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Introduction

One-pot synthesis of aldoximes from alkenes via
Rh-catalysed hydroformylation in an aqueous
solvent system+

M. Terhorst, (22 C. Plass, (2 ° A. Hinzmann, ©2° A. Guntermann, @ ° T. Jolmes,?
J. Résler,” D. Panke, | ®D. Vogt, @2 A J. Vorholt'

T. Seidensticker

Aldoxime synthesis directly starting from alkenes was successfully achieved through the combination of
hydroformylation and subsequent condensation of the aldehyde intermediate with aqueous hydroxyl-
amine in a one-pot process. The metal complex Rh(acac)(CO), and the water-soluble ligand sulfoxant-
phos were used as the catalyst system, providing high regioselectivities in the initial hydroformylation. A
mixture of water and 1-butanol was used as an environmentally benign solvent system, ensuring sufficient
contact of the aqueous catalyst phase and the organic substrate phase. The reaction conditions were sys-
tematically optimised by Design of Experiments (DoE) using 1-octene as a model substrate. A yield of 85%
of the desired linear, terminal aldoxime ((E/Z)-nonanal oxime) at 95% regioselectivity was achieved. Other
terminal alkenes were also converted successfully under the optimised conditions to the corresponding
linear aldoximes, including renewable substrates. Differences of the reaction rate have been investigated
by recording the gas consumption, whereby turnover frequencies (TOFs) >2000 h™ were observed for
4-vinylcyclohexene and styrene, respectively. The high potential of aldoximes as platform intermediates
was shown by their subsequent transformation into the corresponding linear nitriles using aldoxime dehy-
dratases as biocatalysts. The overall reaction sequence thus allows for a straightforward synthesis of linear
nitriles from alkenes with water being the only by-product, which formally represents an anti-
Markovnikov hydrocyanation of readily available 1-alkenes.

containing platform chemicals from base chemicals and the
subsequent substitution of oxygen in C-O bonds with nitro-

The direct formation of C-N bonds starting from non-functio-
nalised base chemicals is still a challenging task. The involved
reactions are often lacking selectivity or by- as well as side-pro-
ducts are formed whereby unnecessary waste is generated. In
this regard, homogeneous catalysis can help to reduce energy
costs and waste formation, yet it remains challenging to
produce primary aliphatic amines as value products."”> One
way of increasing selectivity is the initial synthesis of oxygen-
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gen, as performed for instance in catalytic reactions, like
alcohol amination or reductive amination.' Both types of reac-
tion are based on the condensation of carbonyl compounds
with either ammonia, primary or secondary amines. The reac-
tive site is thus predetermined, resulting in excellent regio-
selectivity. However, chemoselectivity remains a challenge,
since, in both reactions, the selective synthesis of primary or
secondary amines is complicated by multiple substitutions at
the nitrogen centre (Fig. 1).

A potent, but yet underrepresented class of intermediates
on the way towards nitrogen-containing platform chemicals
are oximes. The C-N bond formation is performed employing
a simple condensation reaction between hydroxylamine and a
carbonyl compound. With this, high regioselectivity is main-
tained as well as multiple substitutions at the nitrogen centre
are avoided, potentially resulting in excellent chemoselectivity.
Moreover, oximes are incredibly versatile in their follow-up
chemistry, since, for instance, amines or amides are accessible
by hydrogenation® and rearrangement,* respectively (Fig. 1).

This journal is © The Royal Society of Chemistry 2020
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hydroaminomethylation and the objective of this work concerning con-
secutive reactions.

Recently, some of us have shown the very high potential of
aldoximes as precursors for the corresponding nitriles via bio-
catalysis using aldoxime dehydratases with unprecedented
selectivities under very mild conditions.?

Aldoximes are typically produced by reacting hydroxylamine
(or a corresponding precursor) with the corresponding
aldehyde.”® Consequently, non-functionalised base chemicals
initially have to be converted to aldehydes, which are then typi-
cally isolated and purified prior to the subsequent reaction,
such as aldoxime formation. Hydroformylation is the state-of-
the-art technology for atom-efficient synthesis of aldehydes by
reacting readily available alkenes with syngas (CO/H,) to alde-
hydes employing homogeneous Rh- or Co-catalysts.”

A compelling approach to intensify (catalytic) syntheses and
thereby increase sustainability is the merger of synthetic steps,
elegantly enabled by in situ formation of one of the reactive
intermediates.® The combination of several reaction steps
without purifications of intermediate products has the poten-
tial to drastically reduce the number of unit operations and
thereby decrease energy consumption and waste generation,
while at the same time feedstock utilisation is increased.
Homogeneous transition metal-catalysed hydroformylation
has proven its ability in many examples to be linked to numer-
ous follow-up reactions, including the formation of C-N-
bonds.® Most importantly, this is due to the rich follow-up
chemistry of aldehydes and the ability of homogeneous Rh-
complexes to catalyse many different reactions, including
hydrogenations, for instance.

By combining hydroformylation with subsequent aldoxime
formation, C-N bond formation from unfunctionalised
alkenes in a one-pot fashion would be possible, similar to a

This journal is © The Royal Society of Chemistry 2020
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trifluoromethyloximation."® The, to the presented work,
related hydroaminomethylation (HAM), which is the tandem-
catalytic combination of hydroformylation with reductive
amination in the presence of respective amines, also forms
C-N linkages from alkenes in a single preparative step.’* In
comparison to HAM, hydroformylation/aldoxime formation
may open broader follow-up chemistry. Nitriles, primary
amines and amides are readily accessible from aldoximes
through dehydration,>'> hydrogenation®'* and Beckmann-
rearrangement,'®  respectively. Furthermore, HAM with
ammonia and primary amines typically produces mixtures of
primary, secondary and tertiary amines and neither amides
nor nitriles can be synthesised by HAM.

To the best of our knowledge, hydroformylation has,
however, never been combined with subsequent aldoxime for-
mation in a one-pot approach. This might be because, in con-
ventional organic syntheses, hydroxylamine is applied as a salt,
e.g. chloride or hydroxylammonium sulfate, and thus requires
activation by bases.”® The latter may harm the catalytic hydro-
formylation and lead to undesired consecutive reactions of the
intermediate aldehyde. In addition, the application of the
hydrochloride is disadvantageous in terms of sustainability and
atom-efficiency, since stoichiometric amounts of salt are
formed as waste, which may also cause issues with corrosion of
the autoclave. Aqueous hydroxylamine solution, which is also
commercially available, thus seems superior for producing (ald)
oximes in a more sustainable and atom efficient manner.

As we have gained experience in both, aqueous biphasic
hydroformylation'®'® and in combining two or more catalytic
transformations in a tandem (catalytic) system,'” we now strive
for the connection of hydroformylation and oxime formation
in a one-pot approach (Scheme 1) using aqueous hydroxyl-
amine. To achieve sufficient mixing and to ensure contact of
the organic and the aqueous phase, the use of short-chain
alcohols proved to be effective.">'®'? To provide high regio-
selectivity towards the commonly more valuable linear product
together with effective immobilisation of the catalyst in the
aqueous phase, sulfoxantphos appears to be a viable option as
a ligand. The immobilisation possibly enables spontaneous
separation of the two phases after the reaction and, thus,
simple isolation of the aldoxime seems feasible. 1-Octene was
chosen as the model substrate for this one-pot reaction
(Scheme 1), as it was used in a similar investigation of our

[Rh/sulfoxantphos] + NH,OH A
CO/H H,0
N L. N Y V) R
H,0 /1-BuOH .
not isolated LR
NaO;SSO;Na ’,.' : ~..\
o H
o \J
2N
Ph,P PPh, R/\)LNH N RN, R/V/

Scheme 1 One-pot approach for the synthesis of aldoximes from
alkenes by combining hydroformylation with the condensation of the
intermediate aldehyde with hydroxylamine and possible consecutive
reactions of the aldoxime.
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groups for the synthesis
octanenitrile.*

of nonanitrile and 2-methyl

Results and discussion
Initial investigations

We first checked whether both reaction steps could be carried
out independently from each other to achieve the general
objective of combining two reaction steps in a one-pot reac-
tion. Thus, we studied, if the condensation of the aldehyde
and hydroxylamine in the green solvent system®' water/
1-butanol is practicable. Therefore, we applied 1.5 eq. aqueous
hydroxylamine solution, based on previous investigations on
oxime formation,>** and 1 eq. of nonanal. Within 20 min, the
oxime was obtained in nearly quantitative yield, confirming
that even in the presence of water condensation takes place
almost instantaneously (cf. ESIT).

Next, hydroformylation of 1-octene in water/1-butanol
solvent was performed as an individual reaction (without the
addition of NH,OH (aq.)). Towards this end, reaction con-
ditions developed for the hydroformylation of methyl 10-unde-
cenoate were applied."® Within 3 h, a yield of 80% of the linear
nonanal was achieved. This proofs that both reactions, hydro-
formylation and aldoxime formation, can be carried out inde-
pendently in the chosen green solvent mixture.
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Scheme 2 Reaction network of the one-pot hydroformylation/aldox-
ime formation of 1-octene (1a) for nonanal oxime (3a) formation includ-
ing all observed by-products.
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It was expected that besides the typical side-products of
hydroformylation (hydrogenated substrate, isomerised sub-
strate, aldol condensates), also products from consecutive reac-
tions of the oxime group (nitriles, amides, amines) would be
observed. Besides, hydroxylamine might unfavourably affect
the regioselectivity in the hydroformylation step. Despite all
these concerns, the initial one-pot reaction already showed a
promising yield of the linear oxime of 20% after 2 h by simply
adding 1.5 eq. NH,OH (aq.) (for further information, see
ESIT). This yield is significantly lower than the yield in the
hydroformylation reaction without addition of hydroxylamine
carried out before (¢f. ESI,T 80%). However, it is still very prom-
ising, taking into account that the conditions were not yet opti-
mised for the intended one-pot reaction. All side-products
observed in this initial one-pot reaction were analysed and
quantified and revealed the overall reaction network (Scheme 2).

Besides the linear and branched hydroformylation products
nonanal (2a) and 2-methyl octanal (4a), respectively, all typical
side-products of the hydroformylation of 1-octene (1a), ie.
octene isomers (7a), octane (6a) and aldol products (8a), were
observed. It is noteworthy that the hydroxylamine shows no
influence on the regioselectivity of carbonylation, even under
these non-optimised conditions. The ratio of linear to
branched products (aldoximes 3a + 5a and aldehydes 2a + 4a)
is 95:5, comparable to the ratio reported in the literature for
sulfoxantphos in hydroformylation reactions.>* Additionally,
small amounts of products from consecutive reactions of
nonanal oxime (3a) were identified, namely nonanitrile (10a)
and nonanamide (11a).

Optimisation via design of experiments (DoE)

The complexity of the reaction network shows that optimi-
sation is necessary to guide the reaction towards the desired
linear nonanal oxime 3a. Hence, we carried out a Design of
Experiments (DoE) to determine critical parameters, influen-
cing the rate and selectivity of the reaction (Table 1).

We herein focused on parameters known to cause signifi-
cant changes in the catalytic performance of the hydroformyla-
tion step,>* since both regioselectivity and rate of the desired
reaction sequence depend on this step.

Furthermore, the amount of hydroxylamine used was varied
because it remains to be seen whether hydroxylamine has a
significant influence on the catalysis in terms of activity and

Table 1 Parameter ranges for DoE optimisation of the one-pot hydroformylation/aldoxime formation of 1-octene and optimised parameters for

high yield and regioselectivities

Parameter Lowest value Middle value Highest value Optimised value
Temperature [°C] 90 120 150 100

Pressure [bar] 20 40 60 60

CO/H, ratio [—] 1/2 11 2/1 11
Hydroxylamine/1-octene ratio [—] 1 2 3 2.5
Rhodium/sulfoxant-phos ratio [—] 11 1/5 1/10 1/5

Rhodium loading (based on 1-octene) [mol%]| 0.05 0.275 0.5 0.5

Constant parameters: 1y octene = 6.7 MMOl, Myaer = 1.8 €, My putanol = 1.8 g, t = 1.5 h.

7976 | Green Chem., 2020, 22, 7974-7982
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selectivity. The mass of water and 1-butanol (both 1.8 g) and
the amount of 1-octene (6.7 mmol) was kept constant through-
out this investigation. A central composite face-centred (CCF)
model was chosen, resulting in 68 reactions, that were each
carried out twice (centre point 5 times), giving a total count of
141 reactions.

All reactions were carried out for 1.5 h, allowing us to ident-
ify significant changes in the reaction rate and selectivity at
medium conversion. After careful evaluation of the results (¢f.
ESIT), it became apparent that low temperatures favour the
chemoselectivity of the reaction by reducing the isomerisation.
High pressures affect the regioselectivity as well as the yield of
the reaction to a reasonable extent. A possible explanation could
be the increased availability of the gases in the liquid phase.

To validate the results of the optimisation, we performed a
reaction on a small scale (25 mL) over 4 h under these con-
ditions. We observed a 95% conversion of 1-octene (1a) with a
yield of the desired nonanal oxime (3a) of 82%. Regioselectivity
towards the linear products was 95%, and chemoselectivity
(vield of oximes 3a + 5a) for the one-pot hydroformylation/
aldoxime formation was 88%. Side reactions, like aldol conden-
sation (Yga = 3%), hydrogenation (Ys, = 2%) or isomerisation
(Y7a = 7%) of 1-octene, as well as consecutive reactions of the
oxime (Y9, = < 1%, Yy0a = < 1%) were effectively suppressed or
reduced. We assumed, based on the initial results, that the
hydroformylation is the rate-determining step of the overall
reaction. The reaction was scaled-up to a 350 mL autoclave,
equipped with a gas-impeller stirrer and baffles to validate this
hypothesis, (cf. ESIT).

The reaction profile (Fig. 2) reveals that the condensation
takes place immediately after the aldehyde is formed since no
aldehyde intermediates were detectable. Aldol condensates
(8a) and nonanamide (10a) were only formed in traces (<0.5%).
After 3 h reaction time, no significant changes in the yields of
the products occur. The conversion at this point is at 95% with

100 . ° . A -
s B L =] o
£:80 ] -
— =]
% 60 - - X 1-octene (1a)
E‘ * L] @Y nonanal oxime (3a)
s 40 =] e oY 2-methyloctanal oxime (5a)
Q AY octane (6a)
g * AY octene isomers (7a)
§ 20 - . - AY nonanitrile (9a)
=]
olfsssasns o o g 3 K
0 50 100 150 200 250 300 350 400
time [min]

Fig. 2 Reaction profile of the one-pot hydroformylation/aldoxime for-
mation of 1-octene (1a) for nonanal oxime (3a) formation after optimi-
sation via DoE. Conditions: Rh(acac)(CO), (0.5 mol%), sulfoxantphos
(2.5 mol%), 134 mmol 1-octene, 335 mmol hydroxylamine (2.5 eq., as 50
w% aqueous solution), Crnag = 0.015 mol L™, Cigand.aq = 0.074 mol L™,
T =100 °C, p = 60 bar, Viotar = 110 mL. ?Conversion/yield determined via
GC-FID using n-decane as internal standard.
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a yield of the linear nonanal oxime 3a of 87%. Excellent
chemoselectivity towards the desired one-pot reaction of 95%
was achieved. Consequently, a scale-up of the reaction is poss-
ible without losses in selectivity or reaction rate. It is note-
worthy that the baffles and gas-impeller stirrer used did not
positively affect the rate of the reaction.

Small scale substrate variation

By application of other 1-alkenes of different chain lengths
(1-hexene (1b), 1-decene (1c) and 1-dodecene (1d)) under the
optimised reaction conditions in small scale (¢f ESIf), the
yields decrease with increasing chain length. This fact was
expected, considering that the reaction rates depend on the
solubility of the substrate in the polar aqueous phase. Internal
alkenes such as cyclooctene (1e) and 4-octene (1f) were not
converted with reasonable rates as expected for the Rh/sulfox-
antphos catalyst system. The substitution of sulfoxantphos
with TPPTS (Tri(sodium-3-sulfonatophenyl)phosphane) might
enhance the hydroformylation of internal alkenes.'® The appli-
cation of TPPTS, however, increases the polarity of the
aqueous phase (large excess of the monodentate, trisulfonated
ligand to be applied for reasonable regioselectivity and to
avoid Rh-losses into the organic phase). Neither cyclooctene
(1e) nor 4-octene (1f) were converted successfully (c¢f ESIY).
Presumably, this is caused by the reduced solubility of the
alkene in the aqueous phase due to its increased polarity.

On the contrary, the non-sulfonated TPP (triphenyl phos-
phane) catalyses the one-pot hydroformylation/aldoxime for-
mation effectively (¢f. ESI), since the reaction takes place in
the organic phase without mass transfer or solubility limit-
ations. However, after the reaction, the catalyst and the
product are both in the organic product phase. Thus, separ-
ation of the catalyst from the aldoxime for straightforward iso-
lation is hampered.

The chemoselectivity of the Rh/sulfoxantphos system for
terminal double bonds was used to selectively convert only the
terminal double bond of 4-vinylcyclohexene (1g) to the linear
oxime in 82% yield on a small scale (c¢f ESIt). Styrene (1h) also
gave high yields of the aldoximes in small scale, with the
expected regioselectivity of linear and iso-oximes (34% linear,
53% iso) that was earlier observed for the parent ligand xant-
phos.?® The iso-oxime 5h is the main product, but the selectiv-
ities indicate that sulfoxantphos can shift the regioselectivity
towards the linear hydroformylation product. The selectivity
towards the linear product 3h was improved from 4% with
TPP?® to 34% with sulfoxantphos.

Further extending the scope, substrates with oxygen-con-
taining functional groups were tested. Difunctional products
as potential polymer precursors are thus accessible.
Depending on the consecutive chemistry of the oxime group,
even different classes of polymers seem possible. In this
regard, functionalised molecules based on renewables, like the
terpenol dihydromyrcenol (1i) and the oleochemical methyl
10-undecenoate (1k) are of interest since they are already pro-
duced on a large scale.”” Dihydromyrcenol, containing a ter-
tiary alcohol function, yielded 68% of the linear oxime, which

Green Chem., 2020, 22,7974-7982 | 7977
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is comparable to the results achieved with 1-decene. The reac- observed. Herein, consecutive reactions of the oxime group to
tion well tolerates the tertiary alcohol function. For methyl the corresponding nitrile in 34% yield and the amide in 12%
10-undecenoate, a yield of 41% to the linear oxime was yield were observed, resulting in a cumulated yield of 87%,
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Fig. 3 Conversion of selected substrates in the combined hydroformylation/aldoxime formation one-pot-reaction, evaluated by gas consumption
curves. Conditions: Rh(acac)(CO), (0.5 mol%), sulfoxantphos (2.5 mol%), 134 mmol substrate, 335 mmol hydroxylamine (2.5 eq., as 50 w% aqueous
solution), Crp,aq = 0.015 mol LY Cligand,aq = 0.074 mol L™, T =100 °C, Peonst. = 60 bar, Vi = 105120 mL. “Combined yield of all hydroformylations
products measured via GC-FID using decane as internal standard after reaction normalised to the measured gas consumption.
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concerning the hydroformylation step. Hence, the carboxylic
acid ester group is well tolerated; however, apparently favours
the formation of consecutive products. Eugenol (1j) can be
used as pharmaceutical active compound®® and modification
with nitrogen-containing functional groups may improve its
effectiveness. Surprisingly, a yield of the linear oxime of only
15% was obtained. Again, consecutive reactions to the corres-
ponding nitrile and amide were observed in a yield of 41% and
27%, respectively. The combined hydroformylation yield (3j +
5j + 9j + 10j) is, as with the other functionalised substrates,
still high at 83%.

Consequently, functional groups are well tolerated by hydro-
formylation. However, the reaction conditions developed for
1-octene do not necessarily provide the best results for all
applied substrates. Nevertheless, the increased formation of
nitrile or amide shows high potential to integrate a subsequent
reaction step into the designed reaction sequence.

Large scale substrate variation (monitoring of gas consumption)

Reaction profiles were recorded by monitoring the gas con-
sumption in a 350 mL autoclave to get a more detailed insight
into the different reactivities and to minimise the possibility
for consecutive reactions (see ESIf for details on the experi-
mental setup). As soon as no significant gas consumption was
detected, the reaction was stopped to minimise aldoxime con-
version to nitriles and amides. After the reaction, the organic
phase was separated from the aqueous catalyst phase by
decantation and analysed via GC-FID. The gas consumption in
the gas reservoir was then normalised to the summarised yield
of all hydroformylation products (2 +3 +4 +5 + 8 + 9 + 10).
The turnover frequency (TOF) at 20% conversion towards
hydroformylation products determined (TOF,,) to
compare the reaction rate of the various substrates. In Fig. 3,
the gas consumption curves of 1-octene (1a), 1-hexene (1b),
1-decene (1c), 1-dodecene (1d), 4-vinylcyclohexene (1g), styrene
(1h), dihydromyrcenol (1i), eugenol (1j) and methyl-10-unde-
cenoate (1k) are shown. As expected, the reaction rate
decreases with increasing chain lengths of the different
1-alkenes. The maximum TOF,, was observed for 1-hexene
(1518 h™"), while for 1-dodecene TOF,, was only half as high
(855 h™"). The time to reach 90% yield of hydroformylation
products is 1 h for 1-hexene and 1-octene, whereas 1-decene
and 1-dodecene require reaction times above 2 h and 3 h,
respectively. The yield of the linear oxime exceeds 80% only for
1-octene. This finding is a result of the optimisation by DoE,
since conditions were optimised only for this specific sub-
strate. Hence, the reaction conditions are not in the optimal
range for other substrates and consecutive reactions of the
oxime group, hydrogenation and isomerisation are more likely
to happen. Longer reaction time and lower reaction rates in
case of 1-decene and 1-dodecene also contribute to this, since
it increases the probability of consecutive reactions and side-
reactions. We now assume that the consecutive and side reac-
tions take place simultaneously to the hydroformylation/aldox-
ime formation. Another factor in support of this assumption is
that side products were observed to a much smaller extend for

was
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4-vinylcyclohexene (1f) and styrene (1g) as substrates (Fig. 3,
middle curves). The TOF,, exceeds 2000 h™" in both cases, and
the reaction time required to reach 90% yield of hydroformyla-
tion products is <1 h.

The consumption curves for dihydromyrcenol (1h) and
eugenol (1i) differ from the previously obtained results. At
first, a high conversion rate towards the hydroformylation pro-
ducts is observed, changing into an almost linear progression
after 1 h. A further flattening of the consumption curves after
2.5 h was observed in both cases. The TOF,, for dihydromyrce-
nol (1179 h™) is slightly higher than the TOF,, for 1-decene
(1041 h™"). The reaction rate for the conversion of eugenol is
the highest of all three oxygen functionalised substrates,
which may be attributed to the comparatively good water solu-
bility (2.46 g Laq ').>° Methyl 10-undecenoate on the other
hand (1j) is an oleochemical and thus not well miscible with
water. Hence, the TOF,, observed (727 h™') is comparatively
low. Since all three reactions were conducted over a relatively
long time, the simultaneously happening, consecutive reac-
tions of the aldoxime group occur to a much greater extent.
Control of the selectivity towards a single product (oxime,
nitrile or amide) bears enormous potential that will be unra-
velled in ongoing research.

Application of oximes in biocatalytic nitrile synthesis

Aromatic, as well as aliphatic nitriles, already have a broad
range of chemical and industrial application areas.’® The
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Fig. 4 Conversion of selected aldoximes into nitriles using oxime dehy-
dratases (Oxds). Conditions: KPi buffer 50 mM, pH = 7, 33 mg mL™
whole cell suspension (BWW, bio wet weight), i-PrOH (10% (v/v)), sub-
strate concentration 10 mM, 30 °C, 15 min, extraction with EtOAc, yield
determined via GC-FID, °literature: >99%, t = 1 h (ref. 13), ®>99% at
50 mM, t = 3 h, “no quantitative measurement, best enzyme selected by
GC area “literature: >99%, 5 mM, t = 3 h (ref. 32), ®literature-known,
OxdFG, 200 mM, t = 2 h (ref. 33).
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Fig. 5 Anti-Markovnikov hydrocyanation of 1-octene through one-pot hydroformylation/aldoxime formation and subsequent biocatalytic

dehydration.

selective synthesis of linear nitriles through simple dehydra-
tion of aldoximes has substantial advantages considering sus-
tainability aspects compared to conventional methods, like
hydrocyanation (poor regioselectivities, toxic substrate) or
their synthesis starting from carboxylic acids and ammonia
(high temperatures and pressures needed). Recently, the sus-
tainable, selective and energy-efficient nitrile synthesis using
oxime-dehydratases gained considerable attention.’’* Some
of us already showed the benefit of combining transition
metal catalysis and biocatalysis for various processes.** Hence,
we wanted to demonstrate in a conclusive investigation that
the generated aldoximes can be converted into the corres-
ponding nitriles by utilisation of enzymes as biocatalysts.

Therefore, selected aldoximes were synthesised using pre-
viously described reaction conditions for the one-pot hydrofor-
mylation/aldoxime formation. After the reaction, the organic
product phase was easily separated from the aqueous catalyst
phase containing the excess of NH,OH by decantation. After
evaporation of 1-butanol and column chromatography of the
residue, we dehydrated the aldoximes in the presence of an
aldoxime dehydratase, following the same procedure applied
in a previous publication of our joint research, in which the
formation of nonanitrile and 2-methyloctanenitrile was
focussed upon (Fig. 4).°

All terminal oximes derived from 1-alkenes were effectively
transformed into the corresponding linear nitriles. The oxime
derived from eugenol could not be converted, whereas the
oxime generated from dihydromyrcenol was successfully con-
verted, and a yield of the nitrile of 83% was observed.
Remarkably, the nitriles can be produced under conditions
optimised for nonanal oxime in very short reaction time. In
general, when utilising enzymes as biocatalysts, the activity is
highly dependent on the 3-dimensional structure of the sub-
strate. Hence, structures similar to the already known aliphatic
terminal oximes show the best activities. Literature values indi-
cate that many of the substrates can be converted quantitat-
ively by choosing longer reaction times.>**>??

We also tried higher substrate loading of 100 mM and
did not observe inhibition of the enzymes (for more detailed
information, see ESI{). We are convinced that this additional
investigation underlines the enormous potential of oxime
chemistry.

Thus, the combination of homogeneous transition metal
catalysis, biocatalysis and the combination of two reactions

7980 | Green Chem., 2020, 22, 7974-7982

within a one-pot process, running in a green solvent system,
allows linear nitriles to be generated in a sustainable way
directly from terminal alkenes. For instance, 1-octene can be
transformed to nonanitrile in 85% overall yield (Fig. 5),
whereby nonanal oxime was isolated as intermediate.

Conclusions

For the first time, the effective combination of hydroformyla-
tion and aldoxime formation in a one-pot reaction was
achieved, yielding aldoximes directly from alkenes in a single
preparative step. An excessive salt formation has been
bypassed by application of aqueous hydroxylamine. The utilis-
ation of sulfoxantphos as the ligand was found to be purpose-
ful, as it allows the selective synthesis of linear products and
immobilises the catalyst in an aqueous phase. A solvent
system, composed of the green solvents water and 1-butanol,
was key to success, as it enables sufficient contact of the
aqueous catalyst phase and organic substrate phase. Using
1-octene as the model substrate, conditions were successfully
optimised via Design of Experiments (DoE), yielding >85% of
the desired, linear oxime. The reaction conditions were suc-
cessfully transferred to 8 different substrates, while high linear
selectivities of above 90% were maintained at yields above
85%. Varying reaction rates of the substrates and turnover fre-
quencies of over 2000 h™" were observed by the application of
constant pressure and monitoring the gas consumption. Even
functionalised renewable substrates were effectively converted
to multifunctional compounds, although the consecutive reac-
tions of the aldoxime group dominated and yields of the
nitrile over 40% were observed. The additional implemen-
tation of a further reaction step and selectivity control towards
aldoximes, nitriles or amides seems promising and will be
part of ongoing research. In a concluding investigation, we
successfully transformed the terminal oximes to the corres-
ponding linear nitriles using oxime-dehydratases in a sustain-
able, highly selective and energy-efficient reaction. Thus, the
overall reaction sequence formally represents an anti-
Markovnikov hydrocyanation of readily available 1-alkenes.
Concerning 1-octene, nonanitrile was synthesised over three
reaction steps (two of them in a one-pot process) in 85%
overall yield and 95% regioselectivity in only 2 h, with water as
the only by-product.

This journal is © The Royal Society of Chemistry 2020
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