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Toward a mild dehydroformylation using base-
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Dehydroformylation, or the reaction of aldehydes to produce alkenes, hydrogen gas, and carbon monoxide,
is a powerful transformation that is underdeveloped despite the high industrial importance of the reverse

reaction, hydroformylation. Interestingly, nature routinely performs a related transformation, oxidative

dehydroformylation, in the biosynthesis of cholesterol and related sterols under mild conditions using

base-metal catalysts. In contrast, chemists have recently developed a non-oxidative dehydroformylation

method; however, it requires high temperatures and a precious-metal catalyst. Careful study of both
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approaches has informed our efforts to design a base-metal catalyzed, mild dehydroformylation method

that incorporates benefits from each while avoiding several of their respective disadvantages.
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Introduction

Hydroformylation, the addition of a unit of H, and CO across an
olefin to form a branched or linear aldehyde (Fig. 1), is a reac-
tion that has been known and well-studied since its serendipi-
tous discovery in 1938 by Otto Roelen.! This “oxo process” is an
important method of synthesis with industrial output of
>10 000 000 tons per year (Fig. 1).> So called “oxo chemicals”,
either aldehydes or alcohols and olefins derived from further
hydrogenation and manipulation, are important products for
a multitude of industrial applications and processes. Stemming
from this importance, the reaction has remained the subject of
significant scientific efforts with advances continuing to be
made.**?

By contrast, the reverse reaction, dehydroformylation, or the
formal loss of a unit of H, and CO to form olefins from alde-
hydes, has been relatively unexplored in the literature until
recently.* Reports of the reaction do exist as early as the 1960's,
often using rhodium, ruthenium, or palladium, and usually at
high temperature and/or with low selectivity for the olefin over
other products.®® While the rarity of this reaction might seem
surprising given the ubiquity of hydroformylation, this can be
ascribed to the presence of several challenges, including
inherent endothermicity and potential for side reactivity such
as hydrogenation of the product alkenes.” Another barrier is
provided by examining the microscopic reverse of the hydro-
formylation mechanism. Namely, a low valent, electron rich
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Importantly, we show that cooperative base metal catalysis presents a powerful, mechanistically unique
approach to reactions which are difficult to achieve using conventional catalyst design.

metal complex is desirable for oxidative addition into C-H
bonds, such as the acyl-hydride bond.* However, upon elimi-
nation of CO, an electron-deficient ligand is introduced into the
system, which can bind the coordinatively unsaturated inter-
mediate and hinder its insertion into another C-H bond (Fig. 2).
Many previously reported dehydroformylation methods require
forcing conditions to either scavenge or expel carbon monoxide
from solution, suggesting that this consideration is a serious
limiter of reaction efficiency.*'* Similarly, studies on aldehyde
isomerization, which proceeds through the reversible, final CO
insertion/C-H reductive elimination steps of hydroformylation,

catalyst ;
|| co + Hp ——— TN
> 10 tonsfyear “-...oN

Fig. 1 Hydroformylation is a highly important industrial reaction.
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Fig. 2 One challenge for achieving catalytic dehydroformylation
through an organometallic mechanism is the coexistence of a low-
valent, electron-rich intermediate [M] and carbon monoxide in the
same reaction, leading to sequestration of the catalytically-active
species as an off-cycle carbonyl adduct.
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have identified carbonyl-bound catalyst as a key deactivation
pathway.” Recognizing this as a significant opportunity for
catalyst design, we set out to identify current progress towards
dehydroformylation to inform our own efforts in the area.

During 2015, two notable advances were made toward an
efficient method for dehydroformylation, both of which deal
with the problematic nature of CO in distinct ways. Dong and
coworkers pursued a “transfer hydroformylation” strategy using
Rh(xantphos) and a strained formyl acceptor to provide
a system wherein CO is immediately sequestered by a favorable,
forward hydroformylation event (Fig. 3).** While such reactivity
had been observed previously, this catalyst system represents
a significant improvement over the earlier methods, where
yields were low, ester side products were observed, and the
reaction had to be performed at high temperature and high
pressure of carbon monoxide.® In the wake of that development,
Nozaki and coworkers described a method of acceptorless
dehydroformylation using a carefully engineered iridium
complex to produce olefins with H, and CO as the sole by-
products.’* The optimized catalyst, a well-defined, bulky N-he-
terocyclic carbene (NHC) hydroxytetraphenylcyclopentadienyl
iridium species (1), provides unprecedented selectivity for
dehydroformylation over other potential side processes and
good thermal stability (Fig. 3). This stability proved essential for
its compatibility with carbon monoxide, as the elimination of it
and dihydrogen require high temperatures (>160 °C) to proceed
efficiently. While enabling, long-chain aldehydes often
produced internal olefin isomers through undesired isomeri-
zation activity, and decarbonylation and hydrogenation side
reactions can compete under some circumstances.

Interestingly, nature also utilizes a formal dehy-
droformylation process as a step in methyl group eliminations
using a number of cytochrome P450 enzymes (Fig. 4). In this
biological reaction, carbon monoxide is never formed and the
iron center is never bound directly to the substrate.'>'® This
“outer sphere” dehydroformylation process, which proceeds at
physiological temperatures and displays excellent selectivity,
has inspired the development of biomimetic transformations
featuring synthetic iron porphyrin compounds.*”**

Transfer Hydroformylation (Dong, 2015)

SellcE

Dehydroformylation (Nozaki, 2015)

cat. [([COD)Rh(OCHj3)l»
cat. Xantphos o

cat. m- OCH3)PhC02H
| I+ H
o H

r.t. to 70°C

ﬁkH —1> ' ” + CO + Hy
A 160 °C

Fig.3 Two recent advances towards the dehydroformylation reaction
were provided in 2015. Both of these methods use noble metal
catalysts and proceed through inner-sphere, organometallic
mechanisms.
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Fig. 4 Nature also pursues dehydroformylation of molecules, albeit

through an oxidative, outer-sphere, stepwise process. The oxidative

demethylation of lanosterol mediated by CYP51 contains an oxidative

dehydroxymethylation sequence, itself containing an oxidative dehy-
droformylation step.

Our laboratory was drawn to aspects of each of these re-
ported methods. The low temperature operation of the Dong
transfer hydroformylation and P450-mediated reactions is
appealing from an operational standpoint; however, both of
these methods require sacrificial reagents in stoichiometric
quantities. Conversely, the Nozaki dehydroformylation requires
high temperatures for efficient reactions. Finally, the fact that
the enzymatic process utilizes a base metal (iron) challenged us
to restrict our thinking to earth-abundant metal strategies. With
all of these considerations in mind, we set out to design
a catalyst system that could capture all of these desirable
characteristics, while effectively dealing with the carbon
monoxide inhibition problem.

The early stages of our planning, like that of others,
considered the problematic coexistence of CO and H, in the
presence of a low-valent, electron rich metal species. Inspiration
for overcoming this hurdle was provided by the enzymatic
dehydroformylation, a process where a high-valent, base metal
species is used which never coordinates CO. Additionally, the
stepwise, outer-sphere nature of this transformation suggested
that we might be able to design a system wherein the substrate
is never ligated directly to the metal center, freeing us from the
constraint that a single catalyst must be able to effect the
transformation. We wondered whether such a decoupling of the
dehydrogenation and decarbonylation steps could be used to
permit the use of cooperative, base metal catalysis.

We have recently developed a cooperative catalyst system
that can dehydrogenate unfunctionalized organic compounds
through successive hydrogen atom transfer (HAT) events to
different catalysts; this method utilizes UV light to activate one
of the HAT catalysts and is capable of generating alkenes from
alkanes with dihydrogen as the sole by-product (Fig. 5).* This
system features tetrabutylammonium decatungstate (TBADT),
a high-valent base metal photocatalyst, to perform an initial,
high-energy HAT to generate a putative, reactive organic radical
intermediate. This open shell species can then transfer its
highly labilized**** second hydrogen atom to the second cata-
lyst, cobaloxime pyridine chloride (COPC), a vitamin B;, model

Chem. Sci, 2017, 8, 1954-1959 | 1955
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Fig.5 Cooperative hydrogen atom transfer, or the sequential removal
of hydrogen atoms from a substrate by two different catalysts, has
been successfully applied to the acceptorless dehydrogenation of
alkanes. We reasoned that this same approach could be applied to the
dehydroformylation of aldehydes.

compound, generating the desired alkene and two reduced
catalysts. These two reduced, hydrido-catalysts can then interact
to liberate dihydrogen, closing the catalytic cycle. Combined
with the knowledge that both catalysts can function in the
presence of CO,”?* we considered whether such a strategy
might be applicable to dehydroformylation.

The envisioned cycle hinges on the fact that aldehyde C-H
bonds are particularly prone to homolytic activation (BDE ~
87 keal mol ") by TBADT photocatalysis.>* Following this HAT,
the non-coordinated acyl radical will be free to decarbonylate,
obviating the complicating formation of catalyst/carbonyl
complexes through leveraging the inherent reactivity of freely
diffusing acyl radicals. The ensuing alkyl radical can then
transfer its labilized hydrogen atom to COPC, generating the
alkene and the reduced catalysts for hydrogen evolution (Fig. 5).
Entry of the Co(m) precatalyst into the cooperative cycle is
enabled by reduction by the photoreduced TBADT during the
early stages of the reaction.'” Taken together, this design, a bio-
inspired, “outer sphere” approach to dehydroformylation that
proceeds under mild conditions using earth abundant metal
catalysts, meets all the requirements stipulated at the beginning
of the exercise. On the foundation of this reasoning, we set out
to test the feasibility of this reaction design.

1956 | Chem. Sci., 2017, 8, 1954-1959
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Results and discussion

We began our studies by identifying non-enolizable aldehydes,
or aldehydes with a quaternary a-carbon, as an ideal initial entry
into this chemistry as their resulting acyl radicals readily
decarbonylate.”® We also restricted our test substrate to one that
is incapable of competitive C-H dehydrogenation under the
reaction conditions, leading us to target aryl dimethyl propanal
2a. Subjecting the substrate to either catalyst with UV irradia-
tion (TBADT maximum absorbance at 323 nm, see ESIT) yielded
no or trace olefin, while subjecting it to both catalysts without
irradiation similarly gave no detectable olefin (Table 1, entries
1-3). However, upon irradiation of the substrate with both
catalysts at room temperature for 96 hours, two new olefins
were detected in upwards of 31% yield with a terminal to
internal olefin ratio of 1.6 : 1 (Table 1, entries 4-6). Hydrogen
and carbon monoxide evolution were confirmed by GC-TCD
analysis.

This preference for the terminal olefin product reflects the
known, kinetic preference of cobaloxime HAT reactions.”
Furthermore, it was found that increasing the effective catalyst
loadings through reducing substrate concentration improved
the outcome of the reaction; however, the limited solubility of
TBADT restricted the maximum loadings achievable (See ESI for
further exploration of conditionst). 4 A molecular sieves were
found to be highly beneficial to the reaction as evidenced by the
reduced efficiency on their removal (Table 1, entry 4).

Closer examination of the cases without molecular sieves
identified aryl aldehyde 2d as a significant side product in
addition to the reduced formation of desired olefins 2b and 2c
(Fig. 6). While the route by which this aldehyde product is
formed is non-obvious, it is known that cobalt*® and
rhodium?** macrocycles can promote facile C-C bond cleavage
reactions in the presence of water. Both the identity of this aryl
aldehyde and fact that it is not formed under anhydrous
conditions is consistent with this reactivity, and further explo-
ration of this process is a current topic of study.

Table 1 Initial exploration of dehydroformylation®
° cat. TBADT
<0 conditions®
2a 2c

Entry  TBADT? (%) COPC? (%) Ratio (2b/2c) Yield (%)
1 0 2 n/a Trace

2 2 0 n/a 0

3¢ 2 2 n/a 0

4° 2 2 1.2:1 14

5 2 2 1.9:1 17

& 4 4 1.6:1 31

“ Reaction conditions: 0.66 mmol scale, substrate concentration 0.66 M
in CD3CN, 31 °C, argon, UV irradiation, 96 h. ” Mol% with respect to
substrate. ° Yields determined via "H NMR relative to a methyl acetate
internal standard, see ESI for more detail. ¥ No light. * No 4 A M.S.
/0.33 mmol scale, substrate concentration 0.33 M.

©
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Fig. 6 Aryl aldehyde 2d is a significant side product in the dehy-
droformylation of substrate 2a run without molecular sieves. This
aldehyde can undergo the first HAT reaction but not the second,
stalling the reaction through formation of a dead-end acyl radical
intermediate.

Regardless of the route of formation, the inhibitory effect of
aldehyde 2d can be easily understood from considering its
behaviour under the reaction conditions (Fig. 6). Indeed, while
the aldehyde C-H bond should still be susceptible to the first
HAT step perpetrated by TBADT, the completion of the dehy-
droformylation is hamstrung by the reluctance of aryl acyl
radicals to undergo decarbonylation. Even if this event occurs,
the poor orbital overlap of the incipient singly-occupied orbital
and the adjacent phenyl C-H bonds will limit the effectiveness
of the second, Co-mediated HAT, rendering this reaction
a dead-end process for all intents and purposes. We observed
a similar dead-end, inhibitory effect on the cooperative catalyst
system when attempting to dehydrogenate n-butanol,” a case
where trace n-butyraldehyde, another substrate whose acyl
radical is not expected to decarbonylate readily, was formed
with the subsequent stalling of the reaction. This same inhibi-
tion played out again in our study of non-o-quaternary alde-
hydes for dehydroformylation, vide infra (Table 3).

Regardless, with promising conditions in hand, we looked to
other substrates to determine an initial substrate tolerance of
the dehydroformylation. While appealing from a synthetic
standpoint, we recognized that the dioxolane methylene of
substrate 2a served as a competitive site of activation by TBADT
as demonstrated by Fagnoni and coworkers,** suggesting that
the elimination of this group would increase the reaction effi-
ciency. To our delight, subjecting phenyl dimethyl propanal 3a
to the same conditions afforded two alkenes in a combined
yield of 73%, and a higher selectivity of 6.3 : 1 (Table 2). The
reaction was found to tolerate substitution at the para position
of this framework, with the 4-cyano and 4-methyl ester
compounds 4a and 5a furnishing their dehydroformylation
products in high yields, including an isolated yield of 40% for
products 4b and 4c and 41% for 5b and 5c. Fully substituted o-
stereocenters containing a heteroatom were also cooperative,
with the subjection of aryloxyaldehyde 6a to the reaction
conditions providing a 1 : 1 mixture of 4-chlorophenol (6b) and
acetone (6¢), the hydrolysis products of the presumed enol ether
product. A dehydroformylation of the purely aliphatic substrate,
methylcyclohexanecarboxaldehyde 7a, also afforded the ex-
pected alkenes, although with a decreased regioselectivity of
1.2 : 1. Additionally, 2,2-dimethylpropanal 8a was rapidly
transformed into isobutylene (8b) using the optimized

This journal is © The Royal Society of Chemistry 2017
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Table 2 Dehydroformylation of a-quaternary aldehydes through
cooperative catalysis®

° 4 mol% TBADT

. 4 mol% COPC
e Ol
4AM.S., CD4CN, 31 °C, Ar, hv

H

Entry substrate Products” (% yield)
0 ) o N
; . QT O
1 <
)
2a 2b (19%) 2c (12%)
L g7 Y
24 MH
X 3b (61%) 3c (12%)
3a (X=H)
34 4a (X = CN) 4b (65%, 32%), 4c (13%, 8%)
44 5a (X = CO,CH;, 5b (59%, 35%), 5¢ (9%, 6%)

. Qy& /@ +

6b (63%) 6c (63%)
< Sy
7b(21%)  7c(17%)
7a
[o] \(
€ H
7 % 8b (58%)
8a
[o)
8¢ -
9b (47%)

% Reaction conditions: 0.33 mmol scale, substrate concentration 0.33 M.

b Yields determined via 'H NMR relative to a methyl acetate internal
standard, see ESI for more detail. Underhned values correspond to
isolated ylelds n.d. = not detected. © 96 h. ¢ 72 h. © 48 h.

conditions. Interestingly, 2-methyl-5-norbornene-2-carbox-
aldehyde 9a (4 : 1 mixture of exo:endo isomers) underwent
dehydroformylation to give exclusively the exocyclic 2-methy-
lene-5-norbornene (9b).

Having demonstrated the suitability of a-quaternary
substrates, we wondered if a-tertiary and secondary substrates,
where decarbonylation would be distinctly slower, could like-
wise function as suitable inputs. Aryl methyl propanal 10a
yielded the terminal (safrole, 10b) and internal (isosafrole, 10c)
olefins in a 1:2.8 ratio and combined 8% yield (Table 3).
Elimination of the dioxolane functionality moderately improved
the reaction outcome, with substrate 11a providing a combined
14% yield of olefins 11b and 11c. Cyclohexanecarboxaldehyde
12a produced only trace amounts of cyclohexene despite
significant conversion, with the formation of extensive precip-
itate suggesting a polymerization-related side process.

Chem. Sci,, 2017, 8, 1954-1959 | 1957
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Table 3 Dehydroformylation of non-a-quaternary aldehydes through
cooperative catalysis®

° 4mol% TBADT

4 mol% COPC "
ST H > !
L 4AM.S., CDLCN, 31 °C, Ar,hy ===

S

Entry substrate Products” (% yield)
o
ey OO
1C
o 10b (trace) 10c (6%)
10a
o
c ) ©/\/ ©/\/
) ©/\H‘\
11b (7%) 11c (7%)
11a

o)
M O)L H O
12b (trace)

12a
4 3 13b (n.d.)
13a
4
5¢ 0 z
H 14b (n.d.)

“ Reaction conditions: 0. 33 mmol scale, substrate concentration 0.33 M.

b Yields determined via 'H NMR relatlve to a methyl acetate 1nternal
standard, see ESI for more detail. n.d. = not detected. € 96 h. ¢ 72 h.
¢48 h./ 24 h.

Additionally, n-octanal (13a) and norbornenecarboxaldehyde
(14a) both gave no identifiable olefin products. While this
limited suitability of o-tertiary and secondary aldehydes using
the current conditions is disappointing, it is consistent with the
greater barrier to decarbonylation of their respective acyl radi-
cals.®® Alternatively, the lessened steric demand of non-
a-quaternary acyl radicals might enable their addition to the
Co(u) metalloradical, removing the cobalt from the catalytic
cycle through formation of stable®*® Co-C complexes.

Although the mild dehydroformylations described herein are
consistent with the cooperative HAT process outlined in Fig. 5,
we sought to gain additional insight into its operative mecha-
nism. Subjecting the reaction of 3a to a stoichiometric quantity
of the radical inhibitor 2,2,6,6-tetramethylpiperidine 1-oxyl
(TEMPO) significantly impeded the reaction (Fig. 7), a result
consistent with the intermediacy of free radicals (though radical
trap experiments should be interpreted with care®). This
information, combined with the spectroscopic data described
in our dehydrogenation study® provide a collective body of
evidence that supports a reaction mechanism featuring an
irreversible loss of two gases and two catalyst-dependent
hydrogen atom transfer steps.
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3a 3b 3c

61% 12% J

trace

Fig. 7 The addition of stoichiometric TEMPO significantly impedes
reaction progress.

no change
1 equiv. TEMPO added 12%

oH 4 mol% TBADT

4 mol% COPC

15

o OO

b (32%) 3c (5%)

CD3CN, 31 °C, Ar, hv

4AM.S., 72 h 3a (8%)

Fig. 8 The acceptorless dehydroxymethylation of primary alcohols,
a hitherto-unknown chemical reaction, is possible using cooperative
catalysis.

Finally, in our initial report, we also showed the capability of
this dual catalytic system to perform dehydrogenations of
alcohols to ketones.' Leveraging this observation, we wondered
whether the dehydroxymethylation transformation, as per-
formed enzymatically, might be possible using this catalyst
system (Fig. 4). Subjecting dimethyl phenyl propanol 15 to the
optimized dehydroformylation conditions resulted in both
dimethyl phenyl propanal (3a), along with the dehydrox-
ymethylation olefin products (3b/3¢), in a 1.7 : 6:1 ratio (Fig. 8),
showing that such a bio-inspired, tandem dehydrogenation/
dehydroformylation reaction is possible using cooperative
catalysis. The presence of both the intermediate aldehyde, and
an olefin ratio consistent with the relevant dehydroformylation
reaction above (Table 2, entry 2), suggests to us that the alcohol
is proceeding through an oxidation/dehydroformylation
sequence, conceptually similar to the enzymatic strategy out-
lined in Fig. 4 though mechanistically distinct. Although
reductive dehydroxymethylation (that is, replacing -CH,OH
with -H) has been described on multiple occasions in the
literature,*** to our knowledge this represents the first loss of
a hydroxymethyl group coupled with olefin formation in a non-
enzymatic transformation.

Conclusion

Herein, we report a conceptually unique approach to dehy-
droformylation. By considering the benefits and drawbacks of
the known catalytic dehydroformylations, we developed a dual-
catalytic method featuring successive HATS that, while currently
limited, requires neither harsh conditions, nor sacrificial
reagents. This method establishes another link between
a,0/-disubstituted aldehydes and alkenes and also permits
alkene formations from neopentyl alcohols by the rare process
of dehydroxymethylation. Applications of these methods in
organic synthesis, our efforts to achieve new bond formations
between the discrete, catalyst-dependent HAT reactions, and
our ongoing focus on the concept of cooperative base-metal
catalysis will be described in forthcoming reports.

©
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