaction was nevertheless explored also along the singlet state potential energy surface
and the results are summarized in Figure 1.
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Figure 1. Alcohol B-H transfer to cobalt.

B3LYP-calculated free energy profile at 150°C in toluene for the transformation of 2-phenylethanol, [Cp*Col,]
and PhNH,---PhNH, to acetophenone, [CpColH] and PhNH,---PhNH,*I".

For the starting [CpCol,] complex, the free energy of the singlet state is 16.5 kcal/mol higher
than that of the triplet state at 150°C in toluene. Replacement of one iodide ligand with the
2-phenylethoxide leads to complex [CpCol(OCHMePh)] (1), which was found again more
stable in the triplet state (t-1), with the singlet s-l isomer placed 14.6 kcal mol® higher. This
ligand exchange costs 16.2 kcal mol on the AG scale at 150°C (12.2 kcal mol® at 298 K) when
the 2-phenylethanol substrate is deprotonated by an aniline molecule to yield PhNH;*I-.
However, a better model for the protonated aniline is the homoconjugate acid-base adduct,
[PhNH;---H,NPhT*I". This interaction provides an additional AG stabilization of 5.1 kcal mol*
at 150°C to the system, so that t-l is now located at only 11.1 kcal mol= from the starting
[CpCol,] + PhNH,---H,NPh system. A possible second iodide substitution has also been
considered, leading to a hypothetical bis(alkoxo) CpCo" intermediate. However, the cost of
this second step (a methanol molecule was used as “spectator” alcohol for the sake of
computational cost) brings the system to much higher free energy (28.8 kcal mol* when
using two PhNH,---H,NPh to yield two [PhNH,---H,NPh]*I"), see details in the Sl (section S1).
This intermediate is therefore not further considered as a precursor leading to B-H
elimination, for the present catalytic system. However, the energy profile will change in the
presence of a stronger base (vide infra).

The intermediate | can potentially lead to [Cp*ColH] and acetophenone via a B-H elimination
mechanism. Indeed, this can occur in two steps along the singlet surface via an effectively
saturated agostic intermediate s-1l where the alkoxide B-C-H bond interacts with the open
coordination site of the cobalt complex, before the final C-H bond breaking step. The first
transition state (TS-s-1/ll) has the highest relative G value (36.7 kcal/mol from spin triplet
[CpCol,]), yielding s-II at 33.5 kcal mol=. The latter proceeds via a very small barrier through
transition state TS-s-1l/lll to produce the singlet acetone complex, [CpColH(O=CMePh)] (s-
Ill), located at 25.2 kcal mol=. Acetophenone dissociation to generate the singlet 16-electron
[CpColH] product (s-1V) has only a small AG cost. However, the latter complex was once
again found more stable in the triplet state (t-1V). The triplet-singlet gap is ca. 20 kcal mol+,
locating the t-1V product (plus acetophenone and [PhNH;:--H,NPh]*I") at 8.2 kcal mol* from
the reagents. It is of interest to note that even the 18-electron acetophenone adduct prefers
a triplet configuration (t-1ll), although the differential is smaller than for the less saturated
compounds. The preference of a triplet state for electronically saturated organometallic
complexes has precedents,3*> a notable example being the acetone complex
[Cp*Fe(dppe)(Me,CO)1*.33 This preference results from a rather loose ketone coordination in
the triplet complex (Co-O distance of 2.247 A, vs. 1.977 A in the singlet adduct), which is
insufficient to raise the energy of the antibonding orbital to the point where electron pairing
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would occur. Complex t-Ill, however, although yielding a stable local minimum, has a higher
free energy than the t-1V---acetophenone van der Walls adduct (t-1l), which features a
hydride-methyl interaction as the shortest contact (H---H = 2.48 A).

The acetophenone generation along the triplet potential energy surface (PES), on the other
hand, does not occur via a B-H elimination mechanism, which would require placing one
electron in a high energy antibonding orbital for the agostic intermediate. All attempts to
optimize the structure of this putative triplet intermediate led back to the starting 16-
electron alkoxide complex. Through a series of relaxed scans (all the details are in the
supporting information, section S2), the operating mechanism was identified as a Co-O bond
breaking leading to a transition state TS-t-I/ll that may be describe as a o-complex of the
CpCol* cation with the B-C-H bond of the PhCH(Me)O- anion, {CplCo*--H-C(Me)(Ph)O}, then
proceeding to Co-H strengthening and C-H weakening with direct formation of the van der
Waals adduct t-1l. The free energy of this rate-determining transition state is calculated as
39.0 kcal mol™ relative to the reagents. The same mechanism was also reported for the
dehydrogenation of isopropanol to acetone on a diamagnetic (p-cymene)Ru' system
supported by a chelating iminophosphonamide ligand.34 In that case, the B-H elimination
pathway is blocked by the strong chelating power of the NPN ligand in the electronically
saturated [(p-cymene)Ru(ArNPPh,NAr)(OiPr)] intermediate (Ar = p-tolyl), whereas the
pathway via the {(p-cymene)(ArNPPh,NAr)Ru*:--H-CMe,0} is stabilized by strong H-
bonding interactions between the alkoxide and the alcohol solvent molecules. It is quite
likely that an H-bonding assistance also occurs for the present system, significantly lowering
the ketone elimination barrier. This barrier would then most probably become lower than
the highest point on the singlet surface, avoiding the presence of spin crossover. Calculations
on a more realistic model, however, were not carried out, because an alternative and lower-
energy pathway (detailed further down) was discovered in the meantime. The observed
activity (e.g. yield of 81% in 24 h with a 10% catalyst loading for the alkylation of p-anisidine
with 2-phenylethanol?’) yields a lower estimate of 0.34 h for the turnover frequency (TOF),
for which the energy span upper limit is 33 kcal/mol according to the Eyring relationship.

We have also given some consideration to the possible bias that the chosen hybrid B3LYP
functional may introduce in favor of the higher spin state.35 In order to estimate the extent
of this bias, all singlet-triplet gaps were also obtained after geometries reoptimization with
the BPWg1* functional (see Computational Details), for which excellent results against
experimental benchmarks were previously obtained in other investigations of first-row
transition metal chemistry (Fe, C0).3%37 Indeed, the gaps are slightly reduced as shown in
Erreur ! Source du renvoi introuvable., but not sufficiently to alter our conclusion that this
ideal reaction pathway would prefer alkoxide dissociation followed by B-H transfer along the
triplet PES. The energy profile of Figure 1 serves as a useful reference for the investigation of
the model of catalyst 3, which is described below. We will come back to the alcohol
dehydrogenation step by [Cp*Col,]/PhNH, in a later section.

Table 1. Comparison of calculated triplet-singlet gaps

Molecule B3LYP-D3  BPWg1*-D3

[CpCol2] 16.5 14.8
| 15.1 13.0
11 6.7 3.3
v 19.4 16.0

[G(singlet)-G(triplet)] in toluene at 423K (1 M standard state) in kcal mol for various molecules at the B3LYP-
D3 and BPWg1*-D3 levels

(c) Alcohol dehydrogenation with the [CpCol(Oquin)]/tBuOK system

Given the greater size (higher number of electrons) relative to [Cp*Col.], the calculations on
this system used the smaller isopropanol molecule in addition to the simplification of the Cp*
ligand. This is a pertinent simplification because the ketone alkylation reaction (Scheme 2,
reaction 2) also works quite well with aliphatic alcohols such as 2-heptanol, cyclopentanol or
cyclohexanol, in addition to the preferred benzylic alcohols.2® The 8-oxoquinolinato ligand
(henceforth abbreviated as Oquin) was not simplified. Thus, the computational model for the
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precatalyst 3 (Scheme 2) is CpCol(Oquin), V. All calculations were once again carried out with
the B3LYP-D3 functional. The ketone alkylation reaction features one important difference
relative to the amine alkylation: the alcohol deprotonation involves a stronger base (tBuOK).
With this base, both the alcohol deprotonation and the iodide for alkoxide ligand exchange
in'V are spontaneous processes (S|, section S3). Therefore, complex [CpCo(Oquin)(OCHMe,)]
(V1) can be taken as the starting point of the catalytic cycle. The precatalyst 3 has been fully
characterized, including by an X-ray structural analysis, as a diamagnetic compound.2® In
agreement with the experimental evidence, the calculations on the model system indeed
indicate a slight preference for the singlet state s-V (singlet-triplet gap of 0.3 kcal/mol for £
and 0.2 kcal/mol for G with solvent correction in toluene at 25°C). The comparison of the
optimized structure with that determined by X-ray diffraction is also excellent (see S, section
S4). The 18-electron isopropoxide complex, on the other hand, yields a more stable triplet,
t-VI, the singlet s-VI being less stable by 5.0 (E), 6.0 (Gtoluene,298K) and 6.8 (Groluene, 423K) keal
mol?. Thus, the replacement of the harder O donor with the softer | has an important
consequence on electron pairing, leading to a diamagnetic ground state. A reoptimization of
t-VI and s-VI with the BPWg1*-D3 functional still yielded a more stable triplet state
(AGtolyene, 423K = 6.0 kcal/mol). The preferred high spin state for this 18-electron Co"' complex
can be rationalized in the same way discussed above for the isoelectronic complex III.

From intermediate VI, whatever the spin state, the B-H elimination pathway leading to
acetone and the cobalt(lll) hydride complex [CpCo(Oquin)H] (VII) is not viable, unless an
open coordination site is made available by partial Oquin dissociation, or by Cp ring slippage,
or by ionic dissociation. All these pathways were explored (see details in the Sl, sections S5
and S6) but found energetically too costly, although the reaction is thermodynamically
exoergic: the calculated free energy for the combination of s-VII and acetone is located
at -3.0 kcal mol* relative to t-VI. The corresponding t-VIl is only marginally higher (singlet-
triplet gap = 1.1 kcal mol?). On the other hand, the various exploratory calculations led us to
discover a new low-energy pathway. Firstly, we wondered whether a tautomeric
[CpCo(quinOH)] complex (VIII), formally of cobalt(l), would be energetically accessible and
what its ground state would be. The calculations indicated, somewhat unexpectedly, that
this two-legged piano stool species is actually more stable than the three-legged piano stool
hydride isomer when calculated as a spin triplet, t-VIII. The corresponding singlet state s-VIII
is significantly less stable (Figure 2). The geometries of both VIl and VIIl tautomers are quite
similar in the two spin states, except for the anticipated longer metal-ligand distances in the
triplets. For VIII, the quinOH hydroxyl H atom is essentially coplanar with the CoNC,O
chelate ring (the O-H bond forms an angle with respect to the Oquin plane of ca. 22° for the
singlet and essentially zero for the triplet). A literature search has not revealed any previous
example of paramagnetic 18-electron half-sandwich cobalt(l) complexes, although this spin
state has been observed for certain 16-electron systems such as tris-pyrazolylborato
derivatives.3839

Co
N ]
o AN
: /‘*fa
Vil 509
s-Vil
fo )
4 o
viil b g
-Vl s-ViiII
(s=1) (s=0)

Figure 2. Geometry-optimized VIl and VIl complexes

Views of the B3LYP-D3-optimized geometries and relative energies (in kcal mol?) of isomeric [CpCo(Oquin)H],
VII, and [CpCo(quinOH)], VIII, in the singlet and triplet states. Selected bond distances (in A) are shown in black
characters and Mulliken spin densities in red characters.
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The triplet ground state of VIl can be rationalized in the same way as for the above described
18-electron Co" complexes Ill and VI: the low ligand field strength is unable to push the
metal-ligand antibonding orbitals sufficiently high to induce spin pairing.32 A closer analysis
of the t-VIIl electronic structure, however, reveals a slightly more complicated situation: the
calculated Mulliken spin density on the Co atom is greater than two electrons (2.253) and is
compensated by negative spin density on the quinOH ligand, the highest values being on the
quinoline 2-C (-0.182) and 4-C (-0.257) atoms. Thus, the compound is best described as the
antiferromagnetic (3/2,-1/2) combination of a Co'" center and a hydroxyquinolinyl anion
radical. The triplet hydride complex (t-VII), on the other hand, has the two unpaired
electrons essentially localized on the Co atom (1.970), with the most significant remainder of
the spin density on the Oquin N and O atoms and a small negative contribution on the
hydride.

Once realized that the quinOH cobalt complex VIII is relatively stabilized, we wondered
whether a low-energy pathway exists for direct transfer of the alkoxide B-H atom to the
ligand O atom. Indeed, this was calculated as an elementary step via a transition state
located at only 14.5 kcal/mol from the triplet alkoxide complex t-VI, leading to a triplet
[CpCo(quinOH)(O=CMe,)], t-IX, see Figure 3. The latter, although being formally a 20-
electron compound, gave a stable local minimum along the triplet PES. Its electronic
structure, like the one analyzed above for t-VII, is of interest and will be further discussed in
the next section. The acetone product dissociation leading to t-VIIl is an exoergic process by
16.5 kcal mol*. The corresponding singlet system s-I1X also yields a local minimum, located
5.4 kcal mol* higher than the triplet, but this corresponds to an outer-sphere acetone adduct
with a [CpCo(quinOH---O=CMe,)] interaction. The transition state TS-t-VI/IX has an
imaginary frequency of 1012i cm™ and nearly equivalent H---O (1.271) and H---C (1.346 A)
distances. The calculated natural charges for the transferred H atom are 0.162 in t-VI, 0.372
in the transition state, 0.488 in t-1X and 0.494 in t-VIII, highlighting the increase of protic
nature after the transfer. For comparison, the hydride atom has a natural charge of 0.144 in
s-Vll and 0.090 in t-VII. The natural charge of the cobalt atom shows smaller variations along
the pathway of Figure 3 (respectively 0.762, 0.895, 0.850 and 0.693). Note that the same
pathway has a much greater barrier along the singlet PES, as suggested by a relaxed scan on
the O---H distance (see S, section S7).

AGtqucne,llZSK,lM

(kcal/mol)
s-IX
Lo B0 w4
TSt-VI/IX 2. 126 svil
t-IX -
(s=0) &8
iy |
vi 3.9
@ "‘V'"@;;
- @ Me Z N/Co\o Me /Co\
2\ by e o ¥ % N\f fOH
o Me =
\<: -
Me)J\Me

Figure 3. Conversion of VI to IX
B3LYP-D3 calculated free energy profile at 150°C in toluene for the transformation of [CpCo(Oquin)(OCHMe2)],
VI, to acetone and [CpCo(quinOH)], IX.

According to the DFT study, the unusual paramagnetic 18-electron system t-VIII may
actually represent the resting state of the catalytic cycle because, in combination with the
acetone coproduct, it is located at a lower free energy than the alkoxide precursor at 150°C.
Under the standard conditions (25°C), on the other hand, the t-VIII/Me,CO combination has
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a slightly greater G than t-VI (2.1 kcal mol?). This result has motivated new experiments
aimed at generating and identifying this molecule, as described in the next section.

(d) Experimental investigations on Cp*Co(Oquin)-alkoxide systems

Treatment of 3 in toluene with isopropanol (1 equiv) and KOtBu (1 equiv) or with NaOiPr (1
equiv) at room temperature resulted in a color change (green to brown). The *H NMR analysis
of the resulting solution in CDCl, indicated complete disappearance of the reactant
resonances, but no new signal to replace them, indicating the paramagnetic nature of the
brown product. The *H NMR spectrum could not confirm the presence of acetone in the crude
mixture. This resonance is probably broadened by the reversible coordination to the
paramagnetic cobalt center. Similar observations were made for the equivalent reactions
between 3/KOtBu and other secondary alcohols, generating brown solutions with a silent
NMR spectrum and similar UV-visible spectra (see S, section S8). To confirm the ketone
formation, the corresponding KOCHPh, was separately prepared according to the literature
procedure.4° Reaction with 3in toluene at 150 °C yielded again an NMR silent brown solution,
from which benzophenone was isolated in a 70% yield, whereas the blank reaction run
without the addition of 3 showed no ketone formation.

The same reaction with hexafluoroisopropanol (HFIP) at room temperature, on the other
hand, resulted in the formation of yellowish-green, diamagnetic and thermally sensitive
[Cp*Co(Oquin){OCH(CF;),}], 4. No reaction occurred in the absence of KOtBu. The product
could not be isolated in a pure form because of its thermal decomposition, which begun prior
to the full conversion of 3 to 4. When the 3/HFIP/KOtBu reaction was carried out at higher
temperatures, the color rapidly became brown and no NMR resonances could be observed
for the final product. The identity of intermediate 4 was confirmed by an NMR investigation
in CDCl, of the reaction mixture after incomplete consumption of 3, prior to significant
thermal decomposition. The *H NMR spectrum (see S, section S8) shows upfield-shifted
Oquin resonances, a new Cp* resonance at 1.2 ppm, and a septet at 1.8 ppm (3Jur = 7.1 Hz)
for the hexafluoroisopropoxide CH resonance, with quite different chemical shift and
coupling parameters relative to free HFIP (8 4.40 ppm, 3JuF = 5.4 Hz). Integration of the Cp*
resonances yielded a 4/3 ratio of ca. 2. The *9F NMR spectrum (Figure 4) shows two distinct
resonances for the two CF; groups, which are rendered inequivalent by the Oquin ligand
asymmetry and consequent central chirality at the metal atom, yielding two quartets in the
19F{*H} spectrum and two doublets of quartets in the proton-coupled *9F spectrum with 4Jgr =
10.0 Hz and 3Jgy = 6.9 Hz for the & -75.85 resonance and 7.4 Hz for the & -76.29 resonance.
The starred resonance centered at -75.2 ppm in Figure 4 is due to residual HFIP, presumably
broadened by the H-bond equilibrium in 4-HFIP. Additionally, small resonances with an
equivalent pattern are visible slightly upfield from the two main resonances and may be
attributed to a minor rotamer due to the restricted rotation of the hexafluoroisopropoxide
group around the bulky Cp* ligand.
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Figure 4. Characterization of 4.
29F{*H} NMR (a) and *9F NMR (b) spectra of 4 in CDCl,.
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The experimental evidence of this alkoxide derivative, which is kinetically more stable and in
a different spin state than the putative intermediate obtained from non-fluorinated
alkoxides, provided an additional opportunity to benchmark the computational method. The
Cp model system [CpCo(Oquin){OCH(CF;).}]1 (VIF) was first calculated at the standard B3LYP-
D3 level, yielding a ground state singlet, in agreement with the observed diamagnetism of
compound g, although the triplet state is located only 1.2 kcal mol higher on the E scale.
After the thermal corrections (G.gs scale), on the other hand, the triplet state is slightly
preferred by 1.1 kcal mol*. Repeating the optimization at the B3PWg1*-D3 level gave a
singlet ground state both on the E (by 3.2 kcal mol?) and G.gs (by 1.7 kcal mol?) scales.
Therefore, the effect of the CHMe,/CH(CF,), substitution on the stabilization of the singlet
state is reproduced by the DFT calculations. It is interesting to observe that the alkoxide
exchange in [Cp*Co(Oquin)(OR)] by two very different anionic ligands, | and OCH(CF,),, has
the same effect of favoring electron pairing. A possible reason of this effect may be the
removal of the stronger m-donating alkoxide ligand (the O atom m-donor power in the
hexafluoroisopropoxide ligand is expected to be significantly reduced by the electron-
withdrawing CF; groups).

The calculations also reproduce the experimental stability trend. The B-H transfer from the
OCH(CF;), ligand to the Oquin ligand to afford [CpCo(quinOH){O=C(CF,),}] (t-IXF) through
the transition state TS-t-VIF/IXF has a greater barrier than the corresponding B-H transfer
from the OiPr ligand (129.5 vs. 14.9 kcal mol* at 298 K), see Figure 5. The decomposition of 4
probably does not lead to the same paramagnetic species obtained from 3 (i.e. the Cp*
equivalent of t-VIII) because the dissociation of (CF,),CO from t-IXF is predicted as highly
endoergic. Rather, according to the computational investigation, a Co" enolate appears
easily accessible by HF elimination (see S, section S8). Note how the Oquin OH proton in the
optimized t-1XF structure establishes a stabilizing F---H interaction involving one of the CF,
groups (1.804 A), whereas the corresponding optimized t-1X structure features a C---H
interaction with the acetone carbonyl function (1.992 A), from which it originated in the B-H
transfer process. These interactions induce a significant deviation of the O-H bond from the
Oquin plane (by ca. 66° in t-IX and 41° in t-1XF), whereas the O-H bond is essentially coplanar
with the Oquin ring in the ketone-free VIII as pointed out above. In addition, the carbonyl C
atom in t-1Xis still significantly pyramidalized (sum of the CCC and two OCC angles =354.0°),
attesting to the presence of a residual C---H interaction, whereas the same atom has a
trigonal planar geometry (sum of the three angles = 159.9°) in t-IXF.
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Figure 5. Comparative reductive B-H atom transfer for t-VI and t-VIF

Left: B3LYP-D3-calculated free energy profile at 25°C in toluene for the reductive B-H atom transfer leading from
[CpCo(Oquin)(OCHR,)] (R = CH,, t-VI; CF;, t-VIF) to t-VIIl and R,CO. Right: views of the optimized geometries of
t-1X and t-1XF with selected bond distances (black, in A) and Mulliken spin densities (red).

The dramatic difference between the interaction energies of t-VIIl with R,CO (endoergic by
11.0 kcal mol* for R = CH;; exoergic by 22.1 kcal mol* for R = CF;) has stimulated a closer look
at the electronic structures of the two “ketone adducts”. Note, in particular, how the
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interaction energies of the two ketones with the singlet spin isomer (s-VIII) to yield the
adducts s-IX and s-IXF are, on the other, very similar, in spite of their very different nature
(the acetone molecule in s-IX is outer sphere and H-bonded to the quinOH ligand,
[CpCo(quinOH-:-OCMe,)], whereas it is coordinated to the Co atom in s-IXF). The spin density
distributions in both compounds reveal the same features pointed out above for t-VIII: the
Co atom has greater than two unpaired electrons while a significant spin density of opposite
signis located in the ligand system. In these cases, however, the majority of the negative spin
density is distributed over the “ketone” ligand, particularly on the carbonyl C atom. All values
are slightly greater for the fluorinated derivative, except for the H atom transferred to the
quinOH ligand. Thus, like for t-VIII, the complexes are best described as having a spin quartet
Co' centre antiferromagnetically coupled (S = 3/2,-1/2) with an anion radical, which is in this
case a ketyl anion radical, [Cp(quinOH)Co"]*[OCR2]"". While the electronic and spin density
distributions are not dramatically different in t-IX and t-IXF, the greater electron-
withdrawing power of the two CF; groups may be mainly responsible for the much greater
stabilization of t-IXF.

Inspired by this stabilization, we explored other electron-withdrawing trapping agents that
would not be able to further evolve to other products, in search for a stable adduct.
Pleasingly, exposure of the brown solution derived from the 3/NaOiPr reaction in toluene to
a CO atmosphere resulted in a color change from brown to orange-yellow and to the
formation of a yellow-orange precipitate. An IR measurement of the supernatant solution
revealed an absorption at 2040 cm* (see SI, section Sg), typical for the stretching vibration
of a metal-bound CO ligand and indicating the formation of a 20-electron carbonyl adduct
[Cp*Cp(quinOH)(CO)], 5. However, the CO binding was reversible, as the absorption was no
longer observed when the product was recovered by solvent evaporation under reduced
pressure. Unlike the brown solution of the presumed [Cp*Cp(quinOH)] or ketone adduct, for
which the NMR instrument could not give a stable lock and did not reveal any *H resonance,
the product obtained after exposure to CO revealed paramagnetically shifted resonances
between 45and 25 ppm in the *H NMR spectrum (Figure 6 and full spectrum in the SI, section
S9). The resonances shown in Figure 6 are consistent with a spin triplet ground state for
compound 5. The quinOH ligand contains 6 inequivalent aromatic protons and an additional
one on the OH group. Six relatively sharp resonances are distinguishable at 6 24.5, 31.2, 34.4,
35.2, 43.3 and 43.9 ppm, but the integration of the region featuring the last two peaks is
consistent with 3 protons, hinting to the presence of an underlying broader resonance, which
may be due to the OH group.
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Figure 6. Characterization of compound 5
*H NMR spectrum (in CDCl,) of the solution obtained from the 3/NaOiPr reaction in toluene after exposure to CO.

Support for the assignment of the Figure 6 resonances to compound 5 was again provided
by the DFT calculations (Figure 7). The CO addition to t-VIIl is a rather exoergic process (by
16.7 kcal mol?), although not quite as exoergic as the addition of (CF,),CO (Figure 5), and
produces a spin triplet adduct, [CpCp(quinOH)(CO)] (t-X). This three-legged piano stool
complex features two unpaired electrons quite well localized on the Co atom and only minor
spin density on the ligands. The highest ligand spin density is on the CO ligand (Figure 7),
whereas the quinOH ligand has the highest spin density on the N atom (+0.039). The
corresponding singlet structure (s-X) has an optimized two-legged piano stool geometry
with coplanar Co, N, CO and Cp center of gravity and a dangling OH group (Co---O = 2.886 A)
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and is located 18.2 kcal mol™ higher than the 20-electron triplet spin isomer. Relative to the
[CpCo(CO),] compound, replacement of one CO ligand with the quinOH ligand would be
essentially isoergic.
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Figure 7. Relative stability of system t-X

Left: B3LYP-D3-calculated free energy profile at 25°C in toluene for the CO addition to t-VIIl and for the quinOH
addition to [CpCo(CO),]. Right: views of the optimized geometries of t-X and s-X with selected bond distances
(black, in A) and Mulliken spin densities (red).

Carbon monoxide is a strong field ligand, generally leading to diamagnetic products, but spin
triplet carbonyl complexes are not completely unprecedented for isolable complexes, 3839:41-
43 although all the examples we are aware of are electronically unsaturated (< 18-electron)
compounds. In this respect, the most interesting precedent is Theopold's
tris(pyrazolyl)borate [Tp’Co(CO)] system, with 3-iPr-5-Me substituents on the Tp’ pyrazolyl
rings. The isoelectronic half-sandwich [CpCo(CO)] complex, or ring-substituted analogues,
have not been isolated under standard conditions and have only been generated by CO
photodissociation from [(CsR;)Co(CO),] (R = H, Me) and isolated in low-temperature CH, and
Ar matrices, without experimental measurement of their magnetic state.+* Compound 5 can
be described as the quinOH adduct of 16-electron [Cp*Co(CO)].

(e) Selectivity of the ketone alkylation catalyzed by complex 3

Once isopropanol is dehydrogenated to yield [Cp*Co(quinOH)], the aldol cross-
condensation with the bulky CsMe.COMe ketone produces the a,B-unsaturated ketone
C¢Me;COCH=CMe,. As described in our previous contribution2® as well in other studies, 4547
bulky ketones give the best results for this reaction because they do not yield products of
aldol self-condensation. In the final step, the a,B-unsaturated ketone must be
rehydrogenated. This can obviously occur by the inverse of the isopropanol dehydrogenation
pathway, via coordination of the condensation product to [Cp*Co(quinOH)], transfer of one
proton from the quinOH ligand and two electrons from the cobalt center, and final
protonation by an alcohol molecule to release the final product and regenerate the half
sandwich Co'" alkoxide derivative [Cp*Co(Oquin)(OR)], modelled by t-VI in the DFT study,
ready to start another cycle. There is, however, a key selectivity question. Why would the
coordination of the a, B-unsaturated ketone lead to selective H atom transfer to the B-C atom
(& relative to the metal center) to produce the enol tautomer of the observed ketone product,
rather than to the carbonyl C atom (B relative to the metal center) to produce an unobserved
allylic alcohol? This question was addressed by additional calculations.

In order to keep the calculation manageable, the CcMe; aryl substituent in the ketone
product was modeled by a phenyl group. As shown in Scheme 4, since both the t-VIII
complex and the ketone are prochiral, there are two possible ketone coordination modes,
yielding two diastereoisomers for the adduct t-XI. The syn mode (allyl group on the same
side as the quinOH hydroxyl group) allows the H atom to be transferred to either the  or the
6 C atom, whereas the allyl-anti mode only allows transfer to the B C atom. All three
pathways were computationally explored (only in the triplet state) and the results are
summarized in Figure 8.
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Model system used for the calculation of the o,B-unsaturated ketone, coordination modes to [CpCo(quinOH)]
and possible H transfer processes.
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Figure 8. Conversion of t-VIII to t-XII

Left: B3LYP-D3-calculated free energy profile at 150°C in toluene for all possible a,B-unsaturated ketone
coordination and H transfer processes. Right: optimized geometries of the [CpCo(quinOH)(PhCOCH=CMe,)]
diastereomers, transition states and H transfer products, with imaginary frequencies and O---H---C distances (in
A) for the TS structures.

The syn-t-XI and anti-t-XI isomers have the same free energy, 10.0 kcal/mol above the
separated reagents. Curiously, these 20 electron triplet complexes also show significant spin
density on the ketone ligand and a much more limited one on the quinOH ligand, but
contrary to the t-IX and t-1XF in Figure 5 the electronic coupling is here ferromagnetic, with
spin densities of the same sign on the Co atom and on the ketone ligand (see S, section S10).
Of the three possible pathways, the single one (syn-8) leading to the enolate product
[CpCo(Oquin){OC(Ph)=CHCHMe,}] (t-XI1) is associated to the lowest barrier, 20.5 kcal/mol
above the separate reagents and 16.6 kcal/mol from the initial alkoxide complex t-VI. The
other two pathways have much greater barriers, rationalizing quite well the experimentally
observed selectivity. The enolate product t-XII is more stabilized than the two isomeric allyl
alkoxide diastereomers, [CpCo(Oquin){OCH(Ph)CH=CMe,}] (syn- and anti-t-XIIl). Inspection
of the O---H and H:--C distances shows that the syn-6 pathway has an earlier transition state
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(shorter O---H, longer H---C) than the other two pathways, as expected on the basis of
Hammond'’s postulate.

According to the calculated pathway, the catalyst resting state should be complex t-VIIl and
the rate-determining transition state is the reductive protonation of the a,3-unsaturated
ketone intermediate. Therefore, the cycle free energy span is calculated as AG* = 20.5 kcal
mol* in toluene at 150°C. The corresponding activation enthalpy is calculated as AH* = 14.5
kcal mol* (AS* = -14.2 cal mol* K%). In order to validate this calculated pathway, a kinetic
investigation was thus carried out on the pentamethylacetophenone (CsMe,COCH,)
alkylation with 1-phenylethanol in toluene in the 120-150°C range (see S, section S11). The
disappearance of the ketone substrate followed clean first order kinetics and a series of runs
with different catalyst concentration confirmed a first order dependence on the cobalt
complex. A rate law with first order dependence on ketone and catalyst is consistent with the
calculated pathway because the energy span is the change from the resting state (catalyst t-
VIII plus ketone product) to the limiting transition state TS-syn-t-XI/XII, if the aldol
condensation is rapid. Finally, a variable temperature study in the 120-150°C range followed
by the Eyring analysis of the rate constant (Figure 9) provided the activation parameters as
AH* = 15.7+2.4 kcal mol* and AS* = -17.9+5.8 cal mol* K. These activation parameters are in
good agreement with those calculated for the model system from t-VIIl to TS-syn-t-XI/XII.
In conclusion, the calculated pathway appears compatible with the experimental catalytic
activity, as well as providing a rationalization for the observed selectivity.
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Figure 9. Experimental kinetic results for a CcsMesCOCH; a-alkylation
Eyring analysis of the rate constants in the 120-150 °C range for the borrowing hydrogen alkylation of
pentamethylacetophenone with 1-phenylethanol in toluene catalyzed by compound 3.

(f) Alcohol dehydrogenation with the [CpCol,]/alkoxide system

The oxindole alkylation reaction (Scheme 2, reaction 3), like the amine alkylation reaction,
works best with the precatalysts 1 and 2. However, it uses the same strong base (tBuOK) as
the ketone alkylation reaction. This base is sufficiently strong to spontaneously deprotonate
a secondary alcohol. Therefore, unlike for the aniline system (sections Erreur! Source du
renvoi introuvable. and Si), the double substitution to yield a bis(dialkoxide) CpCo"
derivative is now energetically accessible, see section Si12. In view of the new two-proton-
two-electron pathway presented in section Erreur! Source du renvoi introuvable. for
precatalyst 3, itis therefore legitimate to probe a similar H transfer from the Co"-coordinated
alkoxide to the O atom of a second alkoxide. Both isopropoxide and 1-phenylethoxide were
used as H donor in the computational model to probe this pathway, whereas the smaller
methoxide was used as the proton-receiving alkoxide, again in order to limit the
computational effort. Namely, the computational models for the starting point of the
pathway are [CpCo"(OCHMeR)(OMe)] (XIVR; R = Me, Ph). The results, shown in Figure 10,
confirm that this pathway is energetically accessible. Both the starting bis(alkoxide) XIVR and
the final ketone-alcohol product XVR are more stable in the triplet state. The free energies
barriers for the triplet systems (20.1 kcal mol* for R = Ph; 22.4 kcal mol* for R = Me) are
greater than for the H transfer to the oxyquinolinato ligand (Figure 3), but much lower than
for the B-H elimination leading to the Co"-H complex for the [CpCol.]/PhNH, system (Figure
1). The transition states TS-t-XIVR/XVR have imaginary frequencies of 1370i (R = Ph) and 1334i
(R = Me) cm™, higher than for the Oquin system TS-t-VI/IX. The H---O (Ph, 1.358; Me, 1.309
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A) and H---C (Ph, 1.291; Me, 1.326 A) distances are similar to each other, see Figure 10, like
for the Oquin system. The calculated natural charges for this H atom in TS-t-XIVR/XVR are
0.269 (R = Ph) and 0.276 (R = Me), greater than those in the bis(alkoxide) precursor (t-XIVPh,
0.122; t-XIVMe, 0.108) but smaller than in the ketone-alcohol product (t-XVPh, 0.299; t-XVMe,
0.288). This illustrates again the increasing protic nature during the transfer. The pathway is
exoergic for both systems, unlike the Oquin system where it is endoergic (Figure 3), but only
because the latter produces a 20-electron compound (t-1X). Ketone dissociation from the t-
XVRH-transfer products yields the 16-electron [CpCo(MeOH)] complex, t-XVI, which is again
more stable than the singlet spin isomer s-XVI.
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Figure 10. Conversion of t-XIV® to t-XVI

Above: B3LYP-D3-calculated free energy profile at 150°C in toluene for the transformation of
[CpCo"(OCHMeR)(OMe)] to [CpCol(MeOH)] and RCOMe for R = Ph (left) and Me (right). Below: view of the
optimized geometries with selected bond distances (black, in A), Mulliken charges (blue) and spin densities (red)
for the t-XVR products. For the charges and spin densities, the hydrogen atom contributions are summed into
the corresponding heavy atom figures.

The t-XVR product enjoys much greater stabilization for the acetophenone system than for
the acetone system: the acetone dissociation from t-XVMe is exoergic by 2.7 kcal mol?,
whereas acetophenone dissociation from t-XVPh is endoergic by 8.2 kcal mol=. This
difference probably has the same origin as the stability difference between t-VIF and t-VI
(Figure 5). The spin density analysis shows that these “ketone” adducts are again best
described as Co" complexes with a ketyl radical anion (antiferromagnetic 3/2,-1/2 system),
with a more accentuated spin distribution in the acetophenone complex t-XVPh (2.377 for Co
and a total spin density of -0.589 on the ketone ligand, of which the majority is on the
carbonyl C atom), see Figure 10. Complex t-XVMe has the two unpaired electrons essentially
localized on the Co center (2.055) and a much smaller spin density of opposite sign on the
acetone ligand.

(g) Reductive protonation of the 3-alkylidene-2-oxindole.

After oxidative deprotonation of R(Me)CHOH to RCOMe, as described in the previous
section, and after C-C bond formation with the deprotonated oxindole, as shown in Scheme
2,29 the 3-alkylidene-2-oxindole intermediate can coordinate to t-XVI and be reductively
protonated by the Co'-coordinated alcohol molecule, producing a 3-alkyl-2-hydoxyindole,
which finally tautomerizes to the final 3-alkyl-2-oxindole. Unlike the reductive protonation
of the a, B-unsaturated ketone by the Oquin system described in section Erreur ! Source du
renvoi introuvable. (Scheme 4 and Figure 8), the metal complex is not prochiral in the
present case, therefore coordination of the unsaturated intermediate can only lead to one
stereoisomer. For the model system, coordination of the oxindole condensation product,
leading to the adduct t-XVII, is only slightly endoergic by +2.8 kcal mol™ at 150°C (though
exoergic by -2.6 kcal mol® at 25°C). This adduct, like the acetophenone adduct t-XVPh
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(Figure 10) reveals the contribution of an antiferromagnetic Co'"-(alkoxy radical) structure, as
suggested by the Mulliken spin density analysis, see Figure 11. The electron delocalization in
the 3-alkylidene-2-oxindole ligand places the majority of the ligand spin density on the §-C
atom (-0.627).
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Figure 11. Conversion of t-XVI to t-XIX

Left: B3LYP-D3-calculated free energy profile at 150°C in toluene for the 3-isopropylidene-2-oxindole
coordination to and intramolecular reductive protonation by [CpCol(MeOH)] (t-XV). Right: views of the
optimized geometries with selected bond distances (black, in A), Mulliken charges (blue) and spin densities (red).

Once again, the proton can be delivered either to the B- or to the §-C atom but only the latter
occurs. The greater aptitude for transfer to the §-C atom is already suggested by the ground
state structure of t-XVII, shown in Figure 11. The O-H bond is oriented toward the §-C atom
with a relatively short H---C8 contact of 1.996 A, which is related to the charge distribution in
the molecule. The Mulliken charge analysis reveals a negative charge on this carbon atom
(-0.339) and a positive one on the carbonyl CP atom in the indole ring (+0.466). For
comparison, the Mulliken charge of the CY atom in the indole ring is -0.097 and those of the
C¢ atoms of the two methyl groups are +0.068 and +0.107, with the charges of the H atoms
summed into the heavy atoms. Proton transfer to the CP atom leads to loss of electron
delocalization in the indole 5-membered ring and is therefore thermodynamically less
favorable, yielding a 3-isopropylidene-indoline-2-oxyl cobalt product t-XVIII at a relatively
high energy (21.0 kcal mol relative to t-XVI) via TS-t-XVII/XVIII, with a barrier of 22.8 kcal
mol relative to t-XVII or 25.6 kcal mol= relative to t-XVI. On the other hand, transfer of the
MeOH proton to the C® atom, leading to the iPr-substituted oxindolate derivative t-XIX,
proceeds through TS-t-XVII/XIX with a barrier of 20.7 kcal mol* from the unsaturated
intermediate t-XVI and yields a more stable 3-isopropyl-indole-3-oxy product at 7.0 kcal
mol® from t-XVI. Note that the electronic and bond distance parameters of t-XVIII agree
with its description as a spin triplet Co" bis(alkoxide): the spin density is almost fully localized
on the Co atom, the oxindole C-O bond has lengthened from 1.291 to 1.413 A, while the Co-
O(oxindole) distance has shortened and the Co-O(MeOH) distance has lengthened along the
H transfer reaction to become essentially equivalent. On the other hand, the more stable
product t-XIX has a lower spin density on the Co atom, the C-O and Co-O(oxindole) distances
have not significantly changed, and part of the spin density has been transferred to the
oxindole ligand, mostly on the CY atom (0.415). This suggests the contribution of a
ferromagnetic Co'-(oxindole radical) (+1/2,+1/2) configuration to the electronic structure.

(h) Alcohol dehydrogenation by reductive deprotonation for [CpCol,]/PhNH;

Once realized that the alcohol can be dehydrogenated by B-H atom abstraction as a proton
by an internal base, coupled to electron delivery to the metal (intramolecular oxidative
deprotonation) according to Scheme 1(ca), it is natural to conceive the same process with
intervention of an external base, e.g. aniline, according to Scheme 1(c2). As shown in section
Erreur! Source du renvoi introuvable. (Figure 1), alcohol deprotonation and iodide
exchange, yielding triplet [CpCol(OCHMePh)] (t-1) is accessible at kinetically competent
rates. Abstraction of the alkoxide B-H atom by aniline, though a van der Waals adduct t-
I---H,NPh, leads to the triplet ketone adduct [CpCol(O=CMePh)]'PhNH,* (t-XX), which is
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placed by the DFT calculation at only +6.8 kcal mol** from t-I, namely at 17.9 kcal mol* from
triplet [CpCol.], see Figure 12. This salt is characterized by short contacts between one
ammonium proton and both the O (2.400 A)and the carbonyl C(2.463 A) atom of the ketone
ligand, as well as by contact between a second ammonium proton and both the | ligand
(2.405 A) and the O atom (2.621 A). By analogy with the ketone complexes t-XVPh (Figure
10) and t-XVII (Figure 11), the spin density is delocalized on the ketone ligand, suggesting
the contribution of an antiferromagnetic Co"-(alkoxyl radical) configuration. The transition
state for the B-H transfer to aniline (TS-t-1/XX) is placed at 15.5 kcal mol* from t-1 + PhNH,,
or 26.6 kcal mol* from triplet [CpCol,]. Therefore, the intermolecular oxidative
deprotonation of isopropanol for the [CpCol,]/PhNH, system via [CpCol(OiPr)]/PhNH, occurs
at competitive rates relative to the intramolecular process for the [CpCo(Oquin)I] catalyst via
[CpCo(Oquin)(OiPr)] (Figure 3) and to the intramolecular process for the [CpCol,]/alkoxide
catalyst via [CpCo(OMe)(OiPr)] (Figure 10).

26.
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Figure 12. Oxidative alkoxide deprotonation by external base

Above: B3LYP-D3-calculated free energy profile at 150°C in toluene for the intermolecular oxidative
deprotonation of [CpCo"(OiPr)I] (t-1) by aniline. Below: view of the optimized geometries with selected bond
distances (black, in A), Mulliken charges (blue) and spin densities (red).

The PES exploration leading to the location of TS-t-I/XX also revealed the existence of
another isomer at lower energy, corresponding to a [CpCol(PhMeCOH:--NH,Ph)] complex (t-
XXI) where the proton has been transferred to the O atom of the ketone ligand, see Figure
12. Further exploration of the PES indicated that a direct 1,2 H shift from t-1---NH2Ph to
generate t-XXI is not viable, hence the isomerization requires transit through t-XX. The TS-
t-XX/XXI could not be located. The spin density distribution in t-XXI is similar to that in t-
XX, with an even greater positive value on the Co atom and greater negative values on the
ketone atoms, suggesting that the antiferromagnetic Co'-radical formulation may be more
appropriate. It is also interesting to note that the Mulliken charge on the Co atom is similar
in t-XX and t-XXI and greater than in the Co" precursor t-I. On the other hand, the O atom
maintains a similar negative charge in the three systems. The final imine hydrogenation step
of the catalytic cycle, after ketone condensation with the aniline and water elimination, can
occur by the reverse imine coordination and reductive protonation, where a proton and two
electrons are delivered by the ammonium cation and cobalt center, respectively, followed by
amine release by exchange with an alcohol molecule. These steps have not been modelled
by DFT calculations.

CONCLUSION

The results of our computational investigations on three different but mechanistically
related Cp*Co"'/base-catalyzed hydrogen borrowing processes, notably the triplet ground
state of the key intermediates [CpCol,], [CpCol(OCHR*R?)] and [CpCo(Oquin)(OCHMe,)],
have unveiled the incongruence of the observed absolute and relative activities of the various
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catalytic systems with the established dogmas in transfer hydrogenation chemistry (Scheme
1 (a) and (b)). Further DFT explorations have led to the discovery of a new paradigm in
transfer hydrogenation for the oxidative activation of alcohols, according to which the
catalytic system in a higher oxidation state metal center acts as an electron repository and
allows the alkoxide B-H atom to be removed as a proton, either intramolecularly by a ligand,
e.g. Oquin for the [Cp*Co(Oquin)I]/KOtBu system or an alkoxide for the [Cp*Col,]/KOtBu
system, and even intermolecularly by an external base, e.g. aniline for the [Cp*Col.]/aniline
system.

The experimental validation of this new mechanistic scenario (Scheme 1 (c)) was complicated
by the paramagnetism of most of the involved intermediates. In particular, the key
[Cp*Co(quinOH)] species, a relatively rare example of a spin triplet 18-electron
organometallic species, which is indicated by the DFT study to play the role of resting state
in the [Cp*Col(Oquin)]/KOtBu-catalyzed aryl ketone a-alkylation, yields NMR silent spectra.
However, CO addition to solutions of this compound leads to the spectroscopic identification
(IR, paramagnetic *H NMR) of the [Cp*Col(Oquin)(CO)] adduct, an unusual 20-electron spin
triplet carbonyl complex. Although all steps in the investigated catalytic cycles involve two-
electron changes (no radical reactivity), electronic redistribution occurs in many key
intermediates with involvement of non-innocent ligands, yielding electronic configurations
that can better be described as featuring a Co" ion with either a 1/2 or 3/2 spin state ferro- or
antiferromagnetically coupled with a ligand anion radical.

The results of this study are alerting us to a possible broader involvement of this oxidative
alkoxide activation pathway in transfer hydrogenation or borrowing hydrogen catalysis
when employing redox-active and relatively high oxidation state catalysts and strong bases.
Many already described catalytic systems probably deserve to be scrutinized again under this
light.

EXPERIMENTAL PROCEDURES

See the supplemental information for the experimental investigations of the stoichiometric
3/base/alcohol reactions (section S8), of the [Cp*Co(Oquin)(OH)] trapping reaction (section
Sg) and of the catalyzed C¢Me,COCH,/PhCH(CH,)OH reaction kinetics (section S11), and for
the computational details (section S13).

Resource availability

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by
the lead contact, Rinaldo Poli (Rinaldo.poli@lcc-toulouse.fr).

Materials availability
This study did not generate new materials.

Data and code availability
The datasets generated during this study are available at https://hal.archives-ouvertes.fr/hal-
03244195.

SUPPLEMENTAL INFORMATION

A single document, available as pdf file, contains:

Section S1. DFT results of the iodide-alkoxide exchange in the [CpCol,]/PhNH, system
Section S2. DFT relaxed scans leading to the location of the triplet TS for the 2-
phenylethanol B-H elimination on spin triplet [CpCol(OCHMePh)]

Section S3. DFT calculations of the energy associated to the I/OiPr exchange process in
CpCol(Oquin)

Section S4. Comparison between the DFT-optimized geometry of s-V and the X-ray
diffraction geometry of [Cp*Col(Oquin)]

Section Si. DFT exploration of the B-H elimination in [CpCo(Oquin)(OCHMe2)] (VI)
Section S6. DFT exploration of the B-H transfer from a zwitterionic intermediate
Section S7. DFT relaxed scans for the B-H transfer from the OCHMe, ligand in [CpCo-
(Oquin)(OCHMe,)] to the Oquin O atom
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Section S8. Experimental details and DFT computations on the decomposition of
[Cp*Co(Oquin)(OCHR*R?)]

Section Sg. Trapping reaction of [Cp*Co(quinOH)]

Section S10. Spin densities on compounds anti- and syn-t-XI

Section S11. Experimental details and results of the kinetics study

Section S12. DFT results of the iodide-alkoxide exchange in the [CpCol2]/tBuOK system
Section S13. Computational details

Section S14. Energy data, Cartesian coordinates and <S2> for all optimized systems
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