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Abstract

Flow chemistry has been increasingly used in the last decade as an alternative method to batch
chemistry. This methodology allows for conditions that would be unattainable under batch
techniques due to the high temperature control, selectivity and safety that flow chemistry

allows.

The diazidation of styrenes has been investigated under continuous flow conditions, where the
inherent safety of flow chemistry allows the use of azides without the concerns usually

associated with these reagents.

R i R
Metal-free protocol Reduction
R~ jN/\Ns Y ONH
3

N5 source NH,

Secondly, the nitroaldol reaction has been transferred to flow conditions. This highlights the
safety of continuous flow procedures, as the use of a highly energetic reagent such as

nitromethane is easily possible..

O Base OH O

Il
R)\/'l'\o‘

\=

R Nitromethane
Ethanol

The Koch-Haaf carbonylation reaction was investigated to demonstrate the use of gases in flow

chemistry and the safe handling of toxic gases such as carbon monoxide.

H,SO,4
OH HCOOH COOH
Ar Ar [Col Ar Ar

Finally the Ritter reaction was used to further demonstrate the suitability of flow chemistry for
highly exothermic reactions using concentrated acids; where the temperature control allows

for high selectivities.
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1.1 Advantages of Flow Chemistry
The need for increased safety in chemical synthesis is always in demand and is under
development by numerous research groups currently within the chemical industry. To address
safety issues, many methods have been developed by the chemical industry, most notably flow
and microreactor technologies. These offer a unique ability to allow reagents or intermediates,
that were initially considered too dangerous for large scale production methods, to be used in

a much less hazardous manner without detrimental effects to the reaction conditions.!*™!

Flow chemistry allows for many inherent benefits due to the multitude of effects caused by
being at small volumes. Higher concentrations are substantially more applicable, mixing is
drastically improved and a much better heating profile is possible due to the greatly increased
surface-to-volume ratio. This then reduces localised “hot spots” which can either cause
unwanted side products or worse adiabatic runaway potentially causing explosions.
Furthermore, the likelihood of the aforementioned risks is lowered by the small volumes of

reactive intermediates produced at any one time.

Mixing is important in all chemical reactions as it allows for rapid association of reagents at any
given time. One of the biggest factors of mixing in solution phase is diffusion, which is most
notable when reactions have a very low energy of activation. Conventionally for reactions of
this type, cooling would have to be applied to have any control of the selectivity. Alternatively
lower concentrations can be used; the high dilution of reactions can dramatically slow down
the rate of reaction. Under highly concentrated conditions mixing must become faster than the
reaction to reduce unwanted side products which is sometimes unachievable under batch

conditions.

Diffusion time (s)  distance

0.0005 1um
0.005 10 um
5 100 um
500 1 mm

Table 1.1: Table showing the different diffusion times as related to distance travelled.®

Flow chemistry relies directly on the low radial diffusion distance within microchannels. The
time taken to travel across the channel is far lower than in a classical flask therefore diffusion
speeds that are associated with flow cannot be reached in batch (without mixing) as shown in

Table 1.1.



Highly efficient micromixers can be used as well as variation in flow rates to produce many
different transport phenomena that can aid in mass transfer. This can range from a simple T-
piece where flow rate can have a large effect on mixing properties, to specially designed
mixers such as the Comet mixer or caterpillar mixers shown in Figure 1.1. Caterpillar type
mixers work by multiple splitting and recombination of reagent streams. The streams are lifted
up and down by the device, which then recombines the streams to form a single stream. This is
repeated multiple times within the mixer to produce a near homogeneous solution. Comet
mixers work with a similar method, using an arrangement of disks with varying through-put
holes. The streams of reagents are continuously mixed to form an even distribution of

reagents.

Figure 1.1: Picture of typical glass caterpillar mixer and a Comet™ mixer.

In general, in a flow system with a simple T-piece the mixing can be influenced directly by the
flow rate and choice of tubing diameter. With the use of low flow rates and tubing in the micro
range, a Laminar flow regime dominates. When switching to either larger tubing or when high

flow rates are chosen, turbulent flow usually dominates.

Turbulent flow

- OH

Laminar flow

Figure 1.2: Laminar and turbulent flow in flow tubing. ["!



As shown in Figure 1.2, flow rates and flow area can have a large effect on mixing properties
which are largely governed by the Reynolds numbers. The Reynolds number (Re) describes the
relationship between the inertial forces and the viscous forces. This is represented in the

following form:

At lower flow rates, viscous forces are dominant (Re <2000) resulting in laminar flow.
Turbulent flow is prevalent when the flow rates are higher and therefore inertial forces
become a much larger factor (Re >3000). Any value in between is then classified as transient

flow.



1.2 Organic synthesis promoted by flow chemistry’s properties

1.1.1 Single Phase Reactions

Single phase liquid reactions have been by far the largest area explored in flow chemistry.
Many examples ranging from acid and base-promoted reactions to radical and metal-catalysed
reactions have been studied. Generally due to the improved heat control in flow chemistry
acid-catalysed reactions such as nitrations, which are highly exothermic, have been shown to
benefit from this. Roberge et al. showed that nitrations, which were performed with excellent
temperature control, led to a highly efficient and rapid synthesis (7 s) of nitrated phenols 2 and

3 (Scheme 1.1). @

OH
OH HNO, 10% H,0 oH
20 °C, 7 s, 21 g/min
77% NO,
1:1
1 2 3

Scheme 1.1: Acid-catalysed nitration in continuous flow using a glass microreactor with a 10x0.5-mm
channel width and 2.0 mL internal volume.

This is a great example of how the increased surface-to-volume ratio can allow for great
control of heat exchange within flow chemistry compared to batch chemistry where
controlling a temperature of 20 °C in such an exothermic reaction is challenging and yields of

only 32% were achievable.

Many base controlled reactions have been performed in flow systems ranging from simple
organic bases!* to alkyl lithium bases, addressing the dangers and selectivity associated with
using lithiated bases. Yoshida and co-workers have been at the forefront of alkyl lithium
chemistry in flow for a number of years, using the temperature control and increased mixing of
flow chemistry to allow for selective reactions, even with such highly reactive compounds.
Reaction times can be in the orders of milliseconds and the area has thus been termed as flash
chemistry.®*74 Their work shows the ability to control reactions extremely effectively where
the speed of the reaction is faster than that of mixing and consequently with the small
diffusion distances in microreactors selectivity is easily obtained. An example of this is shown

in Scheme 1.2:



O THF Li, O

A= 3 miimin Ph>A

Ph E
-98 °C 5 . _
4 0.96 mi/min H.C. O
sBuli ———— NN PH Ph
Hexane  CHsl Ph |
THF 6 7 8
1.92 ml/min 5
-98 °C :

Scheme 1.2: Lithiation of styrene epoixde followed by quenching with Mel in a microreactor.

Yoshida**! showed that the use of microreactor technologies could allow for a huge increase in
selectivity, avoiding the side products 7 and 8. The small diffusion distances allow for sufficient
concentrations of Mel to interact with the lithiated species 5 and therefore yields of up to 88%
in reaction times in the order of seconds. This was achieved without the use of TMEDA
(tetramethylethylenediamine) needed for high selectivity in batch procedures. They compared
their results to a batch procedure where to obtain the same conversions to that of the flow

procedure it was necessary to allow the reaction to proceed for 60 min.

Radical reactions have been shown to be highly efficient within flow. Most examples generally
contain trialkyltin hydride with azobisisobutyronitrile (AIBN), and have been shown to proceed
in a rapid and highly selective manner.[*! An example of this has been demonstrated by
Seeberger and co-workers as shown in Scheme 1.3. A radical based reduction method was
shown in a glass-chip reactor with a 1 mL volume using a combination of AIBN and TTMS.
Using this Barton-McCombie deoxygenation protocol they were able to deoxygenate xanthate
derivative 9 to form deoxy-D-galactose 10 (Scheme 1.3). The use of the glass reactor in
combination with a BPR allowed for superheating of the reaction solvent and therefore a rapid

and efficient procedure.

S

AIBN e}

O . .\\O

\S)J\O " O>< (Me3SI)3S|H 0 ><

g — o (0]

0] 130 °C, 5 min %'O
%’O 9 toluene 10
93%

Scheme 1.3: Radical deoxygenation of diacetone-D-glucose derivative 9 using AIBN and TTMS in a glass
flow reactor.

Metal catalysed reactions have been intensively studied using microreactor technologies.
These Include cross coupling reactions!*”, metathesis®® and Lewis acid catalysis™® using

transition metals to name but a few. Methods have sought to use some of the physical



properties of microreactors to develop synthetic protocols for these reactions. Solid-supported
reagents have been used as precatalysts and some groups have even specifically designed
tubing with catalytic properties. An example of the latter has been shown in a cross coupling
reaction such as the Sonogashira coupling of 2-trifluoromethyliodobenzene 11 with phenyl
acetylene using a copper tube flow reactor.!?”) Mainolfi et al. established conditions where, in a
30 min residence time, the coupling could be achieved with a 92% yield of 12 at 170 °C without

the need for palladium. (Scheme 1.4).

CF; Copper tube reactor O
| - CF3

+ . =
=z W O
1M 12 M DMF, TBAA 1.1M 92%,
170 °C, 30 min
11 0.33 ml/min 12

Scheme 1.4: Copper tube catalysed Sonogashira cross coupling in flow. TBAA = tetra-n-butylammonium
acetate.

This shows a large benefit compared to traditional copper-catalysed syntheses due to the
nature of the chosen reactor. The need to separate the copper from the reaction mixture is
eliminated and, combined with the reusable nature of such tubing, allows for a much more

efficient synthesis.

1.1.2 Liquid-Liquid Biphasic Reactions

Many other benefits can be attributed to the effects of flow chemistry when using varied
conditions that have been used in batch chemistry for decades. Biphasic reactions which one
associates with poor mass transfer can be improved by the mixing properties of flow
chemistry. Again, by using a simple T-piece and two immiscible solvents, a phenomenon
known as segmented flow can be achieved when defined plugs of segregated reactants are
formed. Unlike in batch chemistry, where the interface between the large defined phases is
small; the large number of small segments within the flow reactor has a substantially larger
interface due to the large surface-to-volume ratio achieved. This is a huge advantage in cases
where diffusion is a limiting factor. Not only is there a larger interfacial relationship but due to
the interaction with the tube wall whilst in flow, axial forces cause an internal mixing as shown

in Figure 1.3, consequently leading to much higher rates of reaction.



= TED | &=
—>

— D = —
Segment Phase A Segment Phase B Internal vortex

Figure 1.3: Internal vortex formation shown in each phase during segmented flow conditions.

An early example of this was shown by Wirth and co-workers where a Heck coupling with
diazonium salts was dramatically promoted by segmented flow. 21122 Starting from aniline
they could oxidise to the diazonium salt 13 with tBUONO. Pd(OAc); and the alkene 14 were
then added via a second T-piece to form the product 15 (Scheme 1.5) Using the immiscibility of
hexane and MeCN the formation of segments could achieved as in Fig 1.3. This in turn creates
a vortex mixing effect allowing increased rate of reaction. Therefore by dissolving the reagents

in MeCN whilst flowing an inert hexane solution through a T-piece the overall yields could be

increased.
5 mol% Pd(OAc),
/:
R
NH, 14a R = Ph
©/ 14b R = CO,Me
MeCN| -

Hexane AcO +
N2
* ©/13 WR

15a R = Ph
15b R = CO,Me
AcOH, tBuONO 3.2 min 23.7 min
Cooling r.t
Bath

Scheme 1.5: Tandem diazotation/Heck reaction in segmented flow conditions.

Yields ranged from 64-98% through ten examples with a much higher reaction rate than that of

laminar flow conditions and traditional batch methods.



1.3 Heterogeneous conditions

1.1.3 Gasliquid conditions

The use of gases in continuous flow gains an added advantage in a closed system, with the aid
of a BPR (back pressure regulator). The formation or addition of gases in continuous flow can
be advantageous as gases are unable to escape into the head space found within conventional
batch reactors. In general there are two methods for the use of gases in continuous flow: A
biphasic flow of gas-liquid?® and a saturation of solvent with the gas in pressurised systems?

through semi-permeable membranes; each having their advantages and disadvantages.

Biphasic gas liquid methods have a number of subcategories within continuous flow reactors.
An example is falling film microreactors, where a falling film of liquid controlled by gravity is
brought into contact with an opposite stream of gas.!? Mesh reactors use partially segmented
channels that are overlapped and are open to interaction between the gas and the liquid; and
dispersed-phase microreactors, which work by allowing separate streams of gas and liquid to

be introduced at the inlet.!

Within dispersed phase systems the most common flow regime is Taylor flow Figure 1.4

Liquid film Liquid slug Taylor bubble

Figure 1.4: Taylor flow within a tube reactor.

When this is adopted in microstructured devices the reactions normally take place within the
liquid slug or in a film at the tube walls. This technique is not only used for reactions with the
gas itself but as with liquid-liquid biphasic systems the same axial effects are observed and

therefore an inert carrier gas can be introduced to form vortex mixing.

A recent example of gas liquid flow has been described by Vilar and colleagues.’?”’ They used a
gas liquid flow regime for the screening of Pd catalysed carbonylations comparing annular flow
with segmented flow. Using aryl iodides, amines and CO gas they were able to demonstrate a
reliable system for the Heck type carbonylation. When comparing segmented to annular flow
they noted that more control was possible with segmented compared to annular flow. Lower

flow rates are more achievable and therefore reactions can be given time to go to full



conversion. Yields of up to 96% were achieved within 10 min of residence time and, if allowed

to react for longer, yields of 99% could be achieved in 1 h for some substrates.

A further example of gas liquid flow within tubing is annular flow. This is a regime where a flow
of gas is sent at such a high flow rate as to form a core through the centre of the tubing, which
is surrounded by the liquid phase as a film on the tube wall. A recent example of this technique
was used to strip a side product from the product mixture to drive the equilibrium towards the

product has been developed by Kappe et al. 2%

Kappe showed that stripping the carbon monoxide (CO) from the reaction mixture prevented
the poisoning of the catalyst. This allowed lower catalyst loadings and a drastic increase in
reaction rate. Using nitrogen gas to produce the annular flow, the decarbonylation of
aldehydes to alkanes could be achieved by stripping away the CO by-product (Figure 1.5). This
allowed for a reduction in reaction time reducing from 16 h to 8 min in some cases, as
compared to conventional batch and flow techniques that cannot allow for the escape of gas

at such an efficient rate.

Rh3(OAc)s, dppp

R/CHO o R,H
toluene, 200 °C Ny  — CO; co iCO ECO

R = Ar, Vinyl
dppp = 1,3-Bis(diphenylphosphino)propane

Figure 1.5: Use of annular flow for the stripping of CO gas from the reaction mixture.

Another method for introducing gases into flow devices has been developed recently. The use
of gas-permeable membranes has been shown to be a useful method for delivering reagent
gases in synthetic transformations, the main difference of this technique being that the gas is
dissolved into the liquid phase under pressure to afford a saturated solution which can then be
used in a reaction, featuring .a tube in tube reactor consisting of a gas permeable inner tube of
AF 2400 Teflon tubing and a wider diameter non permeable tubing surrounding this. Therefore
a liquid stream can then be pumped through either tube, and a gas through the other to

saturate the liquid stream as shown in Figure 1.6,



Gas Inlet

a

T Liquid Inlet

AF-2400
tubin

Liquid Outletﬁ

Figure 1.6: Tube in tube reactor schematic. GPR = gas pressure regulator adapted from ?°),

As well as being used for methods of introducing gases this concept has also been used to
make gases in situ from a solution phase to be passed through to the additional non
permeable tubing. This can be useful when a gas that would otherwise be unfavourable to use
due to its toxicity or explosive nature. The conditions used to make the gas can therefore be

disposed of without interfering with the subsequent reaction steps.

Very recently Kappe and co-workers used this method to generate anhydrous diazomethane in

flow (Figure 1.7).B%

1.
R Cl
THF (anhydrous)

Diazald®
MeOH

o | KOH

\\s\’N\N//O H,0:MeOH

‘0 1:1
16
Diazald®

aqueous waste

Figure 1.7: Use of AF2400 tubing for the production of diazomethane in-situ, from Diazald.®

10



The precursor Diazald® 16 is introduced to a base through the inner tubing which produces the
gaseous diazomethane. Diazomethane then passes through the permeable membrane to the
outer tubing where the acyl chloride is waiting in anhydrous THF. The side products from the
diazomethane are safely disposed of from the inner tubing and the diazo compound produced
is then transferred for a further reaction, in this case for the synthesis of a-haloketones.
Additionally it was shown that subsequent methylations, [2+3] cycloadditions and

cyclopropanations were possible using this method of diazomethane generation.

1.1.4 Solid liquid conditions

Heterogeneous conditions not only exist between gas and liquid, but solids can be used in
continuous flow in the form of cartridges containing a solid reagent. The use of solids in
continuous flow may sound strange, due to the associated risks of blocking in microreactor
technologies, but methods using cartridge-based reagents have been developed.?' These
reagents can generally be resin supported catalysts such as chiral ligand complexes and
organocatalysts or stoichiometric reactants like amberlyst exchange resins; to non-resin
bonding supports such as Pd/C or Fetizons reagent (Ag.COs on Celite®). Flow chemistry again
offers a large benefit of increased surface interaction with the solid with minimal to no

separation of the solid particulates at the end of the reaction.

Ley and co-workers here worked extensively in this area and has shown many novel processes
using such techniques. A recent example has shown the use of manganese dioxide as a solid
oxide for the generation of diazo compounds 18 from hydrazones 17 which are subsequently
reacted with boronic acids in an sp?-sp® cross coupling to form products 19 in yields of up to

95% (Scheme 1.6).5%

n-NH2 N2 ] ArB(OH), Ar
)|\ 1 MnO, BPR L |
R R1 t R R rt R R1
17
R = Alkyl or Aryl 18 19
R' = H or Alkyl

Scheme 1.6: Generation and subsequent reaction of in-situ generated diazo compounds.

As well as being used as reagents, cartridge type chemistry has been applied in many other
practical applications. Purification techniques have been developed where removal of
unwanted reactants from previous inline steps can be accomplished by trapping, via
scavengers. Systems in which solubilized reagents are trapped onto monolith based reagents

have also been developed. Known as a “catch and release” protocol, the reactant is fed into
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the monolith, trapped via a weak interaction i.e. a salt formation, and then subjected to the
reaction conditions, washed to remove unreacted reagents and side-products. It is then finally

released to afford the product with minimal work-up and purification.

The success of such flow techniques has led to commercialised products becoming available

most notably the Thales Nano H-Cube and Omnifit glass columns.

As stated the idea of continuous flow with solid particulates sounds challenging but some
methods provide solutions to this problem. Using ultrasound is one method for this. Buchwald
et al. showed that a palladium-catalysed amination reactions can be achieved in continuous
flow Figure 1.8.B3 They observed clogging of the channels under standard flow conditions

stopping the overall system.

I_\Pd
Cl” 'N
20 H,
Precatalyst
X EtOAc/H,O
| N | - NH2 I s In-line work up H
R// // :__O_O_C_ ———: o d > | N | X
21 R’ L) L >4,
22 . 160-90°C R 23
NaOtBu g =->i:
|. L ] -

UItrésonic Bath

Figure 1.8: Pd coupling of aryl halides with anilines in flow assisted by ultrasonic radiation. L = BrettPhos.

This was solved by acoustic irradiation. The sonication of the reactor coil then allowed a rapid

synthesis of substrates ranging from 20 s to 10 min of residence time.
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1.4 Miscellaneous techniques

The benefit of a closed flow system can allow for extreme changes in reaction conditions. By
just an addition of a BPR, Figure 1.9 B4 solvents can then be heated to temperatures well
above their boiling points in a safe and facile manner. Solvents can therefore be used in a
subcritical or even supercritical state with added benefits of increased solubility and reactivity.
These harsh conditions can then be applied safely as they are only exerted over a smaller

volume compared to that of a traditional batch reactor.

HPLC
| Pump

Heat Exchanger

System
Fressure
vaive Pressure

Gauge

Product

Figure 1.9: Schematic diagram of a pressurised flow reactor. Adapted from 3%,

A system as shown in Figure 1.9 has been used by Wirth and co-workers.2® They showed the
synthesis of amides with varying functionality with cheap commercially available reagents at
temperatures of 200 °C and pressures of 20 Mpa. Yields were very good ranging from 55-97%
in 5 min as shown in Scheme 1.7 compared to the reaction time in the batch protocol (150 °C,

48 h).

Cs,CO;5
HONH, . HCI
THF:H,O
R/CHO 1:1 /(g\
0.4 ml/min R NH»

200 °C, 20 MPa, 2.5 min

R = Aryl, Alkyl, Heteroaryl

Scheme 1.7: Synthesis of amides from aldehydes using a high temperature pressure flow reactor (steel
tubing reactor (length: 1 m, internal diameter: 1.6 mm) in a GC oven) analogous to the system in Figure
1.9
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Not only has the aforementioned technique been adopted for continuous flow, but many
other batch type techniques have been adapted to take advantage. The numerous inherent
benefits at working at small volumes and larger surface areas allow for increased efficiency

some of which are listed below.

Photochemical microreactors use the huge increase in surface area to dramatically reduce the
path length of the irradiation through the solvent. Thus a much more efficient irradiation can
be achieved, decreasing reaction time and increasing selectivity. When moving to larger scale
reactions, the power of the light source does not have to be changed and this can reduce costs
significantly. A general reactor is essentially designed in the same manner as a conventional
batch reactor with a jacketed UV lamp but with the addition of the coiled reactor around the
jacket. This can be used to cause transformations solely or together with a photocatalyst. The
photocatalyst can be introduced in two distinct ways: in solution like a conventional system or

as a coating on the tubing which is beneficial for catalysts that are not readily soluble.

One such method described by Jamison et al. B”) shows the dramatic effects of an increased
surface area allowing for a much more efficient irradiation and therefore, in this case, rate of
reaction. The ligand exchange reaction of 24 to 25 that usually takes 36 h to go to completion

was enhanced to 5 min in continuous flow as shown in Scheme 1.8.

1Py “17PFg
@ ® v, flow CCP 6
Ru > Ru—NCM
MeCN  MeCN~ W ©
5 min NCMe
24 25

Scheme 1.8: Synthesis of CpRu(MeCN)3PFs in a photochemical flow reactor.

Although still in its infancy another technique for flow synthesis is the use of electrochemistry
reactors. Again there are problems associated with scale up in batch chemistry, such as large
volume of electrolyte and therefore it is hoped that flow chemistry can solve this. Addressing
the problems of an inhomogeneous electric field and the loss of energy associated with Joule
heating can hopefully lead to this being a viable technique within fine chemical processing due

to its “green” nature.

Wirth et al. showed a recent example of deprotecton of phenols and thiophenols using a

continuous flow microreactor. The deprotection of the iNoc-group was accomplished in 92 s.
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With the addition of 50 mM of TBAI and a current of 30 mA vyields of up to 61% in DMF/H,0

were obtained.B®

Electrochemical microreactor

—
Inlet Qutlet

)

iNoc-protected substrate (93 mM) and @ Collection vial
TBAI (50 mM) in water-DMF

1

Figure 1.10: Schematic of the electrochemical reactor used in the deprotection of iNoc-groups. 3!

The benefit of using such a purposely designed reactor is within the fabrication. With only an
internal volume of 23 ul the distance between each electrode is minimal (100 um) which
allows for the absence of an electrolyte (Figure 1.10). This obviously has the potential to be

highly advantageous in terms of cost when moving to a preparative scale.
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1.5 Multi-Step Synthesis

With the move towards process engineering, and with flow chemical techniques ever growing,
the idea of multi-step synthesis for production of more complex target molecules has become
within reach. The traditional method of synthesis of C from reagents A and B followed by

purification has been used for decades.

(a) Traditional multi-step synthesis

A T
- \“ - Fa P
/ & Ll /[ €} / @ [l
* f .J"L‘ 1. Work-up ‘rﬂ-: o 1. Work-up [ \)f" “._ 1. Work-up
B ;@ N 2. Purify c | & % 2. Purify @ % 2. Purify
| - [ —_— s D | —_—
| f \ J n |
\ / % / \
Batch Reactor 1 Batch Reactor 2 Batch Reactor 3
Iterative step-by-step batch synthesis
intermediates C and D isolated and purified
(b) Continuous flow multi-step synthesis
A -
' == Flow Reactor 1}—{-Flow Reactor 2 - ~{Flow Reactor3= —w= E
B /

C and D not isolated a continuous 'one flow,
multi-step synthesis

Figure 1.11: Multi-step synthesis strategies in batch and continuous flow (adapted from Jamison et al.
[37]).

Multi-step synthesis in continuous flow has sought to circumnavigate this by in-line quenching,
purification and analysis without the need for isolation (Figure 1.11). Therefore the idea that
more complex molecules can be made in flow synthesis is being realised. Multiple examples of

this have been reported in the literature.?”!

A good example of multi-step synthesis in continuous flow has been described by Jamison et
al.B% The synthesis of Ibuprofen 29 was completed in three steps including an in-flow
extraction from readily available starting materials (26 & 27) in 3 min of residence time (Figure
1.12). They showed that 8.09 g of Ibuprofen 29 could be synthesised every hour making this

technique a powerful tool for chemical processing.
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" 1+ NaOH
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Figure 1.12: Multi step flow synthesis of Ibuprofen demonstrated by Jamison.

One large step in the pursuit of multi-step synthesis in continuous flow has been the
production of “in-line work ups”. These systems work by using a hydrophobic membrane
separating two channels, one channel for the organic phase and another for the aqueous
phase. The reaction mixture is then introduced to an extraction solvent and an aqueous wash,
usually with mixing, via two separate pumps. The unwanted side products are removed in the
aqueous extraction and the product mixture is allowed to pass through the membrane into the
organic phase. This can then be eluted or continued, by clever choice of solvent, onto the next
reaction step. An example of this has been shown in the previous example by Jamison where
the side products from the Friedal Crafts reaction are separated before the organic product is

continued onto the second transformation.

Other examples consist of gravity type in-line separators where a column containing an
aqueous solution is suspended via a clamp. The reaction mixture is then fed into the column
via an exit tube which is submerged into the aqueous solution. Above this aqueous solution is
an organic extraction solvent which is introduced via a secondary pump. The density difference
then allows the reaction mixture to rise through the aqueous solvent into the organic phase

which can then be pumped out via a third pump.
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1.6 In-line Analysis and automated control

In recent work methods to monitor reactions in-line have been extensively produced. Unlike a
batch style reaction, where thin layer chromatography can be used to monitor the progress,
this cannot be done with continuous flow technologies part way through the reaction. It has
therefore been the work of some research groups to find a way of monitoring reactions inline.
Multiple methods have since been used such as infra-red spectroscopy (IR), GC, HPLC and even

NMR.

IR spectroscopy has been used widely in the last couple of years for the in-line monitoring of
reactions. Ley and colleagues®”’ showed that this process can be used to monitor the
formation of arylmagnesium reagents 31 in-line (Figure 1.13). It was demonstrated that the
concentration of the formed Grignard reagent could be observed over time and therefore the
residence time could be tuned to allow for maximum conversion to the Grignard. Once these
conditions have then been optimised a second step can then be coupled to quench the

Grignard, in this case by an aldehyde.

X

30 ©/ ]
MgX

iPrMgClI.LiCl IR Ca} ©/

DiComp 31
Mettler Toldeo
ReactIR FD

Figure 1.13: In-line IR cell used to monitor the production of Grignard reagents in-situ.

This data gathered by these spectroscopic techniques has allowed for the collected data to be
reviewed by being fed to a computer. The system can, with the correct software, interpret,
analyse and react to tune the reaction conditions without the need for human control. Again

multiple groups have established such protocols.
One such example has been developed by Jensen et al. using a similar ReactIR protocol./!

The system involved Paal-Knorr reaction of 2,5-hexanedione 32 and ethanolamine 33 in
dimethyl sulfoxide (DMSO) (Scheme 1.9) which they used to demonstrate a multitrajectory
optimisation strategy to maximise the rate of production by reaching the optimised conditions

as efficiently as possible.
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Scheme 1.9: Synthesis of pyrole 34 using a multi-trajectory flow system for rapid optimisation of
conditions.

The IR cell was used to monitor the mixture continuously and when paired with a
microstructured device, the use of reagents was kept to a minimum by making sure that

steady state was reached before moving to the next condition Figure 1.14.14Y
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Figure 1.14: Multitrajectory optimisation strategy for rapid optimization of reaction conditions. Adapted
from 411,

Another example of such a method has been developed by Welch and co-workers.*?! They
showed that a microflow HPLC (Figure 1.15) could be used to monitor the reaction in-line. The
Diels-Alder reaction of maleic anhydride 35 with cyclopentadiene 36 was used to show the

versatility of such a system Scheme 1.10.
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Scheme 1.10: Isomerisation of 35 and 36 via a Diels-Alder reaction.

By changing the flow rates and switching to the HPLC at different residence times, they could
model the isomerisation within the reaction as a ratio of starting materials to product at their

specific retention times of each isomer, exo 38 and endo 37.

variable
flow pump

oven
heat

@ exchanger

BPR

product
to HPLC collection

Reagents

Figurel1.15: Schematic diagram of inline HPLC analyse for the Diels-Alder reaction of cyclopentadiene
and maleic anhydride.

By monitoring the different temperature profiles and residence times a 3 dimensional plot
could be obtained to profile the reaction and thus choose the optimal conditions for the each
isomer., with longer residence times (10 min) being optimal for the exo isomer and shorter

(0.2 min) for the endo.
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1.7 Scaling up

One of the many challenges associated with chemical processes and their use within industry is
scaling up. When moving to pilot scale or production scale away from the laboratory, a
number of issues have to be resolved to allow for the same yields, selectivity and safety. As
mentioned before when scaling up safety concerns become a problem when dealing with
reactions that are highly exothermic. Adiabatic runaway, although not an issue within a lab,
could become a serious problem in large scale batch reactors. Furthermore when scaling up to
large scale reactors mixing time can become significantly longer than the reaction rate and
therefore this could lead to “overcooking” of a reaction. A few methods have been devised to
try and solve these problems within flow chemistry, these being: increasing reactor size,

numbering up and scaling out. (43!

The most logical and simplest method is to increase the tubing diameter and therefore the
reactor volumes. This can be useful for reactions that are not highly dependent on heat

transfer and diffusion where mixers can be used to partially control this.

Numbering up or parallelization consists of numerous reactors being placed in parallel
therefore running the same system without changing concentration, residence times or heat
transfer. This is obviously advantageous as original conditions have no need to be modified,

although, the drawback is the significant costs where multiple pumps are needed. 44

Finally, the third method that is being conducted within industrial processes is scaling out.[*”!
This means that a reactor is left to run for a much longer time. Instead of creating, for instance,
a milligram quantity within minutes, gram quantities could be synthesised within hours,
although this is not the most efficient process. An example of this method in use has been

demonstrated by Styring (Scheme 1.11).14¢

MeO
Meo\©\ XM9\© Ni catalyst / THF O
+ >
Br t, 24 h O

39 31 40

Scheme 1.11: Kumada coupling of 4-bromoanisole with phenylmagnesium halide to form 3-
methoxybiphenyl 40 under Ni catalysis in flow.
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They demonstrated a Kumada coupling of 4-bromoanisole 39 with aryl magnesium halides 31
within a meso flow reactor under Ni catalysis. By running the reactor for 24 h they were able
to produce 137 g of product yield 40. This was all done without the need for changing the

reactor size, as running for longer circumvented the need to scale-up.
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2.1 Introduction to diazidation reactions

2.1.1 Azides in organic synthesis
The first preparation of an organic azide was reported by Griell in 1864 where he produced
phenyl azide by diazotization of phenylhydrazine with nitrous acid.*”? Since then further work
has been done by Curtius when he produced hydrazoic acid and applied it to what is now

known as the Curtius rearrangement, the formation of isocyanates from acyl azides (Scheme

2.1) 14849

SN o 1N A T N
)J\ /,N/ )J\_/N// A\, S
RON RON Na(g) RN "0

Scheme 2.1: The Curtius rearrangement of acyl azides to form isocyanates.

The first interpretation of the structure for an azide moiety was devised by Curtius and
Hantzsch where a 3-membered ring, 1H triazirine was suggested, Figure 2.1 a).1**=% This has
since been revised to the current system of a linear structure, Figure b). The nature of the N3
n-bond is the reason for such energetic properties as these bonds can be very easily polarised

leading to the release of nitrogen.*”!

a) b)

_N .. y - -
Ph—N\I'{l R—Nj R-N=N-N —=—— R-N=N=N —~—> R—N—N:ltl

Figure 2.1: a) First proposed structure of an azide compared to b) modern interpretation.

Azide chemistry has had a huge increase in interest in the last couples of decades after
previous neglect until the 1960s.°*4 This has been due to the large increase in safety aspects
permitted by modern technological advancements. Azides pose a substantial risk compared to
other functional groups. The extremely high energy that organic and inorganic azides possess

can therefore lead to explosive properties.

Azides are highly energetic on cleavage and after cleavage a very reactive nitrene group is left
behind. Generally, the addition of an azide group to an organic compound increases its

energetic property by approximately 290-355 kJ/mol.5> This shows why it is considered to be
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a hazardous group but also how applicable it can be in energetic polymers, propellants and

other high energy density materials. 7]

Azides have been used extensively in organic synthesis due to their versatility and ease in
access to many nitrogen containing compounds such as aziridines,® azirines,™ triazoles®”
and tetrazoles.®) Most notably, and recently, a large amount of work has been described for
their access to nitrenes/®? and even formation of diazo compounds leading to carbenes.®*
Furthermore, azide groups can be easily reduced to amines!® through a number of methods
leading to their huge utility in natural product synthesis.®® Due to the rapid addition to other
dipoles they have also seen great interest in a modern type of chemistry that is “Click

Chemistry” (Scheme 2.2). 16!

Rll
/ R N Cu(l) or R\ N
/ RH/ 3 T | \N
R ‘s
/A or hv N

R

Scheme 2.2: Click chemistry of azides with acetylenes to form triazoles.
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2.1.2 Azide chemistry in microreactors

Equipment that has allowed for the safe use of azides in synthesis has been microreactor
technology and many articles have been published in the last two decades on the subject.®”
Their ability to allow for small amounts of reactive intermediates to either be produced at a
given time or for hazardous groups to be subjected to extreme conditions has garnered much

attention.

To demonstrate this approach multiple groups have shown the Curtius rearrangement in
continuous flow. Jensen and co-workers showed a highly efficient system of the Curtius
rearrangement under multi-step phase transfer conditions (Figure 2.2).[°®! The formation of the
acyl azide 42 was shown using heterogeneous liquid-liquid conditions and the organic phase
separated in-line removing the aqueous by-products. The rearrangement was then achieved in
the following reactor whereupon formation of the isocyanate 43, nitrogen gas was expelled.

The N3 gas was then separated in a second separation method in-line.

0 NaN3/H,0 o} heat o R'OH o
— M R, .C0 —— R N R
R™ "CI Toluene R™ N3 -N; N H o
41 42 aq extraction 43 44
Benzyl phenyl
Ethyl phemnyl carbamate
carbamats s Etyl )

Methy| =
alcohal - Ty
Mathyl phanyl
. carbamate
Aqueous waste

=g Benzaoy| chioride
AQUEOUS in toluene
sodium azide

Figure 2.2: Multi-step flow Curtius rearrangement demonstrated by Jensen et al.

Ley et al. demonstrated two distinct methods of azide sources in flow.*® A homogeneous
method of DPPA (diphenylphosphoryl azide) 45 was used in combination with triethylamine to
transform a carboxylic acid into the desired isocyanate and subsequent urea or carbamate
Figure 2.3. The reagents were mixed prior to heating within a cartridge containing magnesium

sulphate and heated to 120 °C using a microwave heater. High yields of 75-90% were produced
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with purities of >90%. This was due to the scavenging of the side products (TEA and phosphoric

acid) by the Amberlyst 21 and 15 cartridges in succession post to the reaction.

(0]

N

R” “OH
Et;N

Nuc-H MgSO, Qe O

MeCN H
Nu-H _N
A-21 = R
0 Pl =y
PhO—P—Nj, o
OPh
45

Nuc

120 °C

Figure 2.3:Flow based Curtius rearrangement showing in-line cartridge based purifications.

A heterogeneous method was described where the azide source could be preloaded onto a
quaternary amine in a cartridge which upon reaction with the acyl chloride is then exposed to

the high temperature of 120 °C required in a secondary coil Figure 2.4.17%

O/\KIMG:;
0 N, T<]
>
R)J\Cl 'I BPR

100 psi

microwave vial

120 °C

Figure 2.4: Formation of isocyantates using supported azide reagent from acyl chlorides.

This is highly beneficial as the unreacted source of azide is not involved with the second step
and therefore reduces the inherent risk of heating larger concentrations of azide. The monolith
can be reused multiple times and produced the isocyanates in good yields. The isocyanates
were then further reacted with nucleophiles such as alcohols or amines to produce
carbamates or ureas respectively. Thirdly due to the distinctive signal produced by the azide
group, Ley has demonstrated an in-line IR method for the detection of the acyl azide generated
in flow by monitoring the evidence of HNsz."Y This can allow for an easy method of

manipulation to optimise conditions rapidly.

The Curtius rearrangement was one of the first reactions discovered using azides but since
then many more have been demonstrated. Flow chemistry has followed this path and other
reactions using azides have been developed taking advantage of the properties of flow

chemistry. The Huisgen cyclization is notable for the high temperatures needed to form a
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triazole from an alkyl azide and an alkyne. More recently copper catalysis has been used to
allow for reduced temperatures, but still in most cases higher temperatures are needed.
Bogdan et al demonstrated a copper-catalysed cycloaddition of alkyl azide 48 with alkyne 46
using copper tubing as the catalyst at 150 °C (Figure 2.5).? The intermediate organic azide
was generated in situ from 47 and NaNs; and then directly reacted with the alkyne in one

continuous flow setup. Yields ranged from 26 to 88% in a 5 min residence time.

N3\/\
Moo
& r [ N:N‘ OH
NaN
46 3 . N—
DMF 49
B oH i
47 - NaBr
150 °C
5 mins

Figure 2.5: Triazole formation via the Huisgen click reaction catalysed by copper tubing.

Since this work many other reports have shown the usefulness of continuous flow for the
formation of triazoles. The same authors demonstrated further application for the system
described where excellent regioselectivity was attained for the synthesis of large ring sized
macrocycles containing a 5-iodo-1,2,3-triazole. A second step of a Pd-catalysed coupling after
the addition of the alkyl azide to an alkynyl halide fashioned a large library of easily accessible

macrocycles in a two set-up flow synthesis. I3
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A report from Kirschning showed the formation of vinyl azides 52 and their subsequent

cycloaddition to form triazoles 54 (Figure 2.6).74

N3
|
. -
e, | (QDBU
2 51 N3 R2
e e N T
R R °N
50 CH,Cly, 0.03 mL/min 52
R3
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| | 1
. ! R l\|l N R3
DMF, 0.04 mL/min N=N

Figure 2.6: Vinyl azide synthesis by polymer supported I(l) reagent followed by triazole formation via
the Huisgen click reaction catalysed by copper.

The use of a polymer supported iodine (I) reagent 51 consisting of a quaternary amine with an
iodine diazide counter anion, iodine and azide was added across olefins 50. The further
elimination of HI using supported DBU allowed for the formation of vinyl azides 52 which were

then cyclised with alkynes 53 in DMF under copper catalysis (Figure 2.6).

A similar system was developed by Filop et al. showing the (large scale) gram synthesis of
novel 1,2,3-triazole-modified B-aminocyclohexanecarboxylic acid derivative 57 from a click
reaction of 55 and 56 Figure 2.7.°! In addition the temperature was reduced to room

temperature by the supplementing of basic and acidic co catalysts (acetic acid and DIPEA).

N 2

2~ -R
RICZCR' RZN, ]H |s__[>T<]—> N" N
55 56 BPR 1>—< 1
HPLC pump R R

. 57
R' = CO,Et , HO\O;COOEt
R~ =
\ NHBoc

Figure 2.7: Gram scale formation of novel B-amino acid triazole via click reaction in flow.

Very recent work has shown the use of polymer supported copper nanoparticles for the

catalysis of the cycloaddition of phenyl azides 58 and phenylacetylene 59 Figure 2.8.7!
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Figure 2.8: Click reaction in flow using Cu supported nanoparticles for the synthesis of triazoles.

Using flow chemistry as a method, they showed the reusability of the nanoparticle system with

excellent conversions in up to 12 uses with minimal leaching of the metal.

Further uses of extreme heating not only have been shown for reactions such as the Huisgen
cyclisation but also the formation of tetrazoles from azides in the presence of nitriles. The
growing interest sparked from their use as bioisoteres of carboxyl groups ! has led to a
number of publications in flow chemistry. Kappe developed a synthesis of tetrazoles from
organic nitriles and in-situ generated hydrazoic acid Figure 2.9.8! Conversions were excellent
within a residence time of 10 minutes at temperatures ranging from 160-220 °C. They also
showed the application of flow chemistry for scale up within these reaction conditions where

one process allowed for 18.9 g of 5-phenyl-1H-tetrazole to be produced.
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Figure 2.9: Tetrazole formation using high temperature conditions under continuous flow.

Further work within this area was published by the same authors additionally showing the
decomposition of tetrazoles at extreme temperature profiles. It was shown that toxic products
such as HNs could be produced from the decomposition and therefore demonstrates that the
continuous nature of flow chemistry allows for a much safer protocol compared to batch
conditions.[”” To avoid the potential of forming such highly toxic compounds such as HNs,
Jamison devised a similar set-up without the formation of HNs;. Conditions were virtually
identical but with the absence of a proton donor such as acetic acid. Reaction times were
longer within the range of 30 min but yields of the desired products were not diminished due

to the lack of acetic acid using near equimolar amounts of sodium azide. They also
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demonstrated an in-line quench using sodium nitrite followed by addition of sulphuric acid to

consume the residual azide ions in solution.

Thermolysis of azides has been shown to be facile within flow chemistry set-ups. The
Hemetsberger-Knittel synthesis of indoles has been presented in recent years by two groups.

Seeberger et al. demonstrated the formation of indoles 62 from azido acrylates 61 Figure

CO,Me X
| XX 2 PhMe mcoﬂwe
2 N 220 °C N
X

2.10.180

X H

61 X = 2-Cl, 3-OMe, 3-OBn, H 62

Figure 2.10: Formation of indoles from azido acrylates via the Hemetsberger-Knittel reaction in flow.

They showed that using the properties of flow chemistry to allow for solvents to be heated
above their standard boiling point, high boiling solvents and sealed tubes could be avoided.
Using toluene at temperatures ranging from 180-220 °C excellent yields of up to 99% could be

obtained in much shorter reaction times than conventional methods.
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2.1.3 Iodine reagents and their use in diamination reactions

The existence of organic hypervalent iodine was first discovered in 1886 by C. Willgerodt.[®" He
showed the synthesis of PhICl, from iodobenzene and chlorine gas. Huge interest has been
observed over the last few decades and hypervalent iodine reagents have been used in many
organic syntheses as mild and selective oxidants.®? Moreover hypervalent iodine reagents
have been extensively in many useful synthetic protocols. Numerous bond forming reactions
have been demonstrated such as carbon carbon, carbon-heteroatom and oxidative

rearrangement reactions.

Hypervalent iodine reagents have been used largely for carbon-heteroatom bond formation
and in recent years have been successful for multiple accounts of metal free diaminations.®!
The use of iodine compared to many transitions metal catalysed reactions presents a more
environmentally friendly approach. Muiiiz and co-workers have been at the forefront of such a
transformation after their original dual hypervalent iodine-Pd-catalysed intramolecular
diamination of olefins.®¥ Later a metal free method using already exploited substrates was

devised.

Widenhoefer et al. showed that N-iodosuccinimide (NIS) can be used to activate the double
bond and upon attack of the urea 63, form the intermediate of nitrogen iodine addition 64.1%°!
With addition of sodium hydrogen carbonate the iodine could then be displaced by the second
nitrogen of the urea to produce 65 Scheme 2.4. Furthermore, if silver triflate was used instead
of a base, displacement of the iodine could occur via the oxygen in an oxyamination reaction

66. The latter has since been performed enantioselectively by Wirth et al.[®®!

(0]
%NTS
N

(1eq)

o NHTs o W’ Ph
N—NHTs
NIS ( 2eq) Ph

A 65
toluene Ph % Tsl\;\\
(0]

25°C

N
63 64
Ph

Ph 66

Scheme 2.4 : Diamination and oxyamination of double bonds using NIS to form bicyclic compounds.
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A further intramolecular addition was established by Chang et al. where they attained an
intramolecular diamination of olefins 66 to form bisindolines 68. This was achieved by an in
situ generation of a halogen(l) reagent from (diacetoxyiodo)benzene (DIB) 67 and potassium
iodide or tert-butyl ammonium chloride(Scheme 2.5).%7) Yields were up to 95% within 6 h and

the method showed a reasonable substrate scope.

NHSO,Ph n-BuyNCl SO,Ph

N
Phi(OAc), 67
P (OAc), O
[X-OAc] .
PhO,SHN rt, 6 h SO,Ph
66 68

Scheme 2.5: Intramolecular diamination of olefin 66 to form bisindoline 68 via iodine (l) activation.

Not only have intramolecular diaminations been demonstrated using hypervalent iodine but
more recently intermolecular diamination protocols have been established. Mufiz later
described that a bench-stable nitrogen containing iodine reagent 69 could be synthesised by

simple ligand exchange with (diacetoxyiodo)benzene Figure 2.11.%

MSzN\I/NM32

69

Bench stable I(lll) reagent

Figure 2.11: Bench stable dimesylamineiodobenzene reagent produced by Muniz et al.

They then demonstrated the first enantioselective diamination of sytrenes Scheme 2.6. Yields
were moderate to good (44%-75%) with excellent stereochemical control of up to 99% using
reagent 70. A large functional group tolerance was observed for moieties such as esters and

halides, showing the mild nature of such reagents.

AcO\I/OAc
MeO,C._O OTCOZMe
R - 1.2 eq NMs,
70

R
|\\ o~ l\\
= NHMs,, 2.4 eq P NMs,
CH,Cl,, 0 °C up to 99% e.e.

Scheme 2.6: Stereoselective diamination of styrenes controlled by lactate based iodine reagent.
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Mufiiz again extended the diamination field with work using a novel dinuclear iodine (lIl)
reagent 71.%% They used this for the same reaction of intermolecular diaminations for styrene

derivatives accomplishing good yields with a range of substrates.

0L
I/
o
O OAc N
N OAc N(SO,Me),
A @A\ 73 (06eq) N(SO,Me),
O OAc HN(SO,Me), (2.4 eq) 67%, 32% ee
-1 2 CH,Cl,, 1, 20 h 74

Scheme 2.7: a) Novel dinuclear iodine reagent b)Enantioselective diamination of styrene using novel
binapthyl iodine reagent.

The structure of the reagent translates very well to binaphthyl type compounds (73) and
therefore presents a novel reagent class for stereocontrol of such reactions. They

demonstrated this was possible attaining 74 in 67% vyield with ees of 32%. (Scheme 2.7).

Mufiiz has since extended the use of (bisdimesylaminoiodo)benzene to demonstrate the
regioselectivity of such reagents on reaction with conjugated dienes and trienes.”® They
successfully showed that the terminal olefin of the conjugated alkene systems could be
selectively aminated leaving the internal alkenes untouched Scheme 2.8. Yields again were
very good for such transformations. When using butadiene systems, addition of the amines
occurred at both terminal positions. The electrophilic addition of the iodine reagent occurred
at the less hindered olefin followed by attack of the nitrogen source. Upon elimination of
iodobenzene an allylic cation is formed and due to the absence of the aryl group to stabilise

the addition at the internal position of the allyl cation addition at the external less hindered

site occurs.
“ Ph-1(OAc)NHMs Aco\l/ Ph
Ar/\/\ -
NHMs

Ar/\)\/

® NHM NH,Ms NHMs

>——" S
Ar/\/\/ NHMs
Ar/\)\/

Scheme 2.8: Regioselective diamination of dienes by a hypervalent iodine (lll) reagent.
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Not only have styrene systems been intermolecularly diaminated but Miao and co-workers
have devised a protocol to functionalise fullerenes (75) by addition of sulphamides 76 and

phosphoryl diamides 77 mediated by hypervalent iodine.®*

O R

\iD/ O\\ /,O
Rl\N/ \N’R‘ Rl\N/ \N’R’
H 77H H 76H
PhI(OAC),/l, PhI=0/l,

hv/N,/4 A MS or

PhI(OAC),/1,/No/4 A MS

Scheme 2.9: Addition of sulphamides and phosphoryl diamides to fullerene using an I(lll) and |2
combination.

DIB and iodosylbenzene were used as reagents for this transformation in combination with I,
Scheme 2.9. They also showed that when DIB 67 was used the reaction went through the
formation of an aziridine. Oxidation of a benzamine intermediate to a benzimine followed by

hydrolysis formed a primary amine this was then further oxidised to undergo aziridination.

Further work has moved on to describe intra/intermolecular diamination reactions where one
nitrogen moiety is tethered to the molecule and a second is introduced externally. Two
systems have been reported recently. Johnston et al. have demonstrated the formation of
indoline 79 from 2-amino styrene 78 derivatives Scheme 2.10.°2 Addition of DIB 74 in
combination with potassium iodide in MeCN allowed for cyclisation onto the styrene followed
by trapping with either a primary or secondary amine to from the desired products 76. Yields

were good to excellent and completed within an 18 h time frame at room temperature.

2 eq PhlI(OAc), R
74

[::[Q§ 1.2 eq Kl
N

I RNH, or RR'NH
Ts

78 CH3CN, rt 79 Ts
Scheme 2.10: Formation of dihydroindoles by intra/interdiamination of styrenes.

The second system was used for either oxyamination or diamination of double bonds where
the choice of the iodine reagent was key to the product formed. The use of a diprotected

nitrogen species bonded to the organic hypervalent iodine was the nitrogen source for this
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transformation and in combination with the tethered amidine nitrogen, diamination could be
performed. The addition across the double bond was achieved in dichloromethane and they

attained yields of up to 85% when mesyl was used as the protecting group.
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2.14 Hypervalent iodine compounds in combination with azides

Oxidation with azides has been commonplace within the literature with multiple methods
developed to oxidatively add azides to electron rich sites. Methods range from metals such as
Mn,324 Fel®] and Cel®® to iodine compounds®”. Hypervalent iodine has proved to be a
successful method for the addition of azides to double bonds and alpha carbonyl positions and
has been reported in some cases. The majority of work presented in the literature has been
developed before the turn of the millennium where multiple groups have shown that iodine
(1) reagents such as DIB 67, iodosyl benzene 80, and PIFA 81 can activate azides for
reaction.l””” Moriarty showed that activated double bonds could be converted to 1,2 diazides
by the combination of iodosyl benzene and sodium azide in acetic acid. Temperatures varied
depending on substrate although generally good yields were obtained. Following this a similar
method was then used to add an azide to the a-position of B-dicarbonyls 82 Scheme 2.11.!
The solvent used was chloroform instead of acetic acid whilst also changing the azide source to
TMSNs. Reaction conditions involved stirring at room temperature for 2 h before reflux for 3 h

where yields of up to 83% were observed for products such as 83.

PhI=0 o O
O O 80 )J\HJ\
RM TMSN, R |
3
82 CHCl, 83

Scheme 2.11: Azidation of 1,3- dicarbonyls using iodine (ll) reagent.

This was then followed by azido selenation of double bonds by Tingoli et al.*®! They used a

simple system consisting of DIB with NaNs in the presence of diphenyl diselenide and olefins

(Scheme 2.12).

NaN3

PhS

(PhSe), SePh
DIB

©/\ _ Ns
CH,Cl,, 10-12 h, rt
72 84

Scheme 2.12: Azido selenation of styrene using DIB, NaNs3 and diphenyl diselenide combination.

36



Only one regioisomer was observed 84 and yields obtained were between 62 and 83% varying

between styrenyl and alkyl double bonds.

Kita also showed the capabilities for I(lll) systems for the azidation of aromatics where a PIFA
81, TMSNs3 system was used to add an azide to electron rich aromatics (Scheme 2.13).
Regioselectivity was generally very good with yields of up to 85% obtained for highly electron

rich aromatics.[20%

OMe 1. PIFA, OMe
(CF3),CHOH N3
2. TMSN;
R R

Scheme 2.13: Addition of azide moiety to electron rich aromatics using PIFA/TMSN3 combination.

In later work it was shown that the reaction conditions could be tuned to have an alternate
outcome.*® When using substrates such as p-alkylanisoles 85 the conditions reported in the
previous work resulted in azidation at the aromatic site but upon switching to solvents such as

CH,Cl; or MeCN then azidation occurred at the alkyl chain 86 Scheme 2.14.

OMe PIFA OMe
TMSN;
CH,Cl, , 20 °C
N3
85 86

Scheme 2.14:Alkyl azidation of p-methylanisole by I(lll) reagent PIFA.

Magnus et al. used the oxidative addition of azides to form a, B-unsaturated carbonyls 89 from
silyl enol ethers 87 (Scheme 2.15). Using iodosylbenzene and TMSN;3; at -20 °C in CH,Cl, they
were able to add an azide to the B-position and upon deprotection of the silyl group using a

fluoride source the product 89 was formed, with the azide being eliminated.%

OTIPS PhI=0 OTIPS
TMSNs TBAF
CH2(3|2
-20 °C Na

87 88 89

Scheme 2.15: Addition of azides to TIPS enol ether followed by deprotection and elimination of azide to
form cyclohex-2-enone.
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They further showed that upon addition of TEA that the reaction was essentially depressed; as
the in situ formed iodine reagent preferentially reacted with TEA. The latter deduction led
them to investigating the addition of azides to tertiary aryl amines as shown in Scheme 2.16.
By using the same conditions they were able to achieve N-alkyl azidation of N-
dimethylarylamines and subsequently allow for further transformations using the azide as a

leaving group.*%

N N~ N
Phl=0
80
TMSN;
R CDCl, R

Scheme 2.16: Oxidative N-alkyl azidation of N-dimethylarylamines using iodosylbenzene.

Using similar conditions to the previous reports, a-addition to amides has been accomplished
by changing the temperatures to -40 °C to avoid decomposition of the reagent intermediate.

Yields of up to 82 % were obtained if decomposition was not allowed to occur. %!

Work moved to further functionalization of silyl enol ethers where either a-diazidation or B-
azidation could be performed using a combination of iodosyl benzene and TMSNs. Using
temperatures of -20 °C and above resulted in B-azidation as the dominant product 88. If
temperatures were of the order of -45 to -78 °C diazidation dominated 90 as shown in Scheme
2.17.12%4 The affect of TEMPO was studied where addition of this resulted in suppression of the
B-azidation pathway. Very good yields could be observed when using simple alkane enol ethers
of up to 91%. The work was later expanded to a larger substrate scope showing that a vast
amount of cyclic silyl enol ethers could be used as substrates. They also showed formation of

triazoles was tolerable following the initial conditions in another publication.[%

OTIPS
Phi=0
TMSN
OTIPS 3
CH,CI, 0 ° 88
e
Phi=O TIPSO N
87 TMSN; N3
CH,Cl, -78 °C
90

Scheme 2.17: lodine (Ill) mediated temperature dependent azidations on TIPS silyl ethers

Not only has this technique been used for a-azidation of amines but similarly cyclic sulphides

91 have shown activity towards these conditions (Scheme 2.18).
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TMSN,

X Phi=O X
|\ T
=g MeCN =g

91 -40 °C to -25 °C 92

Scheme 2.18: Addition of azide moiety to cyclic sulphides using TMSNs iodosylbenezene combination.

Using iodosylbenzene and TMSNj3 Hirofumi and co-workers showed that azidation could occur
on a multitude of cyclic sulphides in MeCN where temperatures had to be controlled below —

25 °C to obtain yields of up to 70%.2%¢!

The formation of benzoyl azides has been shown using a combination of DIB and NaNs by
oxidative addition to aldehydes. Chen et al. demonstrated a mild and efficient method to
produce aroyl azides 94 in yields between 43 and 92% for a variety of aldehydes (Scheme

2.19).1207

DIB, NaN,

CHO
9l R
CH,Cly, tt

93 94

Scheme 2.19: Oxidative addition of azide to form benzoyl azides from benzaldehydes.

Many years later Zhang extended this by taking advantage of the formed aroyl azides. Using
PhICl; in combination with NaN3 in MeCN formation of the aroyl azide was established in 2 h at
0 °C.1"%I The authors suggested a radical based reaction, where the sodium azide is oxidised to
an azide radical by the iodine reagent This in turn oxidises the aldehyde to an acyl radical
which reacts with another azide radical to form an acyl azide 96. The reaction mixture was
then heated at 80 °C for 8 h whereupon a Curtius rearrangement took place followed by
addition of a further equivalent of azide to form the carbamoyl azide 97. Substrates ranged

from alkyl to aromatic aldehydes with yields of up to 99% Scheme 2.20.
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PhICl, (2 eq)

NaNs (4 eq) o
CHO
0 °C, 2 h, MeCN N
95 96
80 °C, 8 h, -N, )(i
N N3
Curtius H
rearrangement 97

Scheme 2.20: Sequential formation of isocyanates followed by carbamoyl azide using
(dichloroiodo)benzene and sodium azide.

Further approaches of diazidations have been demonstrated in the synthesis of (%)-

Dibromophakellstatin 100 Scheme 2.21.12%

N/ 1) Phi(OAC),, TMSN3, -30 °C. N, N
\ Na.
N X0 2)Et,NI (2 eq), -30 °C-rt HN' 2
98 100

Scheme 2.21: Key syn diazidadition step en-route to the synthesis of (+)-Dibromophakellstatin.

Austin showed that syn-addition to 98 could be controlled to some degree by in situ formation
of the [I(Ns)2]” reagent. This system showed favourability toward the syn product (41%) 99 as
compared to the anti-diazide product (7%). This was compared against other conditions
involving reagents such as INs and PhI(Ns),; where the former produced solely the syn-product

and the latter B-azidation.

Kirschning et al showed an alternative method using a polymer bound iodine (l) reagent 102
Scheme 2.22.0119M3! This represented a safer method as compared to traditional syntheses,
where the safety concerns associated with iodine monoazide limit its use. They showed that
reagent 103 could be manipulated safely for the addition of iodide and azide, and if left for a

longer period of time diazidation occurred via substitution of the iodine.
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@I Phl(OAc), ® |
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PhI(Ns)z\\ / TMSN;

N
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Q =sv y Qe

| 3
copolymer I
103 Ns

Scheme 2.22: Formation of polymer supported azide iodine reagent.

Tsarevsky demonstrated that diazidition could be directly applied to polystyrene 104 using a
DIB/TMSNs combination (Scheme 2.23).1'Y The reaction was performed on a 10 mmol scale

with cooling applied by a salt-ice bath for 2-4 h before being heated to 50 °C for 2h.

O PhI(OAC),
—_—
O~

104

Scheme 2.23: Diazidation of polystyrene using DIB TMSNs combination followed by click reaction to
form triazoles.

Incorporation was shown by various techniques such as IR and elemental analysis and a
secondary reaction could be performed of click chemistry with 106 to form a triazole product

107.

In recent times a bench stable azide containing hypervalent iodine reagent ( Figure 2.6 108,
109) have been developed by Zhdankin.[**? This has allowed for chemistry not previously
permitted by the traditional DIB/TMSN; type systems and allowing for increased safety as
compared to heating the same iodine reagents with NaNs;. They developed a benziodoxole
iodine reagent 108 of the same structural orientation as IBA where its stability allows for

reactions at room temperature with the same reactivity as before.

41



108 109

Figure 2.6: Benziodoxole azide reagents first synthesised by Zhdankin.
Using these new characteristics many groups have sought to take advantage of this. Waser et

al demonstrated the addition of an azide to B-ketoesters (110) using the benziodoxole type

derivative Scheme 2.24.

0]
0]
109 1.
0 1.3 eq R Nj
(0]
OR toluene
110 1-3 h, rt 111 COR

Zn(OTf), 0.15 eq

OSiMe; 109 1.3 eq Q
o R? -~ N;
Ar Ar 2
1 toluene, 12 h, rt 4R
R R
112 113

Scheme 2.24: Azidation of B-ketoesters 110 and silylenol ethers 112 by reagent 109.

They showed that quantitive yields could be obtained for some substrates in 1-3 h at room
temperature.[**3 They further compared two types of benziodoxole derivatives showing that
109 was the superior due to the higher basicity of the alkoxide formed on loss of the azide.
This then extended to silyl enol ethers 112 where a Lewis acid Zn(OTf), was used in order to

achieve yields of up to 82% (113).

In addition by using a chiral bisoxazoline ligand in combination with a Cu Lewis acid

enantiomeric excess could be achieved of up to 49% e.e Scheme 2.25.
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N3 N11S N
O O‘I/ o - O
e Bn 15mol% Bn
+ > Nso
15 mol% CU(SbFe)z
O'Bu | N
114 toluene, 23 C 116 O'Bu
109

51%, 49% ee

Scheme 2.25: Chiral azidation of B-ketoester 114 by Cu bisoxaloline catalysis with 119.

Although the mechanism was not completely determined, they surmised that it was likely a

nucleophilic of the enolate form of 114. They decided from the conclusion that the use of

TEMPO within the reaction did not change the yield or ee. This suggests the mechanism is not

either a radical or electron transfer process. Furthermore if the Cu catalyst was not used they

observed no product 116. They therefore decided it is likely co-ordination of the Cu salt to 115

activating the ketones, followed by reductive elimination to form the desired product.
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2.1.5 Aims of project
The aim of this project was to develop a stereoselective metal-free diazidation reaction of
unactivated double bonds under continuous flow conditions. Although there have been
numerous reports of diazidations using metal free conditions none have reported a
stereoselective transformation. As well as this, very little has been reported in the area of
metal free stereoselective diaminations. The reports to date use nitrogen precursors
containing protecting groups such as tosyl and mesyl and although high selectivity could be
achieved, removal of the protecting group prior to transformation is difficult and uses harsh
conditions. The use of azides could circumvent this as reduction of azides to amines is facile

with a multitude of conditions available.

R * . R *
Metal-free protocol Reduction
R~ \NK\Ns N,
3

N3 source NH,

Scheme 2.26: Schematic outline of transformations for the aim of this project.

Project Approach

The project started with the choice of iodine reagent for the successful ligand exchange of
azide with the substituents on the hypervalent iodine. This was then used in stoichiometric
amounts as a hypervalent iodine (lll) reagent in the addition of azides to alkenes. In the
reaction scheme, after activation of the double bond by the iodine reagent the first azide
reacts at the most delta positive position to give intermediate 117. The hypervalent iodine is
then bonded to an sp® hybridized carbon and therefore becomes an excellent leaving group,
one million times better than a triflate. The displacement of the iodane by attack of a second
azide then completes the protocol to form the diazide product 118 Scheme 2.27. The
transformation of the azide moeities can then further lead to diamines via various facile

reduction methods.

Ar-|L2 r/ N3

TwN

/I\

72

Scheme 2.27: lodine (Ill) mediated diazidation of styrene.

Based on the reaction scheme described the method can then be further extended to the

enantioselective synthesis of diamines from alkenes. As a new stereocentre is produced, chiral
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hypervalent iodine reagents could be used to lead towards enantiomerically pure diamines. As
with other metal free chiral syntheses using hypervalent iodine reagents many lactate-based

chiral iodine reagents have been used of the type shown below Figure 2.12.[4

O X5 (@]
(e @)
Y
X =0Acor =0

Figure 2.12 General lactate based chiral hypervalent iodine (lll) reagent

This then would be converted into a continuous flow process allowing for a secondary
reduction step to be coupled, converting the organo-azide to an amine. The method allows for
a safe product to be isolated and therefore the reactive azide moieties never have to be dealt

with.
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2.2 Results and Discussions

2.2.1 Initial diazidation conditions
The investigation began by using previously reported procedures and modifying them for the
potential use in continuous flow. As flow chemistry suffers from the problems of blocking from
insoluble particulates it is imperative that precipitation does not occur. The first conditions
reported by Moriarty®®” use iodosylbenzene dissolved in acetic acid with the addition of
sodium azide. This is then heated to 35 °C for 2hr to afford the diazide product 118 in 70%

yield (Scheme 2.28) and gave us a point of reference to compare other methods to.

N3
©/\ Phi=O
NaN
3 Ns
Acetic Acid
72 35°C, 2 h 118

Scheme 2.28: Diazidation of styrene using iodosylbenzene , sodium azide conditions.

Although this worked well it was hard to envision an asymmetric synthesis using such a polar
protic solvent as acetic acid as the sole solvent system. It was then thought best to try to find
another range of conditions that also could be trialled for the enantioselective version with

118 in hand to compare to.

The first aryl hypervalent iodine reagent reported was the (dichloroiodo)benzene derivative by
Willgerodt.®Y The facile synthesis of this reagent from iodobenzene, sodium hypochlorite and
hydrochloric acid was achieved in 90% vyield and was used for diazidation reactions. The
increased solubility of the reagent allowed for its use in an organic solvent as shown below in

Table 2.1.
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AN lodine (l1l) reagent N X4
R-N3

72 Solvent
PhICl,
PhI(OAc),
Phi=O
Ph(OTs)OH
lodine reagent Azide Solvent Temperature Reaction Yield
source (°C) time (%)
(h)
lodosylbenzene NaNs AcOH 35 2 X3+ X* = N3 (70)
(Dichloroiodo)benzene  (nBu)sNN;  CHCl, rt 5 X3+ X*=Cl (56)
(Dichloroiodo)benzene TMSN; CH,Cl, rt 5 X3+ X*=Cl (34)
Koser’s reagent TMSN;3 CHJCl, rt 1 n.r
Diacetoxyiodo)benzene TMSN; CH,Cl, rt 1 X3+ X4 = N3, (15)

Table 2.1: Initial diazidation conditions of styrene in batch where: lodine reagent (1.5 eq), azide source
(2.5 eq) were used in 5 mL: of solvent at the specified temperature.

As the solvent switched now to a less-polar solvent (CH,Cl,), the source of azide had to be
reconsidered. Sodium being a very hard counter ion does not lend itself to solvation in non-
polar solvents therefore tetrabutylammonium azide and trimethylsilyl azide were considered
better for conversion to flow conditions. When using (dichloroiodo)benzene no product was
observed even if used in combination with any of the azide sources. Either dichlorination
occurred as within the case of PhICl; or recovery of the starting material with Koser’s reagent.
It was then thought that ligand exchange is not facile enough with Koser’s reagent or the
(dichloroiodo)benzene reagent leading to reaction directly with the styrene to furnish the
undesired product or none at all. Koser’s reagent delivered similar results where starting

material was recovered again.

As it was thought that upon solvation of the iodosylbenzene derivative in acetic acid it is
converted into DIB, conditions were moved towards systems involving this reagent. Previous
reports in the area with the combination of DIB and TMSN3 have been reported where ligand
exchange is facile due to the affinity of oxygen to the TMS group. Initial trials involved
dissolving DIB in methylene chloride followed by addition of the TMSN3 reagent. Upon addition
an instant colour change occurred of colourless to yellow thus implying that ligand exchange

had occurred. Although almost immediately after colour change effervescence was observed.
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Upon addition of the styrene derivative and stirring at rt for 2h a yield of 15% was achieved but
full conversion had not been reached. Although the styrene had not been completely
consumed the entire hypervalent iodine reagent had been. It was therefore thought that as
reported in the literature from previous uses of the combination of such reagents,
decomposition of the in situ formed hypervalent azide reagent 119 occurred.%1%! Although
there are varying results from within the literature of temperatures used with this reagent,
with some even being used at room temperature, it was reported by Zhdankin**! that
decomposition can occur at temperatures in excess of -25 °C with a release of nitrogen gas

and iodobenzene (Scheme 2.29).

o _ _
Ns\l/Ne, [
SNGENe TMSN; > 25°C
j/ B _ + 3N,
-TMSOAc
67 119

Scheme 2.29: Decomposition of formed diazidoiodobenzene reagent

This was indeed observed in many of the previous reactions where temperatures above -30 °C

were used.

The formation of the reagent was then performed at -30 °C and then allowed to warm to
room temperature. This improved the yield of diazdiation to 67% in 6 h. Solvent conditions

were screened to then ascertain the optimal solvent for the transformation.

Phl(OAc), N
PR T™MSN, ph)\/ N3
Solvent Temperature Reaction time Conversion (Yield)
(°C) (h) (%)
CH,Cl, -30-RT 6 90 (67)
CHCls -30-RT 6 72 (51)
MeCN -30-RT 6 40
THF -30-RT 6 20
Diethyl Ether -30-RT 6 0

Table 2.2: Solvent screening of diazidation using 1leq of styrene, 1.2eq of DIB and 2.4eq of TMSN3.
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As shown in Table 2.2, CH,Cl, was shown to be the optimal solvent for the transformation
where protic solvents were not used due to their risk in potentially being a secondary
nucleophile in these reactions. MeCN showed the highest rate of decomposition likely due to
the strong coordination ability of the nitrogen and as with other examples with iodine shown

in the literature incorporation of an amide was not observed. 116!

The work then moved on to synthesis of the chiral hypervalent iodine reagents. Lactate based
hypervalent iodine species have been shown to be extremely effective for the stereoselective
transformations used in many hypervalent iodine reactions and have been synthesised by
Fujita and Ishihara.'** |t was therefore thought to be a great starting point for the
enantioselective transformation. The synthesis begins from the known literature procedure
with the formation of 2-iodoresorcinol where addition of sodium hydrogen carbonate to
resorcinol precedes the addition of iodine to give a colourless oil. This procedure gave the
desired product 120 in good yield. The second step of the synthesis is a Mitsunobu reaction of
the phenolic groups 120 with the alcohol of (-)-lactic acid ethyl ester in the presence of
triphenylphosphine (PPhs) and diisopropyl azodicarboxylate (DIAD) which produces the ester
product 121. This can then be used as a chiral reagent or further transformed to 123 which in
some reactions has shown superior enantioselective control. Therefore this was synthesised
via the known literature modification. The ester 121 was hydrolysed using aqueous sodium
hydroxide solution to give the symmetrical acid 122 in almost quantitative yield. 122 was then
converted into the acid chloride using thionyl chloride in situ followed by adding an excess of a

mesityl amine.

O

| Ho M,

_ !
HO\[::j/OH NaHCOs 1o OH : Et0,C._O O.__CO,Et
12 DIAD : T

PPh,

120 121

1. S0Cl,

| |
2N NaOH 2. Mes-NH,
a HOzc\/O\@/OTCOzH MesHNOC\/O\©/OTCONHMes
122 123
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AcO_,_OAc

Selectfluor(R) '
——  MesHNOC__ O (0] CONHMes
MeCN, AcOH H T
124

Scheme 2.30: Synthesis of chiral lactate iodine reagent 121 and amide 123.

A range of oxidation methods are available to transform 121 and 123 into the active iodine (ll1)
reagents such as sodium perborate, peracetic acid and Selectfluor® in the presence of acetic
acid. As Selectfluor® had become a reliable reagent within our labs, this method was used to

oxidise the reagent to give the product 124 (Scheme 2.30).1*'!

2.2.2 Stereoselective diazidations

The first trials of the stereoselective synthesis began by using the 121b hypervalent reagent
(1.2 eq), in dichloromethane (Scheme 2.31). With the addition of TMSN; (2.4 eq) to the
reagent solution at —30 °C the resulting mixture was allowed to stir for 2 mins which resulted
in a slight yellow tinge to the solution implying ligand exchange. Styrene (1 eq) was then added
and the solution was allowed to warm to room temperature over 6 h. The yield was
considerably lower with the chiral ester reagent 121 likely due to the change in the electronics

of the aryl ring and consequently at the iodine centre.

AcO\I/OAc Ns\I/Na @ Ny
EtOzC\/O 0] CO,Et &, EtOZC\/O fo) CO,Et 72
H \r solvent H T
B 30 °C -

121b 118

Scheme 2.31: Proposed stereoselective diazidation of styrene.

Largely starting material was recovered therefore increased reaction time (12 h) was needed

to reach the full conversion.

The diazide product 118 was purified by flash chromatography and then resolved by chiral
HPLC on an OD-H column. Unfortunately no induction of asymmetry was observed. The

conditions were then altered by changing the solvent system and the chiral reagent.
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lodine Solvent Temperature Time Yield of 118 ee

reagent (°C) (h) (%) (%)
121b CHCl, -30-rt 12 54 0
121b CHCls -30-rt 12 50 0
121b THF -30-rt 12 12 0
121b Ether -30-rt 12 0 0
124 CH.Cl, -30-rt 12 48 0
124 CHCl3 -30-rt 12 51 0

Table 2.3: Chiral diazidation attempts of styrene leq using chiral lactate based reagents 1.2 eq and
TMSN3 2.4 eq.

As shown in Table 2.3, several conditions were trialled. Changing the solvent system showed
no difference in enantiomeric excess observed but drastically affected the yields in some
cases. Moving temperatures to -78 °C and sustaining it for 4 h also did not show any change in
e.e. suggesting that there is a rapid non-competitive racemic side reaction or that the sole
pathway is racemic regardless of temperature. Changing the chiral reagent to the lactate
amide also showed no increased activity and therefore it could be assumed that the reaction

pathway is independent of the reagent in these solvents.

It was presumed that the lack of stereochemical induction was due to the mechanism of the
reaction. As with some of the work published within this area,’® although not all, it is
assumed that the reactivity of the (diazidoiodo)benzene derivative goes through a radical type
mechanism. This implies that addition occurs after homolytic cleavage of the iodine azide bond
forming an azide radical, which can then add to the substrate. In this case styrene is used
therefore addition occurs at the least hindered terminal position. This allows for stabilisation
of the alkyl radical formed upon addition to the double bond at the benzylic position. A second

radical azide is then trapped at this position to form the diazide, Scheme 2.32
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N a2
OQT*lW/O TMSN; ™3 172
N3

Scheme 2.32: Likely free radical pathway for diazidation of styrene.

Due to the results observed, it was thought that the reaction went through a radical
mechanism. Therefore attempts to tune the conditions were applied. Many of the solvents
used were aprotic solvents of moderate to poor polarity therefore it was supposed that if
highly polar aprotic solvents were used then the reaction could be driven through an ion
induced mechanism. Although previously feared as a solvent due to the nucleophilic aptitude

and potential to be oxidised alcoholic type solvents were used for this reaction.

AcO\I/OAc
EtO,C._ O O _CO,Et
T N
XX 121b Ns
TMSN,

2 118
lodine Solvent Temperature Time Yield ee
reagent (°C) (h) (%) (%)
121b MeOH -30-rt 12 44 0
121b EtOH -30-rt 12 35 0
121b 'PrOH -30-rt 12 38 0

Table 2.4: Stereoselective conditions using polar protic solvents. 1 eq of styrene was used with 2.4 eq of
TMSNs and 1.2 eq of the chiral ester reagent.

Again low temperatures were used for formation of the initial reagent before addition of
styrene. Unfortunately as shown from Table 2.4 no chiral induction occurred. Switching to

polar protic solvents showed no ability to supress the radical pathway therefore this left the
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conclusion that the chiral diazidation reactions could not be reagent controlled and would

need to be substrate controlled.
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2.2.3 Catalytic diazidations

Further conditions were attempted to catalyse the diazidation using non-stoichiometric
quantities of iodine reagents (Scheme 2.33). By using iodobenzene in the presence of an
oxidant the hypervalent species could be made in-situ and therefore perform addition of the
azides to styrene. A number of oxidants were trialled to determine the best oxidant for these

conditions without alternatively oxidising the double bond independently to the azide source.

I
O .
X (30 mol%) Nj
TMSN,
(@]
72 [0l 118

Scheme 2.33: Proposed catalytic diazidation of styrenes.
TMSN; was chosen as the azide source for solubility and MeCN as the solvent. MeCN has
shown to be a reliable solvent in many catalytic transformations using iodine therefore it was

thought to be a good place to start. Sodium perborate was chosen as the oxidant to begin

trials
Oxidant Temperature Time Result
(°C) (h)

NaB0s.4H,0 rt 4to 16 n.r

NaB0Os.4H,0 70 41016 n.r
Oxone® rt 41016 n.r
Oxone® 70 4 Benzoic acid (32%)
mCPBA rt 4to 16 n.r
mCPBA 70 4 Traces of epoxide

Table 2.5: Catalytic diazidations of styrene (1eq) using catalytic iodobenzene (0.3eq) with a co-oxidant
(1.5 eq).

As Table 2.5 shows NaBOs;.4H,0 showed no ability to oxidise the iodine catalyst in the
presence of TMSN; and therefore only starting material was recovered. When raising the
temperature to 70 °C the same result was observed. Oxone presented another alternative and
showed a much greater oxidative potential. Although starting material was not recovered
solely a large amount of side product was obtained. The side product was determined to be

benzoic acid after purification. This was thought to be due to the formation of the diol and
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then oxidative cleavage in the presence of water. Repeat attempts at this did not provide a
consistent method for catalytic oxidative cleavage where this has now been reported using an
alternative iodine reagent in recent times.*'®! mCPBA resulted in epoxidation preferentially to
the oxidation of the iodine compound at elevated temperatures with no oxidation of the

azides.

Oxidants such as Selectfluor® were avoided as they have shown activity by itself to activate
double bonds resulting in either addition of solvent, such as in acetonitrile where
amidefluorination occurs or in the presence of azides, azido-fluorinations occur through radical

N3 addition as shown in Scheme 2.34.01%

TMSN3/SelectFluor
R? CF3CO,H (3 eq) F
R1 J\ R24\( N3
MeCN/H,O, rt R’

R3

Scheme 2.34: Azidofluorination of double bonds

As shown from Table 2.5, the attempts to form a synthetic protocol for the catalytic
diazidation of styrenes using in-situ formed hypervalent iodine reagents were unsuccessful. It
was shown that either the oxidant had little to no effect on either the azide source or the
iodine reagent and in some cases acted independently from either the azide source or the
iodine reagent, forming alternate products. Therefore it was decided that these synthetic

protocols would not be continued.
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2.2.4 Flow conditions

As there was no stereochemical induction when using the chiral reagents work shifted towards
producing a safer protocol for diazidation by using flow chemistry to create the reactive
intermediate in-line. Using low temperatures below 0 °C is costly within industry and therefore
it was thought best to produce a system where cold temperatures were not needed. As the
iodosylbenzene sodium azide system in acetic acid previously mentioned showed promising
results in batch, and due to facile ligand exchange of the TMSN; with oxygen, a hypervalent
iodine reagent system was devised that would not lead to the quick decomposition of the

diazide iodine reagent (Scheme 2.29

To provide a basis for the flow conditions the batch conditions were replicated as close as
possible in flow. A solution of Phl=0 dissolved in acetic acid was drawn into one syringe and a
second solution of NaN; and styrene in acetic acid drawn into a second syringe were attached

to a reactor coil via luer fittings; as shown in Figure 2.13.

(Dj@) L

Styrene, AcOH
MN; C) N3
N3
A
lodosylbenzene Sodium Thiosulphate
AcOH

Figure 2.13: Flow set-up for diazidation of sytrenes.

The solutions were then pumped to allow for a 1 h residence time within a 2 mL (0.5 mm i.d)
PTFE coil and finally quenched with aqueous sodium thiosulphate to allow for an accurate
residence time, avoiding further oxidation in the collection flask. Collection time for the
reaction was set for 30 min. To allow for the reaction to reach equilibrium one column volume

was discarded before collection; this is called reaching steady state.

The yield of 118 was good (72%) and showed comparable conversion to batch conditions (2 h)
but in a shorter reaction time. Although yields were good it was thought that conditions could

be improved by using more soluble iodine reagents.
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X Phl=0
NaN3
Acetic Acid
72 35°C,2h 118

Styrene, AcOH

NaN3 ‘ '
i \ 1 |( ):]Dii 50°C

1h

Phl=0O Sodium Thiosulphate
AcOH

Azide souce lodine reagent Yield

(%)

NaNs lodosylbenzene 72
NaNs DIB 64
(BusN)N3 lodosylbenzene -
(BusN)Ns3 DIB -
TMSN3 lodosylbenzene 0
TMSN3 DIB 0

Table 2.6: Screening of azide source (2.2eq) and iodine reagent (1.5 eq) for diazidation of styrene in flow
at 50 °C for 1 h of residence time.

As seen from Table 2.6, the original conditions of iodosylbenzene in acetic acid resulted in the
best yield for the diazidation of styrene. When switching to DIB slightly less yield was observed
suggesting maybe the active species of the dissolution of iodosylbenzene is not DIB but an
alternative hypervalent species, such as an intermediate between PhI=0 and DIB. When
switching to the alternate azide sources, yields suffered dramatically. Tetrabutylammonium
azide gave poor yields with both iodine sources, whereas using TMSN3 gave no product within
the reaction time. This was to be expected as with easy formation of the (diazidoiodo)benzene,
decomposition occurs at elevated temperatures. By using the Na* counter ion formation of the
hypervalent azide species is slower and therefore addition to the double bond can be achieved

before decomposition.

As the iodosylbenzene reagent dissolved in acetic acid with NaNs; seemed to be the optimum
conditions for this transformation a substrate scope was chosen to test the versatility of the

conditions.
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R? RZ Nj
~_R3 Phl=O Nj
NaN3 R3
1 1
R Acetic Acid R
35°C,2h
Olefin Product Yield
(%)
styrene N3 72
S
118
1-indene Ns 64 (d.r=1.1)
O
125
a-methyl styrene N5 Starting
©/</N3 .
material
126 recovered
p-bromostyrene N3 64
/@/‘\/NS
Br 127
p-methylstyrene Ns 72
/©/‘\/N3
128
p-methoxystyrene N3 76
o
cinnamyl alcohol N5 61 (d.r=1.1)
OH
N3
130

Table 2.7: Substrate scope of diazidation in continuous flow: styrene (1eq), lodosylbenzene (1.5 eq),

NaNs (2.5 eq), 1 h residence time at 50 °C

As shown throughout Table 2.7 the scope all of the yields are generally within the same range.

This could imply that the reaction is a free radical process where the effect of the substituent

does not affect the yield in a detrimental manner. Although yields were generally lower with
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125 and 130 this does not support that. Furthermore, that no product is observed for 126 a-

methylstyrene this would also suggest no radical mechanism is present.

A further effort using the reagent ICl; for the diazidation of styrene was attempted. Reaction
conditions started in batch, using ICl; in MeCN with styrene to better understand the addition

of these reagents (Scheme 2.35).

Cl
AN ICl5
- - 5 Cl
MeCN
80%
131

Scheme 2.35: Dichloronation of styrene by ICls in batch.

The reaction mixture was kept under an argon atmosphere using dry MeCN as to not hydrolyse
the iodine reagent. This then led to the addition of chlorine across the double bond (115) in a
reaction time of 30 minutes. It was then hoped with ligand exchange using TMSN; the

diazidation of styrene could occur in a rapid and clean manner (Scheme 2.36).

X
Ns Cl
TMSNs;
e
118 131

Scheme 2.36: Proposed diazidation of styrene using IClz TMSN3 combination.

Due to the suspected formation of iodine triazide, reaction under batch conditions was
determined too dangerous and therefore moving directly to flow would allow for a much safer
option. Dissolving iodine trichloride in solution in one syringe and TMSN3 in another the
reagent could be pre-formed in one coil at -10 °C before being added to the styrene and

subsequently warmed to room temperature in a secondary coil Figure 2.14.

X
cl
ICl; 13 y/min MeCN ol

2M

MeCN
1.2M 6.6 p/mi 131
38%
30s, -10 °C if
s, 13 Hmin A
3
MeCN 30 min, rt —
36M 33 p/min

Figure 2.14: Flow system for I(N3)s reaction with styrene (1 eq) ICls (1.2 eq) and TMSNs (3.6 eq)
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Ligand exchange was apparent upon mixing of the iodine reagent and the azide source where a
deep red colour emerged. This was then allowed to continue to meet the styrene and again an
instant colour change occurred fading to a very light yellow colour before returning to a deep
red indicating the presence of iodine. Upon analysis by TLC and NMR a number of products
were observable. Clearly the dichloride species 131 had been produced as a major product but
no formation of the diazide species was observed, thus either ligand exchange was not as

facile as thought or decomposition of the iodine azide reagent had occurred at -10 °C.
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2.2.5 Azido thiocyanation.

As the addition of azides was shown to be achievable to styrene derivatives, other additions
were sought to form mixed product species. A few attempts at this have been reported in the
literature; with reagents such as TEMPO,!*? hydroxyphthalimide,*?) CN-,1*?? jodide,*?*
fluoride®*®! and selenide.® No reports, to our knowledge, had shown the addition of the
thiocyanate group in tandem with azido moieties. Thiocyanates have shown a great aptitude
for addition to unsaturated systems in conjunction with many oxidants, as well as, hypervalent
iodine compounds.*?* The first reported work of addition of thiocyantes to olefins was in 1925
by Séderback where iodine and thiocyanate were added across double bonds. It was not until
1976 that this area was further explored. Woodgate showed that iodine(l) compounds could

be used to allow for addition of thiocyanates to alkenes (Scheme 2.37).11%°]

ICI SCN
@ KSCN |
CHClj:sulfolane
1:9
72 22 h, rt 132

Scheme 2.37 Anti-Markovnikov iodothiocyanation of styrene using ICl and KSCN combination.

It was further shown that molecular iodine is similarly capable in performing this
transformation and led to the Markovnikov product 132, although in a much longer reaction

time of 48 h.

Later work by Wakselman showed that the addition of thiocyanates could equally be
accomplished using chlorine(l), and thereby the addition of chloride and thiocyanate was

shown across various alkenes (Scheme 2.38).112¢!

. OFscN cl
Ph™ ™ SCN
CHyCl, Ph
72 rt,48 h 133

Scheme 2.38: Markovnikov addition of Cl and SCN using CI" reagent.

With the previous work using iodine, the addition was Markovnikov in nature. This was not
shown using chlorine and the reaction proceeded through an anti-Markovnikov addition to

give 133, likely suggesting a change in mechanism. This was not explored in their work.
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Ando et al. in later work used supported nucleophiles in combination with molecular iodine in
a two-phase system.[*?”! Various nucleophiles were shown to be efficient in the addition to
olefins, notably SCN and N3 in yields of up to 96%. The addition again was shown to be

Markovnikov using iodine.

Progress within this area then moved on to using iodine(lll) reagents to allow for oxidative
addition of thiocyanates to alkenes. Trifoni et al. showed that two molecules of thiocyanate
could be added across the double bond using (diacetoxyiodo)benzene in combination with
TMS(SCN) in CH»Cl.[*?* They claimed that upon combination of the iodine reagent with the

SCN source that an intermediate hypervalent iodine reagent was obtained due to a ligand

exchange.
I(OAC), I(SCN), |
TMS(SCN)
_ —> NCSSCN + + 2 TMSOAc
CH,Cl, 135
134

Scheme 2.39: In situ formation of iodine(lll) reagent followed by decomposition to thiocyanogen.

The iodine reagent 134 is reported to decompose to dithiocyanogen 135 which upon
homolytic cleavage reacts with the olefin. They studied the formation and decomposition of
the iodine reagent using *H NMR and 3C NMR studies, concluding that dithiocyanogen was

formed in around 5 min.

Although much of the work in this area has used iodine-containing reagents, it is important to
acknowledge that other oxidative methods are available for such transformations. A number
of inorganic salts and metal oxidants have been used to form organo-thiocyanates, much in

the same manner as before.

Ceric ammonium nitrate (CAN) has garnered much attention for the oxidative addition of
nucleophiles to form carbon-carbon and carbon-hetero atom bonds. Its ability to oxidize
nucleophiles has been shown in the case of thiocyanates. Nair et al. showed that using CAN in
acetonitrile could afford the dithiocyanation of styrene in up to 95% vyield (137) in 15 min
(Scheme 2.40).[2%8]
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SCN

X SCN
o CAN (2.3 eq)
72 137

or X = CH3CN, NH,SCN (2 eq) or SCN
v @E» Y = MeOH, NH,SCN (1.2 eq) @E\g
N 136 rt, 15 min
138

Scheme 2.40 CAN-mediated dithiocyantion of styrene and thiocyanation of indole.

Furthermore, this method could be extended to monothiocyanation of indole 138 using

similar reaction parameters in a later publication.?!

Since then the same group used CAN to allow for oxidative addition of alkenes to form
functionalized acetophenones.*® Using the previous conditions in combination with
molecular oxygen the acetophenone 139 could be synthesised. Upon terminal addition of
thiocyanate radical, molecular oxygen could then be added to the benzylic position as shown

in Scheme 2.41.

NH,SCN o
@ CAN SCN
30 min, 0 °C
72 O 139

Scheme 2.41: Formation of 1-phenyl-2-thiocyanatoethanone from styrene by CAN, NH4SCN, O mixture.

Yields were up to 65%, although when changing the nucleophilic source to NaNj3 yields of 95%
could be obtained. This work was extended more recently by Zou et al. where they showed
that CAN was not essential for the product formation.!*3 With only using O,, the product 139

could be formed in 79% vyield, although at 25 °C and in an 8 h reaction time.

Other metal salts such as ferric chloride (FeCls) have been used for the dithiocyanation of

styrenes (Scheme 2.42).1432

FeC|3
KSCN SCN
\ R
Ar MeCN Ar)\/ SCN
rt

Scheme 2.42: Iron(lll) chloride catalysed dithiocyantion of styrene.
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Good yields of up to 91% were achieved for a number of functionalised styrenes with varying
reaction times of 2-15 h, at rt in MeCN. They further compared a number of metal halides to

FeCls, showing that FeCls; was the only metal salt capable of promoting this reaction.

Even common inorganic salts have the aptitude to allow for oxidative addition to olefins.
Sodium perborate was also shown to be a useful oxidant for the dithiocyanation of styrene

(Scheme 2.43).(133!

NaBO3_H20
o NH,SCN SCN
Ph™ X
AcOH Ph SCN
72 rt, 15 min 137

Scheme 2.43: Dithiocyanation of styrene using sodium perborate as the oxidant.

A yield of 92% (137) was obtained in 15 min of reaction time at rt. Moreover, addition could
also be achieved to the para position of aromatic ring substrates such as aniline and phenol;
and to the 3 position on indole. Electron poor substrates such as nitrobenzene did not undergo

such an addition.

Wu and co-workers showed that Oxone was a suitable reagent for oxidative addition of
thiocyantes to a-methyl styrene 140.13% Unlike previous methods where dithiocyantion
occurred as the major product in the presences of an oxidant, a mixed species was obtained.
As the solvent in this case was methanol, this was incorporated into the product at the

benzylic position 141, though a small amount of dithiocyanation (142) occurred (Scheme 2.44).

NHLSCN OMe SCN
4 SCN SCN
MeOH
77% 8.1%

Scheme 2.44: Anti- Markovnikov methoxy thiocyantion of a-methylstyrene by Oxone, NH4SCN
combination in methanol.
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2.2.6 Results
Using simple conditions of sodium periodate and KSCN in acetic acid resulted in dithiocyantion

in good yield for styrene (61%) as shown in Scheme 2.45.
KSCN (2.5
(2.5 eq) SCN

A NalO,4 (1.5 eq) - SCN
AcOH, 45 °C

o)
72 137 81%

Scheme 2.45: Dithiocyanation of styrene using KSCN and NalOs combination.

This is in concurrence with similar conditions from the literature.*?”! The next step was to
introduce the azide moiety to the mixture (Scheme 2.46). By adding 1 equiv of sodium azide
the reaction was performed again under the same conditions. Unfortunately the mixed species

was not found and the dithiocyanate product 132 was attained along with starting material.

thiocyanate source

SCN N
AN azide source 3
. N3 SCN
Oxidant
143 144

72

Scheme 2.46: Proposed oxidative azido thiocyanation of styrene.

The work moved on to screening oxidants and SCN sources shown below.

MSCN

SCN
©/\ MNa ©)\/SCN
19)
72 137
Oxidant MSCN source Result /Yield(%)
NalO4 KSCN 137 /27%
NalO4 NH.SCN 137 /34%
DIB KSCN 137 /22%
PHIO KSCN 137 /17%
108 NH4SCN 137/28%

Table 2.8: Azido thiocyanation conditions using styrene (1eq), oxidant (1.5 eq), NaNs (1 eg?, 2 eg®) and
SCN source (1 eq) in AcOH at 45 °C for 1 h in batch.
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As shown in Table 2.8 .changing the "SCN source to NH,SCN from KSCN was also ineffective at
allowing addition of the azide moiety. It was thought best then to move to a species with the
azide moiety directly bonded to the iodine reagent to allow for formation of the azide radical

preferentially and thus trap the thiocyanate (Scheme 2.47).

N3
I—0
O SCN SCN
\ 108 _ N3 + SCN
NH,SCN
72 MeCN 143 137
0% 28%

Scheme 2.47: Azido thiocyanation of styrene using azido benziodoxole regeant.

When using azide benziodoxole type reagent 108 it was apparent that formation of
thiocyanogen was much more facile than what had been believed. Instant colour change
indicated the oxidant likely had reacted with the SCN source. Upon observation of the crude
mixture the styrene had not been consumed entirely although a new compound was
observable. After purification it was determined to be the dithiocyanation 137 product
attained from previous experiments. This therefore clarified that the formation of
thiocyanogen followed by its addition to the double bond is much more facile than that of
azide radical formation under mild oxidation conditions even when using a preformed azide

containing reagent.
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2.3 Concluding remarks and Future work

The project aim was to produce a rapid and more facile enantioselective formation of diamines
using a metal-free protocol. The use of hypervalent iodine species has been shown to be a
useful method for the addition of nitrogen containing moieties to double bonds but largely
containing difficult groups to cleave after incorporation. Azides are easily converted to amines
and therefore this project set out to for chiral 1,2-diazide compounds that could then be
converted to the corresponding diamines. Although formation of the 1,2 diazides were shown
to be achievable, the induction of chirality was not achieved even after successive methods
were used. The reaction mechanism was assumed to go through a radical pathway and thus
any notion to controlling the enantioselective outcome by reagent control was highly unlikely.
Future work would therefore likely consist of substrate controlled additions where similar
cases have been shown with other radical reactions. Using systems like enones in combination
with a chiral amines such as L-proline the substrate can be made chiral and activate the double
bond preferentially which could therefore lead to the addition of radicals in a controlled

manner.

Furthermore, the radical nature of the reaction was attempted to be used for the mixed
addition of further functionalities noted for undergoing radical addition. By using the azide
radical to add to a styrene derivative and form a benzylic radical it was hoped that a
thiocyanate could be trapped in this position. Although oxidation and addition of SCN proved
to be successful the control of them was difficult where their formation was much more facile
than that of the azide radical. This led to dithiocyanation of the styrene derivative with no
addition of the azide moiety. Further work would consist of using the SCN benziodoxole
derivative to induce terminal addition of a SCN which then in turn could allow for

incorporation of an azide into the benzylic position.
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3.1 Introduction to nitroaldol reactions

3.1.1 Nitromethane: A highly energetic chemical

Nitromethane has been shown to have extensive energetic properties and been used as a fuel
and explosive for over decades.!’*! Its explosive properties were first reported in 1958 in a rail
tanker accident; although not considered a dangerous compound at the time, the events on
this day caused a reinvestigation into the properties of the chemical. Though insensitive by
itself, upon mixture with oxidants, amines or microbeads, detonation can be triggered
readily.[*3® This obviously poses a risk when it is being used in chemical synthesis. It has been
shown that as little as 3% of an amine in MeNO, can cause detonation within a confined space.
As many bases tend to be amines, and nitromethane can be used in a multitude of
condensation reactions, it could pose a serious risk factor upon scale up. To gain some
perspective, it is also worth noting that chemical mixtures such as ammonium
nitrate/nitromethane have been used as improvised explosives, most notably in a bombing in

Oklahoma in 1995.[137]

Figure 3.1: Safety informatics for nitromethane.

The majority of synthetic conditions do not use elevated temperatures as a part of their
reaction parameters, instead favouring room temperature or below. Although, if time
becomes more important than the cost of reagent, accelerating the reaction would be in the
best interest, saving on other overhead costs. Heating is an obvious choice when moving to
systems where time is of importance. As stated nitromethane has shown explosive properties
in combination with a number of initiators and could therefore be considered dangerous when
applied to large scale synthesis. The use of large scale batch reactors present a huge risk when

using reaction conditions that are exothermic and/or are explosive, due to the higher chance
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of adiabatic conditions being met resulting in thermal runaway. If large volumes of explosive
reactants are in high concentrations potentially disastrous consequences can be observed

where thermal runaway can lead to uncontrolled explosions.

In brief, nitromethane is a highly energetic compound utilised in organic synthesis under a
limited set of reaction conditions. Therefore scale-up for these reactions remains a challenge

particularly in high concentrations.
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3.1.2 Synthesis of compounds containing nitro groups.

The synthesis of nitro-containing compounds is diverse, and multiple methods have been
developed for the formation of aromatic and aliphatic nitro compounds. Aromatics can be
simply nitrated using HNOs; or similar reagent combinations, whereas haloalkanes are
transformed via reaction with silver nitrite. Alkenes have shown reactivity via radical addition,
using ceric ammonium nitrate (CAN).*3¥ Preparation from ketones via oximes has also been
achieved using oxidising agents such as NaBOs 4H,0**°!. Additionally it is possible to oxidise

azides to nitro compounds using HOF-CHsCN™ (Figure 3.2).

R-H

>=< R-NH,

Figure 3.2: Synthesis of nitro group containing compounds.

Additional methods of synthesising nitroalkanes can be result from condensation type
reactions. The Henry reaction has been widely studied for the introduction of a nitro group to
carbonyls via a condensation. The Henry addition product can then undergo further
elimination to form nitroolefins. The double bond of the nitroolefin can be selectively reduced
using sodium borohydride™* or further transformed via a Michael addition. Furthermore,
nitro compounds can then be used as a nucleophile and can allow introduction of chirality, as
many enantioselective methods have been presented as exemplified below in the synthesis of

(R)-Baclofen 150 (Scheme 3.1).14%
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Scheme 3.1: Enantioselective Michael addition of nitromethane to an a,B-unsaturated enone using

chiral quaternary ammonium salts.

Corey demonstrated the diverse nature of the nitro group, using the Michael addition of

nitromethane as a key step in the synthesis of a simple natural product. %2 Not only was it

useful for the initial introduction of functionality (145 to 148) but it could then be transformed

under reductive conditions (149) leading to key steps in the formation of the desired product:

(R)-Baclofen 150.
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3.1.3 The Nitroaldol Reaction
Carbon-carbon bond formation is at the core of organic synthesis. The Henry reaction, or the
nitro-aldol reaction, is a reaction between nitroalkanes and carbonyl compounds to produce
nitro alcohols, which was discovered in 1895.[143144 The reaction has gained a considerable
amount of attention in recent years. Classically, the nitroaldol reaction is promoted by the
presence of a base in an organic solvent, and conducted at room temperature. The most
common bases and solvents used for this reaction are metal hydroxides, carbonates,
bicarbonates and alkoxides in water or ethanol. Many reviews have been written on the
nitroaldol reactions under batch conditions**>~*”) but only a few publications have been

presented using continuous flow technologies.}48150

The earliest publication by Asefa et al. showed a fixed bed glass reactor filled with a silica

supported primary amine catalyst for the conversion of aldehydes to nitro alcohols (Figure

3.3).0248]
) silica supported
Syringe Pump amine catalyst
p-hydroxybenzaldehyde l 1 -
MeN02
90 °C, 1-100 h

Figure 3.3: First Henry reaction in flow using a silica supported amine catalyst.

They compared they effect of retention time within the reactor against the selectivity of the
nitroaldol product showing that if left longer they appeared to have less selectivity towards
the nitro aldol product. (1 h 97:3. 100 h 90:10). They also showed that this did not hugely
affect the conversion of the reaction observing an 85% conversion at 100 h and a lower 75% at

1h.

A second publication showed a homogeneous flow method using a fluorine containing

hemiacetals instead of aldehydes (Figure 3.4).[4°!
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THF
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THr q 4% fy nitroaldol product
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rt

Figure 3.4: Continuous flow Henry reaction of fluorine containing hemiacetals using DBU in a glass chip
microreactor

Using DBU (1.1 eq) in THF and flowing through a glass chip reactor they were able to form the
fluorine containing nitroalcohols in reasonable yields of 40-80%. Furthermore, they compared
their yields to batch reactions which were shown to be higher in all cases although they did not

state the g/min comparison.

The first and only enantioselective Henry reaction in flow was reported by Shibasaki and co-

workers (Figure 3.5). (5%

MS 3A NaHCO3;
Aldehyde 0.1M Column Column ..

THF :
4;_.—6 Catalyst column )—"'product

19.5 ymol Nd/Na

Nitroethane

1M THF heterobimetallic catalyst :

S 30mih_ . ;

Figure 3.5: Enantioselective synthesis of nitroalcohols using a heterobimetallic catalyst column under
continuous flow conditions.

They showed that it was possible to form enantiopure nitroalcohols in continuous flow. Using
a fixed bed reactor and a heterobimetalic Nd/Na catalyst they were able to achieve
enantiomeric excesses of up to 92% within 2 h. Furthermore, if left continuously they were

able to achieve 10g of product in around 30 h.
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Figure 3.6: Scheme depicting the versatility of nitro alcohols.

As the nitroaldol reaction is performed under basic or Lewis acidic reaction conditions, there is
the potential for a multitude of side reactions depending on the electrophile used. For
instance, if an aldehyde is used, there is the potential for the Cannizzaro reaction to occur as

shown in Scheme 3.2.

O
] )
H OH o, @OH
" o

Scheme 3.2: Cannizzaro reaction of benzaldehyde.

The Cannizzaro reaction is common when bases such as NaOH and other hydroxide salts are
used. If a ketone is used, side reactions such as the cross aldol condensation can occur where
mixed products are obtained, and thus conditions must be suitably controlled to limit this.
Furthermore there is also a chance for the B-nitro alcohol formed to undergo an additional
transformation by elimination of the hydroxyl group forming nitro olefins. It is therefore
paramount to control the basicity of the reaction medium as well as the time frame for

reaction. Due to the detrimental effects of these conditions, nitroaldol reactions are usually
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left for considerably long reactions times, as long as 72 h, and are performed at low
temperatures to avoid them. Although these side products are unwanted it does show the
versatility of such products due to the apparent ease of transformation. Having multiple
functionalities can then allow for these further transformations shown in Figure 3.6. The
addition of a nitro group can also enable the installation of a carbonyl moiety (Scheme 3.3) and
has been used in carbohydrate chemistry for many years (Nef reaction). This in combination
with the nitroaldol reaction extends the carbon chain while also installing an additional

carbonyl. This can be considered a homologation sequence.

MeN02 Fe
R/%O - " . R/\/NOZ - . R/VO
Base HCI

Scheme 3.3: Further transformation s shown sequential to the nitroaldol reaction.

Nitroolefins have been shown to be very useful substrates for Michael additions, B-amino
alcohols have been extremely useful in asymmetric catalysis (as catalyst themselves or in
ligand synthesis) and a-Nitro ketones are extremely useful within the synthesis of
heterocycles. This is due to having the distinct properties of both an electrophile, at the
carbonyl, and nucleophilic properties a to two activating groups, the carbonyl and the nitro

moieties.

The versatility of the B-nitro alcohol does not just lend itself to a large variety of chemical
transformations, but upon a simple reduction to amino alcohols, can then be used as chiral

auxiliaries for stereochemical induction.*>%152

For example Nugent showed that B-amino alcohols could be used as ligands (151) for the

asymmetric addition of alkyl zinc reagents. Scheme 3.4.

o} EtoZn H OH 7" ﬁo
)J\ N N\)
R™ "H 5% 151 R

98-999
R = aryl or alkyl % ee 151

Scheme 3.4: Synthesis of chiral secondary alcohols via a reduction and addition reactiion using B-amino
alcohols and Zn reagents.
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A range of aldehydes were used ranging from benzaldehydes to hexanal. Yields were generally
excellent, up to 98%, and with ees of up to 99%. This was all achieved in a reaction time of 3 h

at room temperature.

3.1.4 Utilization of the nitro group

The nitro group has shown a great impact in many fields of chemistry due to its characteristics.
The strong electron withdrawing nature allows for the properties of compounds to be changed
dramatically; either making them readily more acidic, like within the nitroaldol, adding the
ability to be a Michael acceptor (153) in addition reactions and causing the reagent to be more

Lewis acidic, such as in urea H bonder 152 (Figure 3.7).1*%%]

NO, NO,
@ 1 ©
Ph\/\
H H

152 153

Figure 3.7: Using the electron deficiency of the nitro group left as a Lewis acid catalyst and right as a
Michael acceptor.

Not only can it affect surrounding moieties, but the variety of transformations that the nitro
group is able to undergo allows for a synthetic diversity. Reduction can generate a number of
functional groups such as amines, hydroxylamines,>* oximes®>> and although difficult to
achieve complete reduction to hydrocarbons.*>® Hydrolysis can, as in the Nef reaction,**” lead

to carbonyl containing compounds such as ketones and aldehydes.
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3.2 Results and Discussion

3.2.1 Initial Flow Conditions

The project described herein began with finding conditions that would be applicable under
continuous flow. Solvents and concentrations had to be carefully chosen to avoid precipitation
as clogging can be a huge factor in flow chemistry. Initial conditions began by using a common
base used in condensation reactions, triethylamine (NEts) and a polar solvent was chosen to
stabilise the formation of charged intermediates. Conditions such as these are common in
many organic syntheses of a similar type (Scheme 3.5). Methods in batch conditions have been
well established for decades therefore moving straight to flow was thought to be the most

efficient route.

(0] Base OH

Nitromethane
Ethanol

Scheme 3.5: General Henry reaction conditions for flow.

The flow system started by using a syringe containing NEt; (10 mol%) dissolved in ethanol (0.5
M) with a second syringe containing 4-nitrobenzaldehyde 154 dissolved in ethanol containing

10 eq of nitromethane (1 M) (Figure 3.8).

Aldehyde
Nitromethane
Ethanol

Ethanol 10% HCIaq

Base

Figure 3.8: Schematic of initial flow set-up for the nitro aldol reaction.

The reaction was then performed using a PTFE coil (1 ml, 0.5 mm i.d.) with a Comet mixer!*°8
attached for increased mixing properties. Residence time within the coil was 30 min at room
temperature. Upon quenching with 10% aqueous hydrochloric acid the product was isolated.

The quench solution was tested to ascertain if it could catalyse the reaction solely. This was
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done by adding the reactants of the reaction to a solution of 1M HCl and leaving to stir for 12
h. Upon TLC and NMR analysis no conversion of the starting material was observed.. After
initial reaction conditions using NEts; were established the base was then varied to find the

optimal reagent.( Table 3.1).

? EtOH, MeNO, OH
NO,
Base
ON rt, 30 min ON
154 155
Base Yield 155
(%)
NEts 51
Hiings Base 21
DBU 75
DABCO 24
DMAP 23
Proton Sponge 27
Butylamine Traces
DBN 92
TBD 90
KOH 81

Table 3.1 Screening bases for the catalysis of the nitro aldol reaction using 4-nitrobenzaldehyde leq,
nitromethane 10 eq and base 0.5 eq in ethanol at RT and 30 mins residence time.

As shown in Table 3.1, 1,5-diazabicyclo[4.3.0]non-5-ene (DBN) proved to be the best base for
this transformation under the designed conditions as well as similar bases such as 1,8-
diazabicycloundec-7-ene (DBU) and 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) leading to yields
in the range of 75-92%. As expected due to the lower basicity of triethylamine (NEts) and
others, yields were considerably lower when these were employed. The project then moved

on to solvent screening to find the optimal solvent for this reaction (Table 3.2).
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] DBN, MeNO,

NO,
Solvent
O2N rt, 30 min O2N
154 155

Solvent Yield 155
(%)
Ethanol 92
Methanol 91
Acetonitrile 86
Toluene 20
THF 58
CH.Cl, 22
Chloroform 18
Ether 41
Isopropanol 82
‘Butanol/ CH.Cl, 80

Table 3.2: All conditions used 4-nitrobenzaldehyde, nitromethane and DBN in solvent at room
temperature for 30 min of residence time.

From Table 3.2 the optimal solvent system was shown to be ethanol likely due to the highly
polar nature of the solvent stabilising charged intermediates. Methanol showed comparable
yields, as did acetonitrile due to also being able to stabilise the intermediates well.. Ethanol
was therefore chosen as a less toxic choice of the two alcohols. As the conditions of ethanol
using DBN had been set, it was thought that substrate scope could now be developed. A

variety of aryl aldehydes were tested under the established conditions.
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, EtOH, MeNO, OH
. NO,
DBN
R R

60 °C, 10 min

Substrate Product Yield

(%)

4-nitrobenzaldehyde /©/‘\/N02 92
O.N
NO,
4-fluorobenzaldehyde 70
F

4-chlorobenzaldehyde /@A/NOZ 65
Cl 157

4-bromobenzaldehyde /©)\/N02 63
Br 158

4-tolylaldehyde /@)\/Nm 40
159

4-anisaldehyde /@)\/Nm 12
MeO 160

Table 3.3: Substrate scope using nitromethane and DBN in ethanol at rt for 30 min of residence time.

Yields (Table 3.3) for the more electron poor aldehydes are good to excellent although with
substrates containing electron donating substituents vyields dropped dramatically.
Modifications to this method were investigated in order to increase the yields when using
electron rich substrates. It was hoped that by adding metal salts as a Lewis acid catalyst and

increasing the temperature this could be achieved.
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Base
(e} Cu(OAc), OH

Nitromethane
Ethanol

Scheme 3.4: Base and Copper (Il) co-catalysis of the nitroaldol reaction.

Simple copper (Il) salts have been shown to catalyse the nitroaldol reaction without the
addition of a base.!**® Although reaction times are long it was thought that, in co-catalysis with
a base, reaction yields could be enhanced further (Scheme 3.6). This would also then lead to
an obvious way to add enantioslectivity to the system by adding a chiral ligand to the reaction

mixture in further studies.

? EtOH, MeNO, OH
- NO,
DBN, Cu (Il)
R 60 °C, 10 min R
Substrate Conversion by NMR (%)
4-anisaldehyde 61
4-tolylaldehyde 74

Table 3.4: Effect of Cu(OAc)2(10 mol%) on the rate of reaction using DBN and nitromethane in ethanol
at RT for 30 min residence time.

As shown from Table 3.4 the use of metal salts increased the yields of the electron rich
substrates. By adding copper acetate to the syringe containing DBN coordination was
apparent, the solution changed from a light blue to a deep blue solution. Running these
conditions as before, (with the addition of Cu to the base syringe) led to an increase of up to
60% conversion in some cases. It is likely that the copper salt is therefore acting as a Lewis

acid, activating the carbonyl for attack by the nitromethane.
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| EtOH, MeNO,
NO,
Cu(ll) DBN
O2N 60 °C, 10 min  O2N
154 155

Metal salt Yield

(%)

Copper (ll) Acetate 92
Copper (Il) Sulphate 91
Copper (l) Bromide 89

Table 3.5: Effect of varying metal salt(10 mol%) for established nitro aldol conditions with DBN.

As shown from Table 3.5 changing the counter ion on the copper salt did not affect the
conversion of the product in comparison to each other. Other metals such as nickel and cobalt
became insoluble upon addition of DBN and were therefore not applicable for continuous

flow.

Although DBN is reasonably more expensive than other bases, it shows a great selectivity for
the Henry reaction showing no further elimination to the nitrostyrene. The problem of further
elimination of the nitro alcohol to the nitro olefin other bases cause, is not apparent. Other
cheaper bases such as KOH did perform to a good degree showing excellent yields comparable
to DBN. The vastly lower price of such a base can also allow for scale up being much more
applicable. And as it is an inorganic base an aqueous separation can be used which is more
facile compared to chromatography needed to separate many organic bases. As well as with
the conditions used in combination with copper salts a secondary set of conditions using KOH
were devised. Using ethanol as the solvent and heating to 60 °C allowed for almost full

conversion in a residence time of 10 min.

| EtOH, MeNO, OH

NO,

KOH
X 60 °C, 10 min X
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Substrate Product Yield

(%)
OH
NO,
4-nitrobenzaldehyde 81
O2N 155
OH
NO,
4-fluorobenzaldehyde 76
F 156
OH
NO,
4-chlorobenzaldehyde 72
Cl 157
OH
NO
4-bromobenzaldehyde /@2\/ 2 72
Br 158
OH
NO
4-tolylaldehyde /@)\/ 2 60
159
OH
NO
4-anisaldehyde /@)\/ 2 10
MeO 160
W
furfuraldehyde NO, 45
161
@\H)O\/
phenacetaldehyde NO, 62
162
OH
octanal /\/\/\)\/Noz 42
163

Table 3.6: Substrate scope in flow of aldehydes (2 mmol), nitromethane (10 eq) using KOH (0.3 eq) in
ethanol overall 1M solutions. 10 min residence time at 60 °C.

As shown from Table 3.6, yields were generally very good for all aldehydes. As expected the
conversion of electron rich substrates was much lower than that of the electron poor
substrates. Fufurylaldehyde, octanal and phenylacetaldehyde also showed good yields within
the reaction time.
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3.2.2 Chiral synthesis
After the establishment of flow conditions, the stereoselective version of the Henry reaction
was investigated. Although asymmetric reactions are sometimes associated with long reaction
times and low temperatures recent work in flow chemistry, specifically by Seeberger et al,*¢"
has shown that it does not have to be the case, and induction can be achieved at elevated
temperatures in short residence times. Two different chemical techniques were devised for
the formation of the chiral nitroalcohols, copper(ll) catalysis and phase transfer catalysis. As
copper showed applicability towards Lewis acid catalysis, batch conditions from literature
were adapted for continuous flow. A report by Evans et al. in 2003 showed a very similar
system to the one already shown in flow in the previous section.[*> The use of Cu(OAc); in
alcoholic solvents using bisoxazoline ligands showed brilliant control of stereochemical

induction of up to 94% enantiomeric excess (Scheme 3.7).

O (@]
| |
\ N164 N
(ID iPF Cu(OAc), Pr OH O
> - N.
R Nitromethane R >+0
Ethanol

R = Aryl, Alkyl

Scheme 3.5: Evans conditions for stereoselective nitroaldol reactions.

The bisoxazoline ligand 2,2-bis((4S)-(—)-4-isopropyloxazoline)propane 164 was purchased to
attempt these transformations. Initial conditions were attempted in batch to get a feel for the
chemistry using the reported procedure, where, although yields were good, the reported
enantiomeric excess could not be matched. This is likely because the ligand had racemised
over time from storage within our group. Furthermore, at this stage the use of this system

seemed unlikely due to the longer reaction times.
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Cu(OAc),

OH
| 164 :
Nitromethane mo
O,N O,N 2
Ethanol

154 155
Time Yield e.e

(h) (%) (%)

4 20 11(S)

12 72 14(S)

Table 3.7: Batch conditions using Evans conditions where literature e.e’s were typically around 90%. 1M
solution of 4-nitrobenzaldehyde in ethanol, nitromethane 10 eq, 164 10 mol% at rt.

While initial assessments suggested that the reaction times may be too long for continuous
flow, it was hoped that the increased mass transfer properties of continuous flow may allow

for an overall increase in reaction rate.

4-Nitrobenzaldeyde,
Nitromethane,
Ethanol

Cu(OAc),,
Ligand,
Ethanol

10% HClyq

Figure 3.8: Flow set-up for the stereoselective nitro aldol reaction.

Replicating the batch conditions in flow (Figure 3.8) led to the same low yields although
realistically the residence time was far too long (12 h). Even when using 4-nitrobenzaldehyde
reaction times were in the order of hours. This would therefore be a huge problem when
moving to systems that are not electron deficient. Heating the reaction did not allow for a
large increase in rate and furthermore no asymmetry was observed at 70 °C within a residence

time of 1 h.

85



@) )

[ |
—N164N

O P Cu(OAc), P OH O
J (OAc), 'Pr /é\/ T
R Nitromethane R +°0
Ethanol
Base

Scheme 3.6: Adapted Evans conditions for increased rate of reaction.

To accelerate the reaction it was thought that the addition of a base would allow for co-
catalysis and increase the reaction rate (Scheme 3.8). A few bases were screened within the
system, such as DBU, NEt; and Hiinig’s base, where the latter was thought to be ideal due to
its hindered nature. Although the products were obtained in higher vyields, there was no
stereochemical control. This was thought to be due to the background reaction where the
base was solely catalysing the reaction with the ligand system taking little or no part. These

results lead to the decision to attempt another method of chiral induction.

In tandem chiral phase transfer catalysis (CPTC) was attempted in flow, this sought to utilise
the inherent surface to volume ratio increase when switching from batch to flow conditions.
As PTC relies on the interaction between organic and aqueous phases, flow chemistry seemed
to be ideal as segmented flow can occur. Not only does the occurrence of segmented flow
formed within tubing create a much larger surface relationship, but internal vortex mixing can
also occur. It was suggested that the catalyst would shuttle the inorganic base, in this case the
hydroxide ion, between the segments at a rate that would drastically enhance the overall

reaction rate (Figure 3.9).
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Figure 3.9: Depiction of designed segmented flow CPTC nitro aldol reaction (Organic phase, Aqueous
phase) Arrows depict vortex mixing within segments created by interaction with the tubing wall.
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Again initial attempts were trialled in batch using the solvent system of aldehyde,
nitromethane and CPTC, dissolved in toluene, before an aqueous KOH solution was added.
After the reaction had been vigorously stirred for maximum interaction between the two
phases, formation of the nitro alcohol became apparent via TLC monitoring. A yield of 75% was
obtained in 16 h. An enantiomeric excess of 9% was obtained showing the potential of these
method for the reaction. Before optimisation of the e.e., it was thought best to see if this
reaction conditions used in batch were accessible in continuous flow, due to the observation of
large precipitates upon addition of the KOH solution to the organic phase. By using the same
system, the reagents and catalyst dissolved in toluene in one syringe and the aqueous KOH in a
second, upon mixing, using the same concentrations as within batch, precipitation of what
appeared to be the PTC occurred. This led to clogging of the reactor channels and therefore a
reduction in concentration was needed. When using a lower concentration of the organic
phase, precipitation was still observed, but not enough to cause blocking within the channels
and therefore a residence time of 1 h could be obtained. From analysis by chiral HPLC a
racemate was observed and showed that the precipitation of the PTC was a large problem,
likely due to the lack of interaction with the substrate. It was therefore thought that the KOH
within solution would likely be catalysing the reaction independently to the PTC at the surface
of the segments aided by the vortex mixing. Modifications to the solvent system by adding
CH,Cl, did not aid solvation. Due to this drawback, the decision was made to move on from

this and focus more on a multi-step synthesis of amino alcohols within flow.
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3.2.3 Multi-steps

3.2.3.1 In-line reductions
The nitro group can be reduced by numerous methods such as: zinc, nickel, tin or iron metal
with Brgnsted acids; Pd/C with Hyg) nickel and cobalt salts in combination with sodium
borohydride and samarium diiodide to name but a few. In recent times there has been a
growth in the area of reductions in continuous flow. This has been made popular by the
commercially available H-Cube which has allowed for the introduction of H, gas easily within
flow systems under pressure.[**¥) Many of the conditions stated are heterogeneous conditions.
Consequently flow methods had to be adapted for such chemistry and numerous reports of
this have begun to emerge over the last decade. Multiple heterogeneous reports have also
been reported using a variety of metal catalysts and have been reviewed well in the last few
years.[162163] This introduction will focus on other methods not considered in these reviews.
Further methodology has been developed in the last few years using systems that do not rely

on transition metal based catalysis.

Seeberger et al. demonstrated a system consisting of sodium borohydride packed into a
cartridge (Figure 3.10).11%4

i OH
1”\ J\

2
RT R Celite

R" "R?
2 _ MeOH
R< =H, alkyl or aryl NaBH, 5
R2
O NH

NH, k LiCl

+
R%” R"” "R? R1J\R2

Figure 3.10: Reduction of aldehydes and ketones by a cartridge based NaBH4 flow system.

They showed that a number of different functional groups could be reduced efficiently, from
aldehydes and ketones to reductive aminations. Yields ranged from 74-99% for simple
carbonyl reductions in a residence time of 5.6 min where gram quantities were used. Although
still highly successful, yields of the reductive aminations were lower. Yields of up to 80% were

obtained in a residence time of 7 min with a variety of carbonyls and amines.

In a work by Jensen and co-workers a Wolff-Kishner reduction of carbonyl compounds using a
specially designed microreactor was reported.['** Due to the harsh conditions used in the
Wolff-Kishner reaction, numerous reactor materials could be deemed insufficient. A robust

silicon carbide reactor was designed for this purpose.
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KOH

O
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O 165 O Carbitol 166
200 °C, 200 psi 83%
tres = 5 min

Scheme 3.7: Wolff-Kishner reduction of benzophenone in a silicon carbide microreactor.

A variety of carbonyl compounds, including benzophenone 165 (Scheme 3.9), were shown to
be completely reduced to the saturated alkyl group (166) in yields of up to 96%, where as

compared to batch conditions, reaction times were reduced by 2 orders of magnitude.

In a report by Alcdzar et al. a simple economical system was developed for the reduction of

nitrile compounds to aldehydes using DIBAL-H (Diisobutylaluminium hydride)™®® (Figure 3.11).

DIBAL-H

\

A7 L) W) W) L) U L,

20-2500s
-20,0°Corrt

Figure 3.11: Reduction of nitriles to aldehydes by DIBAL-H in continuous flow.

It was shown that a number of alkyl, aryl and hetaryl-nitriles could be efficiently and selectively
reduced to the corresponding aldehydes in yields of up to 88%. Temperatures and residence
times varied depending on substrate where electron neutral and electron rich groups were
reduced in 20 s at 0 °C. Strong electron-withdrawing groups, such as the nitro group required
longer residence times and additional amount of reducing agent. Heterocycles such as the

pyridyl analogues were also reduced, at room temperature.

A similar method was developed by Jamison et al. where they used DIBAL-H for the selective
reduction of esters to aldehydes (Figure 3.12).1%”1 A PFA reactor coil connected with T-pieces

was used for mixing and a further addition of methanol to quench the reaction.
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Toluene flow reactor |4‘—> )J\
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Toluene

Figure 3.12: Continuous flow set-up for the rapid reduction of esters to aldehydes using aluminium
hydrides.

Temperatures used were generally considerably lower for this methods ranging from -78 °C,
for substrates prone to over reduction, to -40 °C for the general method. Reaction times varied

but overall were below 60 s obtaining yields by GC > 95%.

A third method using aluminium halides was demonstrated by Alcazar and co-workers.168
They showed the reduction of esters to aldehydes in a continuous flow reactor, finding that
LDBBA (diisobutyl-tert-butoxyaluminum) was the most efficient reducing agent. The set-up
involved the Vapourtec R2 and R4 modules for cooling the reaction to low temperatures.

Furthermore they used a column containing sodium sulfate for an in-line work-up (Figure

3.13).
Ester
Toluene I-
LDBBA NaySO,4-10H,0 BpPR ‘
Scavenger Aldehyde
Toluene g

0 °C, 20 min

Figure 3.13: Selective reduction of esters to aldehydes in continuous flow.

Using low temperatures such as -70 to —20 °C using DIBAL showed poor conversions and
complete over reduction to the alcohol. This led them to the use of LDBBA and raising the
temperature to 0 °C. This in turn allowed for much higher conversions and selectivity with

yields for some substrates as high as 97%.

An alternate method to hydride reductions of carbonyls in flow was produced by Ley.® It was
shown that a cartridge of hydrous zirconia could be employed for the disproportionation of
substrate aldehydes or ketones with the IPA solvent (Figure 3.14). This would then produce the

corresponding primary or secondary alcohol and acetone, making this a recyclable process.
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0 Zirconia
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o R)\R1 Acetone
60 - 130 °C 100 psi
)\ 6 - 75 min 60 - 100% yield

Figure 3.14: Reduction of aldehydes and ketones to alcohols in continuous flow using hydrous zirconia.

Reaction times and temperatures varied where aldehydes generally needed shorter reaction
times and lower temperatures to ketones, with good to excellent yields obtained for a number

of substituted carbonyls.

Jamison has contributed to reductions in flow chemistry by demonstrating an in situ formation
of diazene from a combination of N,O-bistrifluoroacetylhydroxylamine 153 and hydroxylamine

in a microreactor (Figure 3.15).17%! The formed diazene was then used to reduce olefins to

alkanes.
X
.0 _CF
FaC™ "N Y Al N=N H
H o 1 doulll )\/H N
167 A~ ! R 2
NH,OH * R R™™N up to 97%

Figure 3.15 /n situ formation of diimide from 167 and NH20H for the reduction of olefins in flow.

A simple PFA coil connecting the inlets via a T-piece was used where the reagent streams were
fed in via syringe pumps. The reagent streams were passed through the reactor coil for 20 min
at 100 °C for monosubstituted alkenes and 140 °C for disubstituted alkenes. Yields of up to
97% were achieved and functional groups such as amides, esters and nitro groups could be

tolerated.

A similar method was developed by Kappe et al. who used oxygen gas in combination with
hydrazine to form diazene in situ (Figure 3.16).7Y) Once the reagent mixture and gas were
mixed a segmented flow occurred and the oxygen oxidises the hydrazine to diimine. This then
allows a second stream to be introduced containing the substrate which with

disproportionation forms the diimide to reduce to the alkane.
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Figure 3.16: Oxidation of hydrazine to diimide followed by reduction of olefins to alkanes in flow.

Conversions were fully completed in 10 min of residence time at 100 °C with yields ranging
from 58 to 99%. Functional groups such as nitro groups, esters and silyl protection all were

tolerated in excellent yields showing the high selectivity of this method.

Not only have racemic reductions been employed but Luisi et al. described a CBS reduction of
ketones to the corresponding chiral alcohol.’’? Using borane and the Corey, Bakshi and
Shibata (CBS) oxazaborolidine 169 in the green 2-MeTHF solvent they were able to efficiently

reduce ketones (Figure 3.17).

O

in-line
Ph)J\/\I FT-IR analysis
) = —1 ;

2-MeTHF

Figure 3.17: Chiral reduction of 3-chloro-1-phenylpropan-1-one by CBS oxazaborolidine monitored by in-
line FT-IR in continuous flow.

The system consisted of a Syrris Asia flow reactor and monitoring the eluent flow by FT-IR they
were able to determine the optimal conditions. With these conditions in hand of 8 mol%
catalyst 169 at 0 °C and 1.5 eq of BH3 they could achieve yields of up to 97% and an e.e of up to

92% for various substrates.*”?

Another method using transfer hydrogenation was shown by Ley et al.'’3! They developed a
simple flow reactor system to reduce carbonyls to alcohols using a transition metal free
process. They used alkali metal salts in iPrOH at elevated temperatures to mimic the use of

microwave reactors (Figure 3.18).

92



0) MOtBu (cat.) OH

R1JJ\R2 iPrOH, 180 °C R" "R?
20 min
Stainless steel
coil

BPR

HPLC 160 bar Scavenger

pump

Figure 3.18: Carbonyl reduction at elevated temperature and pressure in a stainless steel flow reactor.

By using a stainless steel reactor and a BPR temperatures of 180 °C could be achieved even
using alcoholic solvents. The efficient heating therefore allowed conversions of up to 99% in
reaction times between 20 and 30 min. The Li salt of the alkali bases showed superiority over
the Na or K salts. Additionally they used a cartridge containing tosyl-hydrazine to scavenge the

residual ketone.
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3.2.3.2 Transfer hydrogenations
Although there are multiple methods using inorganic reagents for the reduction of functional
groups produced in flow without the use of hydrogen gas, these methods can have their
drawbacks. Countless articles employing Pd/C with H, have shown that this combination is
highly effective but most importantly very mild. Using H, gas though can also have its
drawbacks, especially with the storage fear when working on large scale syntheses and the
cost when using generators. Other such methods such as transfer hydrogenations have shown
that the mild reducing nature of transition metal catalysis can be used with an alternative

hydrogen source.

The concept of turning this process into a continuous flow method was first initiated in 1988
by Means et al. A simple method using a glass column filled with glass wool and Pd black (15.6
eq) was used. A solution of an olefin dissolved in formic acid was then allowed to pass through

the column using only gravity.[*7#

HCOOQOH, Olefin

Stop

./ cock
()

Pd "black"

Figure 3.19: Transfer hydrogenation of olefins by formic acid and Pd black in a gravity flow column
system.

As shown in Figure 3.19, a stop cock was used to control the flow rate of the column where
they observed a rate of 0.1 mol/min conversion. Yields of 90% were attained for a few olefinic

substrates furthermore showing that the column could be reused.

A method developed by Ley et al. showed an efficient system for the reduction of carbonyls in
a micro flow device (MFD).[*”®! The authors created tubing in which they coated the inside with

a thin layer of Pd catalyst (Figure 3.20).
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Figure 3.20: Pd-coated micro flow device (MFD) fabricated for the reduction of carbonyls in flow.

Using triethylsilane as the hydride source in methanol, carbonyl compounds could be
successfully reduced to the corresponding alcohol in 95% yield at rt in 30 min. They further
showed that a variety of functional groups such as acetylenes, imines, olefins and nitro

compounds could also be reduced with this method.

Another method using a very similar approach was developed by Suzuki and Javaid. They again
used a Pd coated tubing to catalyse the reduction of p-nitrophenol 171 (Figure 3.21).127% The
Pd coating consisted of a co-plating of Pd and Ag and developed a method to allow for a more

porous coating. This in-turn gave a larger surface area and more catalytic sites.

NH
NO Pd layered coil 2
3 CO,
3HCO,H + -
oH OH 2 H,0

171 172
20 min
rt

Figure 3.21: Reduction of 4-nitrophenol in Pd-layered flow reactor and formic acid.

Using formic acid as the hydrogen source was studied under varying conditions to find the
most efficient process. They showed that a residence time of 20 min was needed to reach full

conversion and that at a pH of 2 the highest conversion was achieved of 99.2%.
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Reductive amination has also shown to be highly efficient in continuous flow. Poppe and co-
workers used the ThalesNano system to convert ketones to amines under Pd catalysis (Figure

3.22).077

i HCOONM NH,
R" "R? MeOH | N
40 °C, 0.2 ml/min
= Aryl or Alkyl

R? = Alkyl
Figure 3.22: Reductive amination of carbonyls to aliphatic amines via a Pd/C cartridge based flow

system.

With a cartridge filled with 10% Pd/C and ammonium formate dissolved in methanol a
reduction of the in situ formed imines was possible in good yields (41-68%). The same column

was used continuously for 56 h where no deactivation of the catalyst was observed.

A method using sodium formate and a column packed with glass beads and Pd/C for the
reductive formation of cyclohexylamines from phenols and amines was developed by Vaccaro

(Figure 3.23).0278]

OH)L

Figure 3.23: Synthesis of cyclohexylamines by reduction of phenol and subsequent reductive amination
by Pd/C and sodium formate in a cartridge flow reactor.

The substrates were premixed with the sodium formate in water and passed through the
column at 60 °C. Yields of up to 92% were obtained with TON and TOF values of 32.7 and 5.45

h! respectively.
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Many of the conditions stated are heterogeneous. Consequently flow methods had to be
adapted for such chemistry. The first method chosen, mainly because of its cost effectiveness
when thinking towards larger scale synthesis, was zinc metal with Brgnsted acids. Initial
conditions were optimised in batch using 2-nitro-1-(p-tolyl)ethanol as the substrate in ethanol.
The substrate was changed from p-nitrobenzaldehyde to p-tolualdehyde and the nitro aldol
product formed from the reaction with nitromethane was used to optimise the first step as it
prevents the competing reduction of the aromatic and aliphatic nitro groups. Zinc was added

followed by the source of hydrogen. Variation of the conditions is shown in Table 3.8.

OH OH
NO, H Source NH,
Ethanol/H,0O
159 Zine 172

H source Catalyst Temperature Time Yield
(°C) (h) (%)
HCl Zinc rt 1 78
HCOONH, Zinc rt 1 80
NH4CI Zinc rt 1 80
HCOONH, Zinc 40 0.5 84
NH4CI Zinc 40 0.5 82
AcOH Iron 40 0.5 60
HCI Tin 40 0.5 45

Table 3.8: Batch reductions of 2-nitro-1-(p-tolyl)ethanol using transition metals (10 eq) in ethanol 0.2 M.

As shown in Table 3.8, yields were generally very good under all conditions and changing the
hydrogen source had little effect on the yields observed. Temperatures were varied and

reaction times were reduced to 30 min when heating to 40 °C.

When moving to flow the zinc had to be introduced via a different method due to its
insolubility in all solvents. It was determined that the best method was to use a cartridge
based system packing an Omnifit® column. This would then be attached to a T-piece, where
two syringes were loaded with the reagents. The first syringe was loaded with the 2-nitro-1-(p-
tolyl)ethanol in ethanol and the second with the hydrogen source in ethanol/H,0. The figure

below shows a schematic set-up (Figure 3.24).
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Figure 3.24: Flow set-up for reductions of nitro groups using zinc (Xs) and ammonium formate (5eq) and
2-Nitro-1-p-tolylethanol 2 mmol. In a 1 M concentration of 144 in ethanol.

Once the system had been set up the conditions were replicated as close as possible to that of
the batch conditions. Flow rates were chosen as so that the residence time was kept to 30

minutes heating to 40 °C.

OH OH
NO, NH, X NH,
Ethanol/H,0
159 Zinc 172
H source Temperature Residence time Yield
(°C) (h) (%)
NH4CI 40 0.5 78
HCOONH4 40 0.5 83

Table 3.9: Initial flow reduction conditions of 2-nitro-1-(p-tolyl)ethanol 2 mmol using zinc in excess at a
1 M concentration.

Yields were comparable to that of batch conditions where the amino alcohols were obtained in
very good yields as shown in Table 3.9. Although the zinc was now in a much greater excess
than that of batch conditions, there were no problems in isolating the product and the column

could then be reused up to 3 times.

The next stage was then to move onto the two step synthesis. Using the previously optimised
racemic conditions in ethanol and KOH the nitro aldol reaction was then coupled via a T-piece
mixer to the second step. The acidic hydrogen source was introduced via a second in-let just
prior to the column where excess ammonium formate was used to quench the base from the

first reaction (Figure 3.25).
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Figure 3.25: Multistep set up for synthesis of amino alcohols in continuous flow.

Conditions were then investigated as shown in Table 3.10

Zn
Q  MeCN, MeNO, OH HCOONH,
NO,
KOH, H,O Ethanol/H,0
60 °C, 10 min 159 40 °C, 30 min

Hsource Temperature Residencetime Result (yield)

(°C) (h)
NH.Cl 40 0.5 173
HCOONH4 40 0.5 173 (11%)
HCOONH4 rt 1 173

OH

172

Table 3.10: Multi step nitro aldol to reduction conditions using 4-fluoroaldehyde (1eq), nitromethane

(10 eqg) and KOH (0.3 eq) in ethanol. Reduction conditions using zinc metal and H source (5 eq)

Unfortunately when connecting the two steps together the amino alcohol (172) was not

obtained. Instead a previously unattained side product was the major product of this two-step

reaction. After general analysis the product was identified to be 1-(diethoxymethyl)-4-toluene

173, (Scheme 3.10).
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OH

0 OH X NH,
MeNO, Zinc
H OEt
Ethanol NO, HCOONH,
X KOH X Ethanol OFEt
X
X =Me 173
X=F174

Scheme 3.10: 2-step flow synthesis of amino alcohols where reduction of nitro group fails and
condensation after retro-Henry reaction forms side product 173.

As the yield of the side product was reasonably low and conversion from p-tolualdehyde to 2-
nitro-1-(p-tolyl)ethan-1-ol was not 100%, it was thought that the unreacted aldehyde was
forming this side product. Further investigation was then needed to determine the problem
with the coupled conditions. Firstly the starting aldehyde was changed to p-fluoroaldehyde as
the conversion to the nitro aldol product was almost 100%. Although this was the case, the

acetal side product 174 was observed in 23% yield.

The only difference that could be perceived by looking at the general scheme of the reactions
was the addition of KOH and nitromethane. By going back to a one step flow set-up for the
reduction and adding nitromethane to the syringe containing the substrate, it could be
determined if the nitromethane had a negative effect on the reductive conditions (Scheme

3.11, Figure 3.26).

OH Zinc Xs (0] OEt
NO, Nitromethane 10eq |
+ OEt
HCOONH, 5eq
Me Me Me
Ethanol 173

Scheme 3.11: Reduction attempt of nitroalcohol 159 in flow resulting in side product 173.

2-nitro-1-(p-tolyl)ethan-1-ol,

MeN02 40 lJ/mln
)R | S )Dﬂﬂ* Zinc
Ethanol 30 min

Figure 3.26: Flow set-up to test effect of nitromethane on the reduction of nitroalcohols in flow.
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This again resulted in the aforementioned acetal 173 where the retro Henry takes place
followed by addition of ethanol. It was thought that this was due to still being under conditions
where proton transfer can easily take place, and, in combination with the reductive conditions,
the nitromethane was preferentially reduced to methylamine. This could then, with the zinc or
zinc salt formed, cause the retro-Henry reaction, the latter catalysed by Lewis acid co-
ordination followed by the addition of ethanol. As the zinc was in quite a high excess to allow

for reusability of the column, this could have led to the problems occurring.

Secondary conditions were trialled where a more mild approach was taken using Pd/C and
ammonium salts.'” There has been relatively high success in flow using Pd/C reductions in-
line most notably using the Thales nano H-cube.!*”® This uses a column derived system with
the introduction of hydrogen gas to reduce the desired functional group. As we did not have
the ability to introduce hydrogen gas in a device like the H-cube, ammonium formate was

employed as an alternate source.

Initial conditions in batch worked well (Table 3.11) which therefore led to screening to reduce

reaction time.

OH HCOONH OH
N02 4 NH2
Ethanol/H,O
159 Pd/C 172
H source Catalyst Temperature Reaction time Yield
(°C) (h) (%)
HCOONH4, Pd/C RT 2 90
HCOONH4 Pd/C 40 0.5 85

Table 3.11: Initial batch reduction conditions using Pd/C 10 mol% and NH4HCO>(5eq) for the reduction of
2-nitro-1-(p-tolyl)ethan-1-ol 0.5M in Ethanol/H20 (10/1).

As shown in Table 3.11 the reductive conditions worked well with yields of up to 90% under
batch conditions. To move the conditions to flow, Celite had to be used as an inert bonding
material to allow for catalytic quantities to be loaded and still allowing enough volume for the
residence time. 150 mg of Pd/C was mixed with 1.2 g of celite and ground together until

homogeneous. This was then loaded into the column and packed to avoid air pockets.
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2-nitro-1-(p-tolyl)ethanol 0.108 mL/min

(D:L@;TT ﬂm——* Pd/C Celite

HCOONH, 40 °C
Ethanol/H,O 30 min

Figure 3.27: Flow system for reductions using Pd/C and NH4HCO.
The next step was to use the system set-up above (Figure 3.27) and replicate the conditions in
batch for the reduction of the nitro group. The reaction was performed in the same manner,

allowing for a residence time of 30 min.

OH HCOONH OH
NO, 4 NH,
Ethanol/H,O
159 Pd/C 172
H source Catalyst Temperature  Residence time Yield
(°C) (h) (%)
HCOONH4 Pd/C rt 0.5 60
HCOONH4 Pd/C 40 0.5 85

Table 3.12: 159 in ethanol (1 M) with reductive conditions using HCOONH4 (2.5 eq) and 10 mol% Pd/C
mixed with celite.(150 mg Pd/Cin 1.2 g of celite).

The results in Table 3.12 showed that the use of celite had no effect on the reduction of the
nitro group and very good yields were obtained. The success of the results in Table 3.12 led to

the combined two-step process, analogous to the zinc system Figure 3.28.
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Figure 3.28: Set-up for reduction of nitroalcohols using Pd/C and ammonium formate in continuous
flow.

HCOONH,
©  MeCN, MeNO, oH o Pd/C OFt
KOH, H,O 2 Ethanol/H,0 OFt
60 °C, 10 min 159 40 °C, 30 min 173
Temperature 2™ coil Residence time 1%t coil Residence time 2™ coil Result
(°C) (min) (min)
RT 10 30 173
40 10 30 173

Table 3.13: Two-step protocol for formation of amino alcohols using 4-tolylaldehyde 1 eq, nitromethane
5eq in ethanol (1 M) coupled to reductive conditions using HCOONHa 2.5 eq (1M) and 10 mol% Pd/C.

It was observed, again, that the amino alcohol was not formed and the side product (173) was
obtained. This indicated that the formation of the side product was independent from the zinc
and likely due to the presence of nitromethane. This could be due to the ease in reducing the
nitromethane as opposed to the nitroalcohol as well as the excess equivalents. Therefore
either due to the formation of methylamine by reduction of nitromethane or a background
reaction involving the ammonium salt causes the retro-Henry followed by condensation with
ethanol. Further techniques, such as sodium borohydride in combination with NiCl, and other
Lewis acid metals were shown to be incompatible with the initial conditions from the Henry
reaction. Reactions NiCl, led to formation of Ni(OH), which in turn precipitated from solution

due to their extremely insoluble nature shown in Scheme 3.12.
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NiCl,

Ni(OH), L + KCl
EtOH

Scheme 3.12 Formation of insoluble nickel hydroxide on reaction of KOH and nickel chloride.

Although these conditions could have been used if the base was switched to an organic
example such as DBN, due to the problems associated with the previous methods of reduction,
it was thought the same problems would occur regardless of reduction technique. Therefore

the two—step reduction was abandoned.

To test the generality of this method it was thought that other nitro group containing
substrates could be tested Figure 3.29. The previous work showed reductions of aliphatic nitro
compounds; therefore a number of aromatic nitro compounds were used for substrates within

this methodology.

Substrate 0.108 mL/min
(D:L o) ] PdIC Celite
HCOONH, or EtSiH 40 °C
MeOH 30 min

Figure 3.29: Set-up for the general reduction method using Pd/C and ammonium formate in continuous
flow.
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NO, Pd/C N NH,
R R

MeOH
Substrate Product Yield
(%)
NOZ NH2
COOH COOH
90
174a 174b
NO2 NH2
98
=
175a 175b
NO, NH,
® .
176a 176b

Table 3.14: Methanol (1 M) coupled to reductive conditions using HCOONH4 2.5 eq (1M) and 10 mol%
Pd/C in continuous flow. (Figure 3.29)

Yields were shown to be generally very good; 2-nitrobenzoic acid was efficiently reduced to
anthranillic acid 174b in 90% vyield whereas 3-nitrostyrene 175a was reduced in 98%. To our
surprise though, the nitro group and the double bond were both reduced within the reaction
time in the reactor. Furthermore, to test the longevity of the cartridge system in continuous
flow, the reagent solution was allowed to pass through the column for 10 h using the exact
same equipment in Figure 3.29 and just increasing the volume of the starting reservoir. This
led to the collection of 10 mmol of product. Although there was a drop in yield it shows that

the system can be run for larger scale reactions with only a small drop off.

It was also shown that simple phenylnitromethane 177a could be reduced in very good yields
and, to show the application towards azides, phenylazidomethane 178a was reduced in

excellent yield within the system.
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©Ax

Pd/C

©/\NH2

HCOONH,
X = NOj o Ny MeOH
Substrate Product Yield
(%)
N02 N H2
90
177a 177b
N3 NH2
98
178a 177b

Table 3.15: ethanol (1 M) coupled to reductive conditions using HCOONH4 .5 eq (1M) and 10 mol% Pd/C

in continuous flow. (Figure 3.29)

Inspired by the reduction of the double bond of 3-nitrosytrene, the work proceeded with

testing some double bonds under the reaction parameters.

xR Pd/C xR
MeOH
Substrate Product Hydrogen Yield
source (%)
NN COzMe COzMe
<j/V <j/V HCOONH, 42
179a 179b
179a 179b EtsSiH 97
x._CN CN
<j/V E)/V EtsiH - 80
180a 180b

Table 3.16: ethanol (1 M) coupled to reductive conditions using HCOONHa4.5 eq (1M) and 10 mol% Pd/C in

continuous flow. (Figure 3.29)

Cinnamic acid methyl ester was investigated with the same conditions although it showed

poor conversion with a yield of only 42%. As this was the case it was decided to heat the

reaction to 60 °C but this showed no increase in yield. A change in hydrogen source could
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affect the outcome as shown in previous works.®! Using EtsSiH, the conversion to the
saturated compound 179b was complete obtaining a yield of 97%. Moreover, the ester
functionality was left untouched. Moving to cinnamnitrile results were similar where a yield of
80% was obtained for 180b. Again the functionality was left intact as the cyano group was not

also reduced.
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3.2.3.3 Oxidation conditions
In addition to the reduction conditions an oxidation reaction could also be performed in-line to
form a-nitroketones. a-Nitro ketones have been of great interest in recent times as they are
very useful synthetic intermediates. This is due to the functionality contained within this
structure. They contain a carbonyl which allows not only for them to exist as an electrophilic
source, but also the addition of a nitro group a to this carbonyl drastically increases acidity of
neighbouring protons, allowing for ease in enolate formation and thus making electrophilic
addition facile. Although these properties have been known for years they have not been
utilised heavily due to their difficulty in formation. Typically conditions used to make these
compounds rely on long reaction times, therefore it was hoped that a rapid procedure could

be developed to allow for greater synthetic applications.

Initial conditions were selected using a procedure recently developed in our lab. 8! These
conditions consisted of TEMPO in combination with PhI(OAc), in dichloromethane. TEMPO has
shown a great aptitude for oxidations of various alcohols in a relatively clean and benign

manner, and was thought to be an ideal oxidant for this transformation.

OH o]
NO, [l NO,
159 181
Oxidant Solvent Temperature Time Yield
(°C) (h) (%)
DIB 1.5 eq CHyCl, rt 24 0
10 mol% TEMPO
DIB 1.5 eq CH,Cl, 40 24 0
10 mol% TEMPO
DIB 1.5 eq MeCN 80 24 0
10 mol% TEMPO
NalO4 1.5 eq 10mol% TEMPO MeCN 80 24 0
IBX 1.5 eq DMSO rt 2 -2
IBX 1.5 eq MeCN rt 2 70
IBX 1.5 eq CH,Cl, rt 2 54
DMP 1.5eq CH,Cl, rt 2 76

Table 3.17: Oxidation conditions for the oxidation of 2-nitro-1-(p-tolyl)ethanol 1 eq in batch a = was un-
isolatable due to enolate form being trapped in DMSO within the aqueous layer of extraction.
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DIB
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DCM
rt
24 h

NO,

159 181

Scheme 3.13: Oxidation conditions using TEMPO and DIB.

Using these conditions in batch led to no conversion of the nitro alcohol 159 to the ketone 181
at room temperature within 30 min (Scheme 3.13). Even after leaving the reaction overnight,
no product was observed. As the substrate is difficult to oxidise, due to the strong electron
withdrawing effect from the nitro group, heating was deemed best to allow for increased
conversion. Heating the reaction to reflux in CH,Cl, and following by TLC did not indicate any
conversion of the starting material. Switching the solvent to acetonitrile to allow for higher
temperature (80 °C) also did not result in formation of the product and therefore these
conditions were moved on from. Further using sodium periodate as a co-oxidant no conversion

to the ketone was observed, as shown in Table 3.17

lodine(V) reagents, such as IBX and DMP were then investigated in different solvents. Results
were promising with IBX under batch conditions as the nitroketone was obtained in good yield
when using solvents such as CH,Cl, and MeCN. The best conversions were obtained in DMSO,
and it was used to move forward with. When using DMSO a further problem occurred. As the
product contained a nitro group a to the ketone, this made the a-position very acidic.
Therefore the product was very easily enolized and was determined to be trapped in the

DMSO within the aqueous phase. This therefore made yields difficult to ascertain.

As the previous conditions used ethanol, the solvent of the first step for the oxidation was

changed to acetonitrile and water, as a potential oxidation of the solvent could then be

avoided.
(0] OH (@)
MeCN, MeNO, IBX, DMSO
! NO, ’ NO,
KOH, H,O 70 °C, 30 min
60 °C, 10 min 159 181
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Figure 3.30: Two step nitro aldol followed by oxidation set-up.

Coupling the nitroaldol and oxidation in flow (Figure 3.30) utilising MeCN and DMSO caused
precipitation, this resulted in the reactor tubing blocking readily; even after the addition of
sonication to the system. The precipitation problem was overcome by a decrease in the
concentration of the overall reaction solution. This though led to a large reduction in
conversion of the nitroalcohol to the ketone where only traces were observed by NMR. By
adding stoichiometric amounts of trifluoroacetic acid (TFA), the IBX reagent could easily be
solubilised in considerably less DMSO utilising TFA as a co-solvent Although initial solvation of
the iodine(V) reagent was successful, again clogging occurred after a short time. Increasing the
residence time further did not result in a large increase in conversion therefore it was thought

best to modify the IBX type reagent to allow for greater solubility.

Multiple modifications have been presented in the literature to solve the insolubility factor of
IBX 182, ranging from simple ligand exchange on the iodine centre, to modifications on the aryl
ring (Figure 3.31). Dess Martin periodinane 186 (DMP), is the most commonly known
modification due to the ease of formation, the addition of acetates to the iodine core results in
a slightly more soluble reagent which can then be dissolved in CH,Cl,. To avoid the problem of
precipitation DMP was taken into consideration, however this problem could not be resolved.
This led to the conclusion that the problem does not lie directly in the initial solubility but also
on the reduced form. Upon reduction of the I(V) species, to the I(lll) species the insoluble 1-
hydroxy-1,2-benziodoxol-3(1H)-one (IBA) derivative is formed, causing clogging within the
channels. Modifications to the reagent at the aryl positions were thought to be a more reliable

option. Recently many modifications have been demonstrated in the attempts to allow for
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greater solubility in organic solvents, and thus allow for increased reaction scope. For example:

tetra fluorolBX 188, methyl 183, dimethyl 184, tetramethylIBX 185 and methoxy methyl IBX

187.
0 0 0 o
/ N / N / AN AN
4 OH 4 OH & OH 4 OH
182 183 184 185
0 o) F 0
MeO F
0 o} 0
I~ 0Ac 1 F I
7\ 1 0
186 187 188

Figure 3.31: IBX and its derivatives synthesised for greater solubility and reactivity.

These have all shown greater reactivity as compared to simple IBX. A common characteristic
between these compounds (excluding DMP 186) is the substituent in the ortho position. This is
due to the change in conformation around the iodine centre. The sterics of the ortho
substituent create a twist of the iodooxilane ring. This twist is beneficial in breaking up the

polymeric type bond between the individual molecules.*8?

The first selection began with the synthesis of the tetrafluoro derivative 188, first reported by
Wirth et al in 2007.0%83 Using the reagent from within stock of our lab, FIBX 188 was used
under batch conditions in THF. Oxidation was complete within 1 h 30 min under reflux. This
then led to trials under mixed solvent conditions to establish if precipitation could be an issue
under flow conditions. Adding MeNO; and MeCN drastically reduced the solubility of the

reagent leading for a search for a more soluble IBX derivative.

The next derivative synthesised was the tetramethylIBX 185.1282) Again this has been shown to
allow for a greater rate of reaction and increased solubility. Although superior in reagent
ability, synthesis of this reagent is time consuming and laborious consisting of 5 steps before
oxidation. Under batch conditions the oxidation went smoothly where 68% yield was obtained
in 30 mins. Moving the conditions to flow resulted in again the precipitation of the I(lll)
reagent after reduction from the I(V) species. The decision was made to move away from IBX

type derivatives in solution phase.
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MeCN/H,0O
159 70°C,2h 181

Scheme 3.14: Oxidation of nitro alcohols using in-situ formation of IBX.

As the IBX type reagents showed that their solubility was low in organic solvent their
applicability in solution phase flow chemistry is very limited. However its lack of solubility
could be used to its advantage. By using a solvent mixture that allows for minimal solubility
and packing a column with the I(lll) reagent the more active (V) species could be created in
situ. As IBX is believed to be explosive, most notably in its impure form, this provides a safer
alternative to other methods and saves on spectator material such as in SIBX (stabilised
IBX).1*84 Conditions in batch when using IBA (1-Hydroxy-1,2-benziodoxol-3(1H)-one) in MeCN
mixed with water gave promising results and conversion to the product was complete in 2 hin

70% yield.

As results showed they were efficient under batch conditions, a flow system was devised to

replicate this, making the IBA reusable (Figure 3.32)

Oxone, H,O
| | e
IBA
(Dj YHJ' — Pre-heated 7? hC
Nitroalcohol to 70 °C Na,S,03.aq
MeCN

Figure 3.32: Flow system for in-situ formation of IBX and oxidation of nitro alcohols.

The system created worked by packing a column with IBA and sand, using the sand to reduce
the pressure in the column due to the very fine particle size of IBA. A co-oxidant (Oxone) was
introduced from one inlet and the alcohol from another where they mixed at a T-piece before
entry to the column. Initial conditions resulted in clogging due to the solvent mixtures. Oxone
being virtually insoluble in most solvents, except water, caused large precipitation upon mixing
at room temperature with the acetonitrile stream. Heating to 70 °C prior to mixing and at the
mixing zone led to less precipitation and therefore elution could be achieved through the coil.
Although a residence volume could be obtained the concentration had been drastically
reduced as compared to the batch procedure. This unfortunately led to decreased conversions

as compared to the batch procedures and as residence time could not be realistically
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increased, it was thought that modifications were needed to the system to allow for increased

concentration.

As iodine reagents proved to be difficult to solubilise other techniques were taken into

consideration. This is shown in Table 3.18.

OH O
NO, [C] . NO,
159 181
Oxidant Solvent Temperature Time Result
(°C) (h)

CAN ,TEMPO MeCN 80 Overnight N.R
CAN (3.5 eq), NaBrOs(0.35eq) MeCN 80 1.5-6 N.R
NBS (1.5 eq)[*! DME 10% aq rt Overnight® N.R

Table 3.18: Oxidation conditions trialled for in-line oxidations of 2-nitro-1-(p-tolyl)ethan-1-ol in batch.

Conditions with TEMPO were attempted using a previously reported procedure by Lu.**® They
showed the oxidation of alcohols with the combination of CAN and TEMPO. Using this
procedure for the oxidation of the nitroalcohols in MeCN did not yield the desired ketone at
room temperature or upon reflux. Further conditions using NaBrOs in combination with CAN

resulted in no formation of the ketone with only starting materials observed by TLC. [87)

Jamison et al. showed that using a strong oxidant like NaOClI, in combination with TBAB could
form a segmented flow process which is able to oxidise alcohols as quickly as in 10 min.[8 As
these conditions were already developed in flow the reaction conditions were trialled directly
into flow. Using the exact conditions as in the report the reaction was run at rt for a residence
time of 10 min. Upon interaction of the oxidant with the TBAB it was apparent that Br, had

been formed and the reaction was quenched into sodium thiosulphate (Figure 3.33).
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OH O

NO, NaOCl,q NO,
TBAB or AcOH
MeCN
Oxidant Solvent Temperature Time Result
(°C) (h)
NaOCI (2 eq), TBAB (7.5 mol%) MeCN (0.8M) rt 10 mins tolualdehyde
NaOCI (2eq), AcOH (xeq),
MeCN (0.8M) rt 0.5 N.R

TBAB (7.5 mol%)

Table 3.16: Flow oxidation conditions for the oxidation of 2-nitro-1-(p-tolyl)ethan-1-ol

(
ol [y W

Segmented flow
2-nitro-1-(p-tolyl)ethan-1-ol 10 min
MeCN
TBAB

Figure 3.33: Set-up for flow oxidation of 2-nitro-1-(p-tolyl)ethan-1-ol adapted from Jamison et al.

Unfortunately these conditions did not show oxidation to the corresponding ketone but a retro
Henry reaction occurred, isolating tolualdehyde. This was probably due to the high pH of the
bleach solution (pH 12). To combat this, the mixture was buffered to around pH 7 by addition
of AcOH as in the traditional oxidation technique. This was considered ideal for flow chemistry

as the formed hypochlorous acid could not easily escape from the closed system.

AcOH
OH NaOCI(aq) (@)
Tol)\/Noz TBAB ToI)K/NOZ
MeCN

Scheme 3.15: Adjusted oxidation condition for the oxidation of 2-nitro-1-(p-tolyl)ethan-1-ol in flow using
AcOH to buffer the pH to 7.

Although the retro-Henry reaction was not achieved, the oxidation to the ketone was
unsuccessful and the nitro alcohol was recovered even after increasing the residence time to

30 min (Scheme 3.15). This is in concurrence with a study of hypobromous acid (HOBr)
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reaction rates in comparison to Br; oxidation rates. It was shown that with deceasing pH, and
larger concentrations of HOBr, that the rate of oxidation decreased.!*® This would therefore

explain the loss of oxidative activity when buffering the solution with AcOH.

As conditions that subject the substrate to strongly basic media seemed to allow for a retro
Henry reaction, some milder conditions were trialled. Fetizons reagent has been shown to be
extensively used as mild oxidant in many organic syntheses in the literature**®, and looked to
be the ideal reagent for these substrates for two reasons: Its mild nature and the composition
of the formed reagent. As the silver oxidant is deposited onto Celite it would be packed into a
cartridge, where separation would be facile upon collection of the product. Initial batch
conditions in acetonitrile led to no oxidation of the substrate, and small amounts of the
aldehyde were observed using NMR. As it is still slightly basic and within a polar solvent the
aldehyde was observed, therefore moving to a less polar solvent e.g. toluene would avoid this.
Unfortunately the oxidation was also not observed and starting material was recovered.

Fetizons proved to be too mild an oxidant to achieve the desired product (Scheme 3.16).

OH Ag,CO3 on Celite e
NO > NO
T0|/‘\/ 2 Solvent Tol)j\/ 2
159 181

Scheme 3.16 Oxidation of alcohols using Fetizons reagent.

Using this concept of a solid phase oxidant that could be easily abstracted from the reaction
mixture, a further supported oxidant was trialled. MnO; has seen a small renaissance in recent
times due to its strong oxidative ability, where groups such as the Ley group have looked to
use the insoluble nature of the oxidant to allow for cartridge based methods.[**![19211%3] They
have shown the applicability of MnO, for a number of applications for instance the oxidation
of hydrazides to diazo compounds. On initial trials using MnO; under batch conditions
oxidation was not observed. No product was obtained and the nitro alcohol was recovered in
each case. A recent paper by Lee*®** showed that the combination of KMnO; and MnO; was an
effective combination to oxidise alcohol substrates in solid phase milling as well as
heterogeneous conditions. Tests in batch did not yield the product, again starting material was

recovered.

OH [O] o)
Tol/‘\/Noz Tol)j\/Noz
159 181
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Oxidant Solvent Temperature Time Result
(°C) (h)
MnO, MeCN 70 2 N.R

MnO; (17 eq)/KMnO4 (3eq) MeCN 80 5 N.R

Table 3.19: Oxidation of 2-nitro-1-(p-tolyl)ethan-1-ol in batch

Although initially avoided due to the insoluble side products formed and strongly acidic
conditions, chromium based reagents were trialled in an attempt to oxidise the product. As
these reagents are considered very toxic, keeping these reagents in a closed system could be
beneficial, if a technique could be used to capture the side product. This makes the extraction
of product and therefore the work-up easier. Batch methods have involved using alumina to
trap the sticky chrome by-product and it was envisioned that a cartridge of Al,O; could be
placed in-line to capture the chromium before the elution of the product, preventing

contamination of the product mixture with a toxic side product (Figure 3.34).

PCC

e
MeCN
:) Alumina F
2-nitro-1-(p-tolyl)ethan-1-ol i
MeCN

@3@)(}:@7 A

Figure 3.34: Proposed set up for continous flow chromium based oxidation with alumina to trap reduced

chrome polymers.

OH o)
NO, o] NO,
159 181
Oxidant Solvent Temperature Time Result
(°C) (h)
PCC CH,Cl, rt overnight N.R
PCC MeCN rt overnight N.R
PCC MeCN reflux 2 N.R
PCC DMF 80 2 tolualdehyde
CrOs CH,Cl, 40 3 N.R
Na,Cr,07 MeOH/H,0 0-rt 2 N.R

Table 3.20: Oxidation of 2-nitro-1-(p-tolyl)ethan-1-ol using chromium based reagents under batch
conditions
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Initial batch conditions of PCC on alumina in CH,Cl; failed to oxidise the alcohol to the ketone
(Table 3.20). Moving to MeCN and further heating to reflux also showed no oxidation.
Switching to DMF, which has been used to hugely increase the oxidative potential of the PCC
reagent, did not yield any ketone. As within the highly basic media of the bleach oxidation
conditions the retro-Henry product was observed. The combination of an acidic reagent with a
highly polar solvent allowed for formation of the aldehyde. Reports from Castle!**! showed
that using sodium dichromate resulted in oxidation of similar compounds, via a sequential
addition of the oxidant with the nitro alcohol was followed by addition of 8 M sulphuric acid in
aqueous batch conditions. They reported that nitro alcohols from the condensation of
nitroethane with aldehydes could be oxidised to the corresponding ketones in very good yields
using this method. When trialling these conditions in batch it quickly became apparent that
the concentration of these conditions was far too high. Within the flask there was a very thick
slurry of inorganic salts. This would therefore not be ideal for continuous flow unless
concentrations were lowered. Even when using these conditions in batch no appreciable
conversion was observed, and further testing the conditions at reduced concentrations in flow

yielded no formation of the ketone.

As a two-step in-line oxidation of nitro alcohols to nitro ketones was unsuccessful the system
was modified to a semi-batch process. The first step was then run in continuous flow as in the
previous methods with KOH in MeCN. This was then allowed to drop directly into a flask which
contained a stirred solution of DMP in MeCN. Once addition had been completed the overall
mixture was allowed to stir for a further 30 min to yield the ketone 181 in a 52% overall yield

over two steps (Figure 3.35)

H,0, KOH

(Hjﬂ:))l ol |(

D

) e | e

]

q

Nitromethane 16(;) m(iil
MeCN
Aldehyde

Figure 3.35: Semi batch process for the Henry reaction followed by oxidation.
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3.2.3.4 Nef reaction for a 2 step homologation

One further reaction of interest associated with nitro group containing compounds is the Nef
reaction. This reaction is usually considered a hindrance to formation of the nitro alcohol, due
to their susceptibility to undergo the Nef reaction through nitro aldol conditions *°¢/(Scheme
3.16). The Nef reaction requires either the presence of a base/acid with water or an oxidant to
convert the nitro group to a carbonyl.**”’ This being said many conditions have been

demonstrated in batch but only one has been developed in continuous flow.*%®!

o
o) S) ®
“ OH 1 0 H30 R1\I¢O
RI_N_©O
R

Scheme 3.16 Hydrolysis of nitro compounds to ketone (Nef reaction).

Ley et al. showed that primary and secondary nitroalkanes could be smoothly oxidised to
aldehydes and ketones, respectively (Figure 3.36). %! Using a number of bases, where KOH
was shown to be the most efficient, they could form the desired products in yields of up to
95% for aldehydes and 92% for ketones. Efficiency was high where only one equivalent of
KMnO, was needed to achieve the desired result. Furthermore, the insoluble MnO, byproduct
could easily be dealt with using sonication. The sonication therefore prevented blocking and

the MnO; could further be isolated for future use.

KMnO, (aq) o
R' .
N T-piece il — )]\ o+ MO,
R N02 L2 I-‘I' rt 5 8 mll’l
base R'=H or arkyl
MeOH Pulsed

sonication

Figure 3.36: Nef reaction of nitroalkanes in continuous flow catalysed by KMnOa.

As mentioned for the first process only 1 eq of KMnO,4 was used, although if 2 eq are used in

combination with primary nitroalkanes oxidation to the carboxylic acid occurs (Figure 3.37).
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KMnOy4 (aq) 2eq id = 0.5 mm
Na,HPO, 2eq .

0
I1HI g JU -+ wno,

base g g 3

MeOH Pulsed

sonication X=NO; or OH

Figure 3.37: Oxidation of nitroalkanes, aldehydes and alcohols to carboxylic acids in continuous flow
catalysed by KMnOa.

They demonstrated that the same system could be used to oxidise primary nitroalkanes,
aldehydes and primary alcohols with the addition of sodium phosphate. Yields were again

excellent of up to 97%, 98% and 87% for the respective starting materials.

Although under the conditions reported in the sections 3.1 no Nef product was observed, the
Nef reaction could be an interesting addition to the system, as a type of 2-step reaction
previously used for synthesis of some carbohydrates.[*>” Following Noland’s initial conditions
of the nitro aldol, the reaction was followed by a hydrolysis using aqueous H,SO4. Noland’s
method was then investigated for use within this work (Scheme 3.17). Due to the exothermic
nature of adding an acid to a base, flow conditions would benefit the addition of the
sequential reactions allowing efficient cooling.

OH O OH (l)K OH

[ 0 KOH 0

~

N
® MeOH/H,0 H,O
182 183 184

Scheme 3.17 Proposed Nef reaction to form 2-hydroxy-2-phenylacetaldehydes.

Following the nitro aldol conditions in section 3.2.1 a second T-piece was added to the flow
system and a stream of aqueous H,SO, was allowed to meet the produced nitro alcohol. The
flow rate of the microreactor method was adjusted to have a residence time of 60 min. Upon
collection of the reaction mixture the desired product was not observed and the nitro alcohol
from the first step was obtained. This led to a variation of the conditions as shown in Table

3.21.
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OH
H,SO, OH
N02 /o
H,O, MeOH
159 184
Time Results

(h)

1 159 100%

3 159 100%

Table 3.21: Nef condition using H2S04 in MeOH/Water (1:1) at 0>RT.

The hydrolysis step of the Nef reaction is not only limited to acidic and basic conditions but
reports have been shown using oxidants. Oxone®**! has been shown to achieve this as well as
KMnO,4**® in aqueous solutions. Ley et al. recently presented the latter in flow. ¢ They
showed that using KOH in combination with KMnQ, it was possible to convert nitro groups to
carbonyls and therefore that this could be used in combination with the nitro aldol reaction.
Initial conditions began and by using the intermediate nitro alcohol in methanol with 30 mol%
of KOH in water. After adding the KMnO, and stirring for 1 h the reaction showed no change by
TLC although it was highly apparent that the KMnO, had been largely converted into the
brown coloured MnO,. Leaving the reaction for a further 2 h did not yield any change to the

reaction.

[O]

OH OH
NO, Base _0
H,O, MeOH
Oxidant Base Solvents Result
KMnO4s(1eq) KOH(0.3eq) Water/MeOH S.M

KMnO, (1eq) KOH (1 eq) Water/MeOH tolualdehyde
Oxone (2eq) NaOMe (1eq) Water/MeOH S.M

Table 3.22: Nef reaction conditions at RT for 1 h in Batch.

By using 1 equivalent of KOH and leaving for 1 h formation of a new compound was observable
by TLC. After leaving for 4 h it was apparent that no nitroalcohol was in solution and that a
new product had taken its place. Crude NMR showed this, where a retro-Henry reaction had
occurred, yet again showing the formation of the tolualdehyde showing the sensitivity of these

compounds to pH changes.
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4.1 Introduction to Koch carbonylations

4.1.1 Carbon Monoxide

Carbon monoxide is a colourless, tasteless and odourless gas that is highly toxic to humans in
concentrations exceeding 35 parts per million (ppm). Its toxicity may have even been noted as
early as 384-322 B.C. when Aristole described how coal fumes lead to a heavy head and death
in some instances.? |t is thought that CO poisoning may contribute to 50% of poisonings in
industrial countries as of 2002 and causes a large number of deaths in Europe and North
America yearly.?°) The cause of this toxicity is that highly reactive nature of CO towards
haemoglobin having a 200-250 times higher affinity than oxygen. High concentrations of CO in
the blood stream lead to hindrance of oxygen absorption onto the haemoglobin producing the
highly stable carboxyhaemoglobin (COHb).2%? This therefore severely reduces its ability to

transport oxygen around the body.[?%!

Industrially CO is produced via many methods. Some of the more common methods are the
Boudouard reaction!?®? where air is passed through coke at high temperature. Initially a gas
mixture of nitrogen and carbon dioxide is produced but over time with the excess carbon the
system equilibrates to CO. At temperature above 800 °C CO is predominantly formed. A
second and highly researched field is the water-gas shift where steam is passed over carbon in
equilibrium to form CO and H; gases. This is commonly used in industry to form synthesis gas

(syngas) for many of the applications in industry (Figure 4.1).

CO,+C — 2CO (AH = 170 kJ/mol)

HO+C —— H,+ CO (AH = 131 kJ/mol)

Figure 4.1: Energy of formation of CO from coke and the formation of syngas.

The methods stated above are the methods used in industrial applications, although there is
another method used mainly in laboratories. Dehydrating formic acid in the presence of a
strong acid leads to the formation of CO gas and this has been shown extensively in the Koch-

Haaf carbonylation method.

The use of CO as a reagent, although being a very attractive and extremely efficient C1 unit for
the introduction of carbon-carbon bonds, has limited scope on an industrial scale due to the

very high level of toxicity. Many methods have been devised to contain the reagent within
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sealed reactors, which need to be under pressure and thus on large scale batch conditions is
not such an attractive system. In situ formation of CO gas from H,SOs and HCOOH mixtures
would therefore be considered an undesirable system due to their hazardous nature. The
latter if combined with a technique of continuous flow offers a highly attractive assembly for

the use of carbon monoxide in organic synthesis.

The nature of CO allows it to be used as a nucleophilic C1 source in organic synthesis. The
bonding of carbon to oxygen via a triple bond, where the oxygen donates one of its lone pairs
to facilitate this third bond, creates a strong dipole across this molecule. The oxygen is
therefore &-positive and the carbon 6-negative. This allows for the reactivity of this molecule

through the carbon. Although CO is a very poor nucleophile.

CO has also shown a strong affinity to neutral donor bonding to metals and has been used to
purify metals industrially in the Mond process.!?%>2%! |t is a fairly weak Lewis base and
therefore prefers to bind to metals that are in a lower oxidation state as this allows for
backbonding to the carbonyl ligand stabilising such an interaction. This process can also be
used to make important carbonyl complexes such as iron pentacarbonyl which has many uses

in chemistry.[27]
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4.1.2 Carbonylations

Carbonylation reactions have been shown in recent times to be powerful carbon-carbon and
carbon-hetero atom bond forming protocols within chemical synthesis. To date many different
systems have been devised to produce numerous carbonyl-containing compounds such as
ureas, carbamates, oxamates, oxamides, a-keto amides, ketones and esters (Figure 4.2).12%!
The main advantage associated with carbonylation reactions is that it is generally a very
economical method for the synthesis of carbonyl containing products, which introduces an
additional carbon. Moreover, this reaction allows for the introduction of the simplest C1

source, carbon monoxide (CO), which is a relatively cheap, readily available source .12%°!

2 O i j

Rl _R3 Rl X

N~ ~X NJ\H/ RS . R1JJ\H/X\R3
I2 I2 R X
R R? O O

X =0, NH,NR X=0,NH,NR  X=0,NH,NR,H,R  X=0,NH,NR

Figure 4.2: Various functionalities containing carbonyls that can be synthesised using carbonylations.

Two well established industrial techniques make use of CO gas, these are the Monsanto!?!%!
and the Catival®*" process. They have been used in industry from the late 1960s and late 1990s
respectively, although the first reported industrial process was from BASF in 1965 featuring a
high pressure system using a cobalt catalyst.!?*2"2!% These processes involve the carbonylation
of methanol to acetic acid using transition metal catalysis, where the Monsanto process uses
rhodium and the Cativa uses iridium. The general cycle of these transformations consist of
conversion of MeOH to Mel by hydrogen iodide followed by an oxidative insertion of Mel into
the metal [M] 186. Ligand exchange of the iodide with CO then occurs via a migratory insertion
187 proceeding to form the acyl group bonded to the metal 188. This is then reductively
eliminated assisted by the iodide to form acetyl iodide and regenerating the metal catalyst 185

(Figure 4.3).
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. CH,
\,\IAIH/CO I
I/(I:O\CO

co

187
Figure 4.3: Catalytic cycle of the Monsanto (M = Rh) process and Cativa process (M = Ir).

Further industrial syntheses have been developed due to the success of such reactions to form
anhydrides. Eastman chemicals developed a carbonylation of methyl acetate for the large scale
production of acetic anhydride.?*! This process is closely related to the rhodium catalysis of

methanol to acetic acid and was made commercial in 1983.

In all of the various methods developed, conversion is usually dependent on catalysis by a
transition metal to perform the transformation selectively and efficiently. All group 9 and 10
metals in combination with organic iodides show activity for carbonylations and many other
metals such as group 11 have also shown great reactivity. Usual conditions for many of these

reactions work at temperatures of 100-200 °C and pressures of 20-100 bar.
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1.1.5 Hydroformylation of olefins

Another key area within carbonylation chemistry was the discovery of hydroformylation of
olefins. Discovered by research conducted by Otto Roelen at BASF!?'®, the reaction where in
general formaldehyde is added across a double bond to form aldehydes and is referred to as

the “oxo process” a phrase coined by Adkins (Scheme 4.1).2%7)

ML, o

A

=

CO, H, Et” H

Scheme 4.1: Hydroformylation of ethene under metal catalysis with syn gas to produce propanal.

This process like many significant works was discovered by chance, while investigating the
influence of olefins on the Fischer-Tropsch synthesis, using a silica supported cobalt oxide
catalyst.?*®! This was later concluded to be a homogenous process when HCo(CO); was
discovered to be formed in situ at high temperature and pressure, which is required for
stability. Since then many metals have been shown to catalyse this process; Co, Rh, Pd and Pt

have been shown to be most active.

1.1.6 Hetero-formylation conditions

As well as hydroformylation incorporation other simple modifications can be introduced to
form different functional groups. Adding water or an alcohol to formylation conditions can
produce carboxylic acids and esters and has been reported extensively. These processes were

reported by Reppe and have been conducted most effectively with palladium.?*%!

One of the most commonly used metals in organic synthesis is palladium which has been used
for a large amount of carbonyl insertion reactions due to its affinity to carbonyls and its ability

to insert into R-X bonds, heteroatom-H bonds and C-H bonds (Scheme 4.2).

R-X + CO + Nu — RCONu + X

Het-H + CO + Nu — HetCONu

Scheme 4.2: Heck-type carbonylations by halide insertion and H activation of heteroatoms.

This field has grown largely due to the work of Heck since 197422 and numerous carbonyl

containing functional groups have been synthesised. Using the concepts formed under
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hydroformylation conditions and the pioneering work established by the Nobel Prize winners
in Pd cross-coupling reactions, Heck furthered carbonylation chemistry by showing that not
only double bonds can be carbonylated; organic halides could also be exploited. The ability of
palladium to oxidatively insert into organic halide bonds changed the way we synthesise
molecules in the modern day and with the previous knowledge of carbonyl coordination

chemistry carbonylations could be extended.

Mechanistically the process is fairly similar to that of a traditional cross coupling reaction
where an oxidative insertion occurs with the organo halide. This is then followed by
coordination of the CO. There are two schools of thought regarding the next step in the
process. The first is that the halide dissociates to form a charged complex which is then
followed by an attack of the nucleophile to form a palladium acyl complex. Reductive
elimination of the organo compound from the acyl complex forms the product. The second
process is thought to be a migratory insertion of the CO into the carbon palladium bond
followed by reductive elimination to form an acyl halide. This is then quenched by the

nucleophile to form the desired product.

RX / cO
LPd0) —X>  LePd | | gy R
X X

® 0
Path a R | X R
2 La—Pd _HNu,Base | -Pd
Co -HX, Base C~Nu
o O -L,Pd
>‘R HNu, Base o)
Path b La=Pd_ - g
X HX, Base R)J\Nu

-L,Pd

Scheme 4.3: The two proposed pathways of Heck carbonylations.

Multiple studies have been conducted to support either claim and generally evidence points
towards path B. It has also been shown that ligand concentrations play an important role. High
concentrations of phosphine ligands promote greater formation of amide (if Nu is an amine
Scheme 4.3) whereas lower concentrations tend to allow for a greater production of ester (if
Nu is an alcohol Scheme 4.3). This suggests there are different mechanistic pathways for each

functional group.??!
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There are many examples of this versatility in the recent literature. Gaunt et al. showed the
formation of strained B-lactam rings by the C-H activation of aliphatic amines 189.2?%
Activation of the B-methyl group by the palladium species (Pd(OAc),, 10 mol%) formed the
four-membered cyclic intermediate (cyclopalladation). This was then followed by insertion of
the CO under oxidation of air and finally a reductive elimination with the amine to cyclise onto

the formyl group producing the B-lactam 190 (Scheme 4.4).

CO/air (1 atm)
10 mol% Pd(OAc),

10 mol% Cu(OAc),
Toluene, 120 °C, 22-24 h 190

189

Scheme 4.4: Synthesis of B-Lactams via CH activation, carbonylation of aliphatic amines.

Temperatures of 120 °C were used in toluene with copper acetate (Cu(OAc),) used as a co-

catalyst in 10 mol%. Yields ranged from 55-87 % in 22-24 h reaction time.
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4.1.3 Carbonylations in flow

As CO is highly toxic, modern techniques have looked at methods to harness this useful
molecule in a safe and efficient fashion. The use of mass flow controllers (MFC) has led to
introductions of gases into flow systems where the gas can be contained within the tubing,
and thus if toxic or harmful cannot interact with the surrounding environment. Not only this,
but due to the high surface-to-volume ratio, fewer equivalents are needed to allow for
reaction. This is due to the superior interaction between the liquid and the gas phase at a
much higher surface area. Recent examples of this can be split into metal catalysed and non-

metal catalysed reactions.
4.1.3.1. Heterogeneous conditions

Heck amino carbonylations have attracted considerable attention in the last few decades and
this is no different within flow chemistry. Many groups have demonstrated this transformation
of aryl halides to amides via Pd cross coupling in the presence of amines. Two examples
reported by Miller and Ryu were published in 2006.12%312241 Both showed the coupling of aryl
iodides with benzyl amines to produce the corresponding amides 191 and/or 192 . It was
shown by Miller that relatively low pressures of CO were needed to obtain reasonable yields

using PdClx(dppp) at 80 °C, obtaining a yield of 46% for 191 in 2 min Fig 4.4.

|
©/ Ph” > NH, o o
H
PdClx(dppp) ”/\Ph ) N._Ph
o)
191

q 192
co 80 °C

3-4 atm 2 min

Figure 4.4: Formation of amides via Pd catalysed amino Heck carbonylation in flow.

Due to the general success of such a reaction, Miller and co-workers later used this reaction
scheme to develop a rapid screening method in which a chip reactor was used. With a

combination of varying temperatures and Pd/ligand complexes, it was shown that PdCl,
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complexed with Xantphos (4,5-Bis(diphenylphosphino)-9,9-dimethylxanthene) was the most

effective for this transformation.[??*

Ryu’s method consisted of a Pd complex 193 dissolved in an ionic liquid which was premixed at
a prior T-piece with CO via a MFC before introduction of the substrate mixture at a second T-

piece (Figure 4.5).

~N N~
Me Bu [e)
[Bmim]PF, Et
Ph3P—||3d— Cl l}l/
Cl > Et 194
193 CO
+
| 80 °C o) Et
|
Et,NH .
NEt,
(0]

195

Figure 4.5: Aminocarbonylation of iodobenzene, CO() and diethylamine by Pd catalysis in an ionic liquid.

They compared their results to batch conditions where they showed an increase in yield and
selectivity for the monocarbonylation product 194 as compared to the dicarbonylation product
195 of iodobenzene where the flow conditions resulted in 80% yield in 34 min as compared to

5 h and 63% yield under batch conditions.

An extremely efficient system using p-bromobenzonitrile (196) and benzylamine was devised
by Long et al. using a gas-liquid-solid phase set-up to afford amides (197) in shorter times than

the corresponding batch reaction (Scheme 4.5).122%

PdCl,

Br Supported Xantphos Y
o Wean
NG CcO

196 Ph” NH, NC

Iz

197

Supported Xantphos
PdCl, %

Ar” .
11CO Ar ” Ph

P

Ph” “NH,

Scheme 4.5: Carbonylation of aromatic halides using **CO to form amide PET tracers.
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A reusable Pd silica-supported catalyst was used and was further demonstrated to be a
proficient protocol for PET tracers forming very high purity radio-amides with CO. They
produced the labelled compound in a 79% radiochemical yield and in a second run producing it

in a 65% radiochemical yield.

A similar system was then devised by Skoda-Foldes et al. using polymer-supported Pd(PPhs)4 as
the catalyst.!??”? Using DBU as a base at a higher CO pressure of 40 atm and at 80 °C the amino

dicarbonylatyion of arylhalide with amines was accomplished. As shown in Figure 4.6.

1
x R

\!“H
R2 ‘ o) |$1
X =1orBr polymer-supported N\R2
Pd(PPhs), I - I

80 °C
R'R? = -(CH,),-0-(CH,),-
R'=H, R? = cHex
R'=H, R? = nBu
R'=H, R? = -CH,CH=CH,

co i MFC
40 atm

Figure 4.6: Aminodicarbonylation of aryl halide with an amine via supported Pd catalysis.

Another method (Figure 4.7) using solid-liquid-gas technique has been demonstrated in the
commercial X-Cube™ using a supported Pd catalyst in a cartridge.?”®! Csajagi reported an
aminocarbonylation of 2-iodobenzoic acid with pyrolidine at 100 °C and 30 atm of CO. NEts

was used as the base and gave the corresponding amides in good yields with a residence time

of 1.5 min.
|
Sio,
O — 0.9
Pd-packed P
Ph/\NHz ~ bed reactor O o
_ N~ Ph
1co 75 °C H N
12 min 198 Ph,P. PPh
2 - 2
3-4 atm “Pd_
Cl Cl
supported Pd-catalyst

Figure 4.7: Gas, liquid and solid phase amino Heck carbonylation catalysed by a solid support Pd
complex.
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Buchwald et al. showed the coupling of p-bromobenzonitrile (199) using Pd(OAc). with

Xantphos for the aminocarbonylation with morpholine.!??’!

0 o (o
Br Pd(OAc),
(0)
NC/©/ * @H Xantphos Q)kl\@ * /Q)%NQ
NC NC ©

199 co 201 202
2.7 atm, 160 °C 83% 0%
14.8 atm, 109 °C 32% 57%

Scheme 4.6: Aminocarbonylation of p-iodobenzonitrile with morpholine under palladium catalysis in
flow

A low pressure of CO was used of 2.7 atm at 160 °C in flow, to form the monocarbonylation
product 201 in 83% yield and when the pressure was raised to 14.8 atm at a temperature of
109 °C the dicarbonylation product 202 occurred in 57% vyield in addition to 201 in 32%. The
varying pressure and temperatures can be attributed to the method of analysis. Using a
sample loop and by collecting a sample at varying conditions the optimal yields could be

obtained for each compound. In Scheme 4.6 the optimal condition for 201 and 202 are shown.

Not only have examples of aminocarbonylations been described in the literature but further
Heck carbonylations using alcohols to form esters have been reported. Leadbeater et al.
showed a meso-scale device for a larger scale reaction than conventional lab based syntheses
in flow.*% Aryl esters were produced using Pd(OAc),, p-iodotoluene 203 and DBU in ethanol.
12 atm of CO were used at 120 °C in a residence time of 4 min to obtain 204 in an 86% yield

(Scheme 4.7).

DBU o
| Pd(OAc),
> OEt
Ethanol
CO 12 atm
203 120 °C 204

Scheme 4.7: Hydroxy-carbonylation of p-iodotoluene with ethanol by palladium and DBU under
continuous flow conditions.

Another larger scale method was described by the Nihon Nohyaku Company, Ltd.[?*Y They
showed ester formation could be achieved on a gram scale. Furthermore, efficiency was high

using near stoichiometric CO and still having quantitative yield.

131



It was also shown to be possible to synthesise ketones in this manner and the benefits of flow
chemistry have been presented well by the carbonylative Sonogashira coupling of
iodobenzene with phenylacetylene in the presence of CO.1??! A low pressure of CO was needed
at 3 atm with Pd and NEts at 120 °C.This solely produced the ketone 205 as opposed to the
batch Sonogashira coupling which forms 1,2-diphenylacetlyene. (Figure 4.8) This is a prime
example of the benefits of segmented flow and the greater interfacial area that is caused by

microfluidics.
|
©/ Ph

(@)
NEt.
: o R ©)\
[Pd] 205 N

bmim]PF
[ 1PFe 80 °C

12 min

\

3 atm

Figure 4.8: Pd-catalysed carbonylation for the formation of acetylene containing ketones in continuous
flow.

Another demonstration of segmented flow has been shown by Takebayashi.[?*? They used CO

as a reductant to form isocyanate 207 from nitrobenzene 206 (Scheme 4.8).

O2  py py>2c12 NCO

3CO 2 c:o2
207

Scheme 4.8: Reductive carbonylation of nitrobenzene under Pd catalysis.

Under Pd catalysis and comparing two internal diameters of coil reactors (1 mm and 0.5 mm) it
was shown again that the higher surface area caused by the smaller liquid plugs allowed a
higher yield within the same residence time. Decreasing the size in tubing in-turn allowed for
smaller segments which allows for this greater surface interaction between the gas and the
liquid phases where they showed that more than double the amount of CO was absorbed
allowing the reaction to progress quicker. This lead to a higher yield within the same retention

time.
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4.1.3.2. Non-metal catalysed

Although the majority of examples in carbonylation chemistry has been reported with metal
catalysed systems, there has been some research using other activation methods.!?** Ryu et al.
described a radical carbonylation of 1-bromoadadamantane 208 using V-65 (2,2'-azobis(2,4-
dimethylvaleronitrile) as the radical initiator and tributyltinhydride in the presence of CO to
produce 1-carboxyaldehyde adamantane 209. A steel tubular reactor was used to allow for the
high pressure of 85 atm of CO and was heated to 120 °C for 12 min to afford the product 209
in 86% yield (Scheme 4.9).

HSn(nBu);
V-65
@\Br CO 85 atm ~ @\CHO
120 °C, 12 min
208 209

Scheme 4.9: Radical carbonylation of 1-bromoadamantane by a tributyltinhydride, V-65 combination

A second example of a Pd-free system was the Koch-Haaf carbonylation of 1-adamantanol 210.

Et,O
o
210 Extraction
HCOOH 07 unit COOH
211
H,SO, — | rt H,O

1.5 min

Figure 4.9: Koch-Haaf carbonylation of adamantanol using in situ formation of CO in a hastealloy
reactor.

The system used the dehydration of formic acid with sulfuric acid to produce CO in situ. The
dehydration of 210 led to the carbocation and with addition of CO followed by quenching with

water produced the carboxylic acid 211 in 89% vyield. 234
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4.1.3.3. Homogeneous conditions

Another series of techniques utilizing flow chemistry are reactions with toxic gases. The advent
of the AF-2400 tubing system pioneered by Ley et al. has allowed for many different gases to
be produced in situ or introduced into solution without negatively affecting the subsequent
reactions. Recent examples in carbonylation chemistry with this apparatus were shown by Ley
where the tube in tube reactor approach was used to synthesise esters from aryl iodides
(212).°2%%) Two examples were shown where the solution was saturated with CO prior to
entering the reactor coil. This was then subjected to the reaction conditions under Pd catalysis

to produce the aryl esters such as 213 in very good yields of around 80% (Scheme 4.10).

CO 6.9 bar
| Pd(OAc), (5 mol%) 0
dppf (5 mol%)

Et;N (1.1 eq)
~ MeOH/DMF (95:5) o

~N
212 rt

213

Scheme 4.10: Methoxycarbonylation of 3-iodoanisole under palladium base catalysis.

Another approach taken by Ryu and co-workers was to use a method of CO production in situ

(Figure 4.10).2%®

NH

o~

214
Waste

Formic H,s0,
acid

Figure 4.10: Aminocarbonylation of iodobenzene using in-situ formation of CO in a gastropod reactor.

Sulfuric acid and formic acid were used to generate CO in the inner tubing which was then

passed through the membrane to the reaction mixture containing an aryl iodide, amine, a base
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and the Pd catalyst complex. The reaction mixture was then subjected to the reaction

conditions to afford the amide(214) in exellent yields of 59-100%.
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4.1.4 Koch-Type carboxylations.

The Koch or Koch-Haaf carboxylation is the formation of carboxylic acids from either olefins or
alcohols in strongly acidic media. Unlike many other carbonylation methods traditionally the
formation of CO is an in situ process within Koch type reactions.!”®”! This is prepared by the
addition of formic acid to a concentrated sulfuric acid solution, although methods have been
developed using CO gas introduction. As this reaction is in very acidic media, protonation easily
occurs and therefore the reaction proceeds through either dehydration (alcohol) or simple
protonation (olefin) to form a carbocation. The reaction of the carbocation with CO affords an
oxo-carbenium ion (acyl cation) which is the key step in the formation of carboxylic acids via
this method. As this is a reversible step, at this stage it is highly dependent on the
concentration of CO in solution therefore larger concentrations of CO are needed to form the

desired product (Scheme 4.11).

R1
—R*

2
R3 R R1>(§O 1>(§ o
><OH R? R? R' R2
R1

Scheme 4.11: Koch and Koch-Haaf conditions for formation of acids from alkenes and alcohols.

Traditionally Koch-type reactions were studied in concentrated H,SO, solutions but to date
numerous acid sources have been used from mineral and Lewis acids?®®, to solid acids®?** and

acidic ionic liquids!®,

The original approach from Koch used hydrocarbon alkenes along with H,SO, and formic acid
to obtain the corresponding carboxylic acids in good yields.”*”! Simple alkenes such as hept-1-

ene and cyclohexene 215 were used in the highly acidic medium (Scheme 4.12).

® COOH
Hy,S0,4 ©) E><COOH
—_— —_— +
HCOOH O
215 216 217

Scheme 4.12: Koch carbonylation of cyclohexene.
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With the latter example it was observed that the carbocation formed initially rearranges from
the secondary cyclohexyl cation to the more stable tertiary cyclopentyl methyl cation. The
formation of such cations has been studied, and as a result it has been proposed that the
rearrangement to the more stable cation is faster than the attack of the CO moiety. From this
observation the rates of reaction of carbocations were tested in relation to their reaction with

CO gas (Scheme 4.13).

Z o+ P RY
®
RZ + Co RCO
® ®
RCO® + H,0 RCOOH,
@
RCOOH, RCOOH + HC

Scheme 4.13: Equilibrium conditions for each step of the Koch carboxylation.

Although each step of the reaction is in equilibrium, the rate-determining step is considered to
be the formation of the acyl cation. Therefore this is highly dependent on the stability of the
carbocation formed and the concentration of CO within the solution.’?”! As a result, little work

has been described with this method using highly stabilised carbocations.

4.1.4.1. Carbon monoxide scavenger complexes

As well as carbonylations from alkyl halides a few methods have been developed with metal
catalysts for the carbonylation of carbocations. Souma et al. devised a copper (I) carbonyl
system formed from copper oxide and carbon monoxide in concentrated sulfuric acid. They
claimed that the unstable [CuCO]* system could be used as a carrier for the CO, this reduced
the equivalents needed as the CO would then be kept in solution bound to the metal. They
showed various carbonylations of unsaturated hydrocarbons resulting in comparable yields as

traditional methods.

Metals have played an important role in many industrial carbonylation reactions and have
shown strong tendencies to bind to carbonyls.?*Y The majority of processes use the typical
Heck-type carbonylations with insertion into a double bond or carbon halide/pseudohalides
bonds. Unlike these methods where the metal plays a direct role in the transfer of the carbonyl
to the reactant there have been studies on using metals such as copper and silver in the +1

oxidation state to form complexes that can collect up to 4 molecules of carbon monoxide to
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each metal centre. This allows for much higher concentrations of the gas within solution at any
given time. These complexes tend to only be formed when there is an absence of counteranion
basicity and so very strong acidic media are used for this but there are other conditions which
can allow for this interaction. This ability to absorb CO and act in strong acidic media therefore
allows these +1 metals to facilitate the Koch-type carbonylation, and has been shown in
numerous publications by Souma et al.?*? They originally showed that copper () oxide could
be solvated in concentrated sulfuric acid, and that upon addition of CO() from a bubbler a
Cu[CO]* complex could be formed. On addition of an olefin or alcohol the catalyst was able to
transfer a CO onto the formed carbocation within the strong acidic media (Scheme 4.14).
Substrates such as 1-hexene and 1-hexanol were shown to be carbonylated in moderate yield

of up to 70%.

R1
CO - R RO
Cu,0 —— |cu[co),| — COOH
HZSO4 or or

R-OH RCOOH

Scheme 4.14: Koch-type carbonylations using copper as a CO scavenger.

The same group then moved on to study additional transition metals for this method.?*®! They
used silver (I) oxide for the same transformations whilst also studying the effect of acid
concentration on the conversion and rate of reaction. Similar yields were obtained with the

highest concentration of acid leading to the highest conversion and rate of reaction (Scheme

4.15).
R1
CO) R R\)\COOH
Ag20 = |AACOL | or
504 R-OH RCOOH
10 - 80%

Scheme 4.15: Koch-type carbonylations using silver as a CO scavenger.

It was shown that at acid concentrations of below 90 wt%, the rate of reaction was reduced

significantly and therefore the method was virtually impractical.

They moved onto using gold where the formation of the active gold () species was in situ

(Scheme 4.16).[244]
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) F3C—|OS|—OH o
AU203 > AU(CO)n
CcO

Scheme 4.16: Formation of the active gold (I) species via oxidation by CO triflic acid combination.

When Au,03 was dissolved in concentrated trifluoromethane sulfonic acid, the introduction of
CO(g allowed for the reduction of the gold (Ill) species to the active gold () species, which
could then undergo catalysis. The active catalyst was then used to transfer the carbonyl to a
variety of olefins demonstrating its increased rate compared to the absence of said catalyst.
Results were compared to the copper catalyst with analogous results. Additional work showed
the use of palladium under Koch-type conditions for the carbonylations of olefins and
alcohols.?*! They further investigated their catalytic system using computational calculations
which showed that the stability of the catalytic system was in the sequence of Ag<Cu<Pd<Au

for mono-carbonylated complexes.

Later publications focused on rhodium*® and platinum/?*”! complexes in which the same
authors showed very similar results could be obtained but with only olefinic substrates. Unlike
previous complexes. platinum showed a new characteristic of forming a dimer of
hexacarbonyldiplatinum which would still undergo catalysis, although a large drop off in

reaction rate was observed when using the cis-isomer of the dimer.

In addition, a report consisted of using silver(l) triflate!?*® without the presence of a strong
Brgnsted acids. The authors demonstrated that tertiary alkyl alcohols could be dehydroxylated
to the corresponding tertiary alkyl cations. This was achieved using the Lewis acidity of the

silver salt to form the carboxylic product after addition of CO (Scheme 4.17).

CO 5 MPa

AgOTf
'R-OH > 'R-COOH
18 h
Hexane

Scheme 4.17: Carboxylation of tertiary alkanes via silver triflate catalysis.

Although this was shown to be possible very high pressures of gas were needed to form the
product which showed parity to the many conditions used with Mo(CO)s and Fe(CO)s in the

past.
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4.2 Results and Discussion

As previously mentioned the first Koch type carbonylation in continuous flow was reported by
Ryu et al.?** They showed a simple flow system for the addition of in situ generated carbon
monoxide in microreactors. With only a limited amount of CO produced at any time this could
be seen as a very green method whilst being much safer than conventional batch type
chemistry. Flow chemistry, due to its considerably higher surface to volume ratio and the

absence of head space, allows for a much more efficient system.

Although a few Koch-type carbonylations have been reported in the literature the range of
substrates is still very limited; mainly only aliphatic alcohols and olefins have been
carbonylated to date using this method. The aim of this project is to explore these types of
reactions and therefore increase the scope to systems such as benzylic alcohols. Only one
publication has reported the carbonylation of such substrates under batch conditions and
none have been reported in flow therefore these conditions using the system devised by Ryu,

formed the basis for this project.

4.2.1 Traditional Koch-Haaf carbonylations
To first develop the initial system Ryu’s experiments were repeated. Using 1-adamantanol
dissolved in formic acid (syringe A) and concentrated sulfuric acid (97%) (syringe B) the
reaction was performed in a simple PTFE tube reactor using a Comet mixer. A further inlet with
a T-piece was used after the residence coil to allow for addition of diethyl ether (to prevent
blockages on addition of water) and the mixture was finally dropped into a stirred beaker of

water to collect the carboxylic acid Figure 4.11.
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Figure 4.11: Flow set-up for Koch-Haaf carbonyaltions in flow as adapted from Ryu et al.

This produced the adamanylcarboxylic acid in 60% vyield with a large amount of starting
material remaining; this was because on addition of the formic acid to the sulfuric acid the CO
gas produced caused a large plug flow of gas. This gave an inconsistent residence time within
the coil. Although in Ryu’s work no back pressure regulator (BPR) was stated, it is difficult to
understand how similar problems did not occur within their work and therefore the results
may be unreliable. Due to equipment limitations, we could also not install a BPR as their lack of
acid resistance. It was therefore hoped that other methods could be used to solve this. By
clamping the end of the outlet tube partially closed a small degree of control could be exerted,

although this was not perfect.

The substrate of choice to further the scope of this transformation in continuous flow
technology was benzhydrol 200. Only one paper!?** has been published on such systems under
the Koch-Haaf conditions and thus this was considered a good starting point for further

investigation. Benzhydrol was tested under the conditions established for 1-adamantanol.
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Scheme 4.18: Scheme depicting the unexpected side reaction upon Koch-Haaf type carbonylation of
benzhydrol in flow.

Unfortunately, diphenylacetic acid 218 was not produced and instead the major products were
the decomposition or dimerization product 220 of the starting material (21%). Therefore on
formation of the carbocation by dehydration, a second benzhydrol molecule must attack

before introduction of the CO to the carbocation (Scheme 4.18).

This is in concurrence with previously studied systems of benzhydrols in concentrated sulfuric
acid where in high substrate to solvent concentration the formation of the ether occurs. Work
from Takahashi®*® confirmed this as when vigorous mixing was used, the yields of the
carboxylic acids were essentially zero and dimerization occurred readily. Not only this, but as
within a non-pressurised batch system, the mixing of the solution allowed for dissolution of
the CO, which thus reduced the concentration of the CO and allowed the alcohol to react with

the carbocation.

It was thought that the use of a micromixer had a negative effect on the formation of the acid
and created more instances for dimerization. The comet micromixer was therefore removed
from the set-up and replaced by a simple T-piece with the use of 0.5 mm [.D. tubing. This
allowed for mixing only by diffusion through laminar flow and reduced the likelihood of
dimerization. It was further hoped that using a T-piece mixer would reduce the CO gas being
expelled from solution and cause less plug flow. Unfortunately the acid was not obtained and a
mixture of small amounts of dimerization product was observed probably due to the poorer

mixing, in addition to unidentifiable side products and a large amount of starting material.

To prevent this, two methods were devised. A lower concentration of substrate within

solution, having less of the benzhydrol within the vicinity of the formed carbocation would
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allow for the CO to have more time to attack the carbocation. The second approach was
capping the end of the alcohol with a protecting group which still had the ability to leave to

cause the formation of the desired carbocation.

The easiest and quickest theory to test was the reduction in concentration. This was simply
achieved by increasing the volume of formic acid in ratio to the alcohol in solution. This in turn
would also increase the amount of CO produced, and thereby increase the likelihood of

interaction with the carbocation Table 4.1.

OH H2SO4 COOH
_—
Ph)\Ph HCOOH Ph” “Ph
Entry Concentration (M) Yield (%)
1 2 0
2 1 0

Table 4.1: Concentration effects on the Koch-Haaf reaction in flow.

Although from these conditions there was no formation of the bisdiphenylmethylether, the
reaction was not successful and upon quenching with water, the starting material was
recovered. This could have been attributable to CO not reacting with the carbocation or

secondly, that the carbocation was not produced at these lower concentrations.

OH MeCN
Ph H2SO,4 P

Ph
218 221

Ph
Ph

Scheme 4.19: Ritter conditions to test formation of carbocation in flow.

A similar reaction that proceeds through a carbocation intermediate and was earlier studied in
flow within the Wirth group is the Ritter reaction, where addition of a nitrile to the carbocation
followed by quenching with water forms an amide as the product (Scheme 4.19). To test the
concentration of the reaction mixture the conditions were repeated although using
acetonitrile instead of formic acid. This produced the amide 221 in very good yields 65%,

therefore suggesting the formation of the carbocation at these concentrations.

The second modification trialled was the protection of the alcohol to prevent the dimerization
by blocking the nucleophilicity of the alcohols. As reported in previous works using Ritter-type

chemistry, addition of an acetyl group was used to protect the alcohol. This has been shown to
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still undergo elimination to form the carbocation and therefore undergo addition. It was then
decided that this could be used for the carbonylation conditions, allowing for higher
concentration of acid to substrate upon mixing and therefore a more electrophilic carbocation.
Acetylation was accomplished through a simple procedure of benzhydrol in acetic anhydride at
reflux to afford benzhydryl acetate 204 in 90 % yield. The conditions were then repeated using

this for the in situ Koch type carbonylation.

C LR
OAC HcooH OH

e
H,SO,

O e O

222 219

Scheme 4.20: Proposed method to prevent dimerization pathway when using benzhydrol as a substrate.

Upon mixing with the sulfuric acid a large colour change occurred, which implied the formation
of a new species and therefore possibly the desired carbocation. When quenched with water
and isolation, decomposition products were observed although dimerization was not (Scheme

4.20).

It was hence thought that CO is either too poor a nucleophile to react with such stabilised
carbocations, or that not enough CO is in solution to react with the carbocation ion formed,
which lead to a greater chance of decomposition and side reactions. One problem was
assumed to have been the large mixing effect formed by the Taylor flow in the reactor coil.
Mixing has been shown, in previous work with benzhydrol-type derivatives,?*® to be
detrimental to acid formation under batch conditions and further commented on the
unsuitability of benzhydrol itself for this reaction.!?*®! Takahashi’s work mainly focused on using
para-substituted systems such as 4,4” dichlorophenyl methanol 205 where the side products
associated with benzhydrol were not observed or at least were observed to a much lower
degree.?® The reaction was repeated under batch-type conditions using the chlorinated
substrate with the absence of stirring. This resulted in a yield of 90% and showed the

applicability of this reaction towards carbonylation.
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OH HCOOH COOH

Ar” CAr H2SO4 Ar” CAr
223 224
0,
Ar = 4-Cl-CgH, 90%

Scheme 4.21: Koch carnonylation under batch conditions, alcohol (2 mmol), sulfuric acid (10 mL) and
formic acid (0.5 mL) room temperature 2 h.

The next step was to try and replicate these conditions under continuous flow. This would
minimise the expulsion of COy from the acid solution and reduce the effect of plug flow, in
turn allowing for a much longer residence time. By reducing the flow rates and using AF2400
tubing it was thought that more optimal conditions could be achieved over a traditional type
PTFE reactor. The AF2400 tubing would be used to release the pressure build up from the

formation of gas and therefore prevent plug flow (Scheme 4.21).

Conditions replicating the batch procedure were used although a small amount of diethyl
ether was introduced to the formic acid substrate syringe to allow for complete dissolution of

the benzhydrol derivative 223 (Scheme 4.22, Figure 4.12).

OH HCOOH COOH Ar\ro\( Ar
+
Ar” Ar HoSO4Et,O  Ar™ “Ar Ar  Ar
223 0.1 ”r‘t" min 224 225
Ar = 4-Cl-CgH, 0% "

Scheme 4.22: Reaction conditions for flow Koch-Haaf reaction using 205 (2 mmol), HCOOH (0.5 mL),
Et20 (0.5 mL) and H2S04 (5 mL).

Sealed

Gas Escape

OH  H,SO, H,0
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Formic acid
Etzo R =4-C|CGH4

Figure 4.12: The use of AF-2400 tubing for the reduction of pressure and plug flow in Koch-type
carbonylations.
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Using the gas-permeable tubing, pressure was released and a reliable flow regime could be
observed. This allowed for the reaction mixture to have a much longer residence time
compared to the previous conditions where either starting material was recovered or a dimer
was formed. The reaction was performed with a residence time of 40 min before being
quenched into water. Upon analysis, a mixture of side products was prevalent, although the
acid product had been formed in small amounts. The side products were determined to be
decomposition products of the starting material. It was thought that as there was most likely
too low a concentration of CO in solution that the formed carbocation began fragmentation
into side products or dimerized. On further analysis the major side product was determined to
be the di-(4,4'-dichlorobenzhydryl) ether suggesting that there indeed was a lack of CO in
solution, it was therefore decided to change the system to less stabilised systems to allow for
quicker reaction times once the carbocation is formed and to change to another synthon for

the carboxylic acid formation.

Focus was given to the use of single aryl stabilised systems such as benzyl alcohols which
would hopefully be more reactive towards CO and would not dimerise. Upon initial testing of
these substrates under standard the conditions the alcohol dissolved in formic acid followed
by addition of sulfuric acid, large amounts of precipitate were formd within the reactor coil
and therefore blocking repeatedly occurred. This brought into use the addition of a co-solvent

for the reaction (Table 4.2).

HCOOH
OH H,SO4 OH
©/\ Solvent m
Substrate Co-solvent Result
Benzyl alcohol Ether Blockage
Benzyl alcohol Acetic acid Blockage
Benzyl alcohol Chloroform (CsH4CH))n,
p-Methyl benzyl alcohol Chloroform (CeHaCHa)n.
Tri methyl benzyl alcohol Chloroform (CeHaCHa)n.

Table 4.2: Carbonylation attempts using benzylic type substrates. Alcohol (1 eq), H2SO4 (excess), Formic
acid (20 eq). in a concentration of 0.5 M with a residence time of 30 min at RT.

As shown in Table 4.2 CHCI; was shown to be the best solvent for prevention of precipitation
as opposed to some the other solvents shown. Due to the harsh conditions solvent options

were limited for such reactions. Upon quenching with water a colourless precipitate formed.
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Solubility of the precipitate was extremely low, polar solvents such as methanol, acetonitrile
and water showed no solvation of the precipitate for NMR studies. Chloroform was able to

solvate the compound to some degree and therefore proton NMR could be measured.

Upon measurement the spectrum showed large broadening of the peaks within the area of the
aromatic and benzylic regions implying the benzyl group was intact and not simply
decomposed. When referring to the literature?® similar conditions were used for another
transformation using benzyl alcohols. The addition of sulfuric acid to benzyl alcohols in
chloroform has been shown to form polymeric structures of the form H(CgHsCH,), arising from
the formation of the benzyl cation. NMR data from this work supported the findings as broad
peaks were shown within the same regions. Lower concentrations of acid proved to be just as
unsuccessful at affording the phenyl acetic acid product with polymerisation occurring. Para
methyl benzyl alcohol was further chosen to add a blocking site to the ring to prevent
polymerisation through the para position. This unfortunately did not prevent the
polymerisation. The original broad peaks were observed with the addition of a broad peak in
the region of the methyl group. It was therefore thought that polymerisation could be
accomplished through any site of the ring through electrophilic addition. When tested with
trimethyl benzyl alcohol no desired products were formed, and thus it was confirmed that

benzyl alcohols are unsuitable for Koch-Haaf carbonylations under these conditions.
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4.2.2 Carboxylic acids through nitrile formation and
hydrolysis
As CO seemed to lack sufficient nucleophilicity to react with previous carbocations it was
thought that maybe an isotere of a carboxy group could be used in place. Cyanide is a typical
group used in many organic syntheses for introducing a carboxyl group into a molecule by
nucleophilic addition. Although like CO it is a useful one-carbon source of addition it has its
drawbacks. Cyanide is very toxic and as well as being initially toxic, under these highly acidic
conditions the reagents used can easily be protonated to form HCN. HCN is an extremely toxic
gas and therefore a sealed continuous flow system is ideally suited for reaction in which it is

used, as the gas cannot escape or form large concentrations in a head space.

It was thought that if the addition of the cyanide group to the carbocation was successful
under these highly acidic conditions that it would subsequently be hydrolysed to the carboxylic
acid. This would be beneficial in two ways. 1. A single-step flow protocol of carboxylic acids
from alcohols and 2. the toxic cyanide group would be quenched without being released into

the surrounding environment thus making this a relatively safe procedure.

The system was then adapted for this reaction. Formic acid was removed as the solvent of
choice for the solvation of the alcohol and substituted with chloroform or acetic acid

depending on the cyanide source. Conditions can be seen below in Table 4.3

H
OH H,SO,
)\ O)\NH
Ph” “Ph KCN
AcOH Ph Ph
218 226
Cyanide source Acid Solvent Product
KCN H,S04 AcOH 226 (54%)
TMSCN BFs.OEt; Chloroform 226 (48%)
TMSCN AlICl3 Chloroform -

Table 4.3: Conditions used were benzhydrol (1 eq) , cyanide source (2 eq) at RT for 20 min residence
time.

As shown from Table 4.3 the product of the reaction scheme was not the desired product
(226) or an intermediate of the product. As with other nitrile sources such as acetonitrile the

Ritter product 208 was observed, formation of the formamide. It was concluded that the
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cyanide source must still attack the carbocation through the nitrogen opposed to the carbon

(Scheme 4.23).

i KCN i /—\ O
OH 5| HON : N
AcOH

al-rs 8

: OH,
H

Scheme 4.23: Proposed formamide formation under Ritter conditions from Cyanide sources.

This is likely to be due to the highly acidic conditions of the system, where the large excess of
H* prevents the formation of a naked "CN ion meaning HCN is prevalent. It is therefore more
favourable to attack using the nitrogen lone pair, forming the Ritter product upon hydrolysis

with water.

To remove this factor a change of conditions were applied under batch condition to search for
an improved method. Instead of using Brgnsted acids it was thought that using a Lewis acid
could prevent the addition through the nitrogen as protonation of the cyanide group would be

limited.

The Lewis acid of choice for these studies was chosen to be boron trifluoride diethyl etherate.
BF3.0Et; is a very strong Lewis acid and is hence capable of forming carbenium ions from
alcohols effectively; it is additionally very soluble in the majority of organic solvents making it

an obvious choice for flow chemistry (Scheme 4.24).

OH CN
BF3.OEt,

—_—
DRUER-TNORD
CHCl,

227

Scheme4.24: Attempted conditions for the Lewis acid catalysed transformation of benzhydrol to 227.
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Benzhydrol was again used for the initial conditions in chloroform using TMSCN as the cyanide
source due to its increased solubility in organic solvent compared to KCN. Formation of the
carbocation was prevalent upon addition of the Lewis acid and with subsequent addition of
TMSCN the reaction mixture was monitored by TLC until the starting material had been

consumed. It was shown that the Ritter product had again been formed.

It was therefore thought that the governing force behind the reactivity of such a system was
down to the characteristics of the electrophile and the nucleophile. As the substituted
carbocation is quite a hard electrophile, it prefers to react with hard nucleophiles. In this case
the nitrogen of the cyanide group is much harder than the carbanion; therefore addition goes

through the nitrogen.

In recent times AF-2400 tubing has been a popular method for introducing gases to solutions
within flow chemistry and as mentioned before numerous works have been shown within this
area. It was sought to utilise such as system for the Koch-type carbonylations using CO gas as
opposed to in situ formation where saturation of the solvent would allow for a much larger
concentration of CO to counteract the low nucleophilicity. This would therefore allow for
alternate dehydration conditions to be used without the use of the Brgnsted acid system that

previously caused dimerization.

Although this system can still aid in the dehydroxylation of the alcohols, Lewis acids have not
been known to dehydrate formic acid to CO therefore in situ generation could not be applied

to this system.

151



0.1 mL/min

Lewis acid

Chloroform|:: Chloroform

Figure 4.13: AF-2400 tube in tube gastropod for the introduction of CO gas in the carbonylation of
benzhydrol derivatives in continuous flow under Lewis acid catalysis.

Using benzhydrol dissolved in chloroform, CO( was introduced under pressure to enrich the
solution within the AF-2400 tubing (Figure 4.13). The Lewis acid was then introduced via a
second inlet at a mixer to dehydroxylate the alcohol in the presence of a saturated CO

solution.

Ph Lewis Acid Ph OH
PR Ph)ﬁ(
Ph OH Solvent 5
CcoO
Solvent Lewis Acid Residence time Yields

(min) (%)

Dichloromethane BFs.0OEt; 20 N.R
Chloroform BF;.0OEt; 40 N.R
Chloroform AlCl5 20 N.R
Chloroform AlCl5 40 N.R
Chloroform T3P 20 N.R

Table 4.4: Lewis acid catalysed Koch type carbonylations using CO gas from gas permeable tubing:
Benzhydrol (2 mmol) in solvent (0.8M), Lewis acid (2.2 mmol) in solvent (0.88 M) with 4 bar of CO
pressure at a flow rate of 0.1 mL/min. T3P = Propylphosphonic anhydride

As shown from Table 4.4, when using BF;.OEt; there was no formation of any product. This

could be due to lack of interaction with the CO, leading to formation of the starting material
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upon quenching with water. When using AICls similar results were obtained as no acid product
was formed and only starting material was recovered. A single trial was performed with
propylphosphonic anhydride (TsP) dehydrating agent in an attempt to form the carbocation.
Although TsP has shown great aptitude in dehydrating for coupling reactions it was not
efficient enough to allow for the formation of the carbocation in this case; no colour change
was observed, unlike in other methods. Unfortunately due to limited time with the gastropod

further conditions could not be trialled.
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4.2.3 Metal catalysed Koch-type carbonylations

Due to the poor results when using traditional Koch-type conditions, it was believed that using
a metal would benefit the reaction extensively. As shown from many industrial and laboratory
procedures a large amount of work has been developed in the area of metal-catalysed
carbonylations. Traditional methods that use a leaving group for oxidative insertion have
shown to be very successful notably in the Monsanto process, but a hydroxyl is a very poor
leaving group and it is difficult for metals to insert into the carbon-oxygen bond. Also with
conditions such as highly acidic media dehydration occurs forming a carbocation. This then
does not allow for oxidative insertion. A different class of metals have been used for the
carbonylation of carbocations most notably from the work of Souma. Silver and copper oxides
have been shown to be very useful for capture of CO gas and therefore have been reported as

useful for Koch-type carbonylations (Scheme 4.25).

co
H,SO,

Mn0 Mo[COJ*

Scheme 4.25: Scavenging of CO) into solution using transition metal with +1 oxidation state.

The method demonstrated the formation of a M,[CO]* complex formed in situ by bubbling CO
gas through a solution of metal oxide dissolved in concentrated sulfuric acid. With the pre-
catalyst formed and with addition of the alcohol carbonylation occurs. It is thought that as the
metal captures the CO it can be in a higher concentration within the acid solution and upon
dehydration to the carbocation the nucleophile is then readily available. It was decided that

this could similarly help the case when using it within our system.

Two paths were devised: capture of CO in situ by formation upon dehydration of formic acid

and preformation by bubbling into the acid solution followed by introduction to the alcohol.

154



Sulfuric acid,

Ag20 O;

4,4'-DiCl-benzhydrol,
Formic Acid

e

—

Figure 4.14: Proposed set-up for scavenging in situ formed CO gas using Ag*ions in concentrated H2SOa.

The first system consisted of very similar conditions to the conditions of Ryu!?** but with

addition of a metal salt dissolved in the H,SO4.(Figure 4.14, Scheme 4.26)

OH HCOOH COOH
A Thso
Ar Ar H2SO4 Ar Ar
223 Ag,0 224
Ar = 4-CIl-CgH,4

Scheme 4.26: Proposed reaction conditions for the Koch-Haaf reaction of alcohol 223 to acid 224 using
silver oxide as a CO scavenger.

The reaction was then run in the same manner and the reaction mixture collected upon
quenching with water. Although copper (I) showed a stronger ability to coordinate to CO than
silver (1) it was shown to be completely inapplicable for flow chemistry due to the poor
solubility in concentrated H,SO.. Using silver (1) oxide (50 mol%) dissolved in H,SO, were the
chosen conditions for the first trial using the 4,4’ dichlorophenyl methanol derivative. It was
shown after analysis by NMR of the crude material that the acid product had not been
produced although a mixture and the di-(4,4'-dichlorobenzhydryl) ether had been formed
along with decomposition. Again this is likely due to the lack of CO () in solution therefore this

method did not improve the concentration of gas in solution.

The second method was trialled in parallel. Formation of the pre-catalyst was prepared via the
previously reported method of solvation of the metal catalyst in sulfuric acid and bubbling CO
gas into the chamber. An in situ generation of CO was used in a second chamber attached to
the catalyst chamber by a cannula. Formic acid was added slowly to a concentrated sulfuric
acid and the evolved gas was then transferred to the first chamber via the cannula with an

escape needle for safety (Figure 4.15).
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Formic acid Pressure release
needle

H,SO, H,SO,

Figure 4.15: Method of introduction of CO gas for absorption onto M*in highly acidic media.

Batch studies were first attempted by dropwise addition of the alcohol to the preformed
solution, before being stirred for the designated time Table 4.4. A number of reaction times
and absorption times were trialled in order to allow for formation of the carboxylic acid
product 210. Cyclopentanol was chosen as the substrate to test the system as this had already

been reported in similar work (Scheme 4.26).124

cO
1 atm + QOH [ : ZO

Ag,O + H,SO, —x—» [Ag(CO)n

OH
228

Scheme 4.26: Reaction scheme for batch carbonylation of cyclopentanecarboxylic acid. Ag20 (0.5 eq),
H2S04 (10 mL), cyclopnetanol (1 eq) at RT.

CO absorptiontime  Reaction time Yield
(hrs) (hrs) (%)

1 1 N.R

1 2 N.R

2 2 N.R

Table 4.5: Batch attempts of Koch type carbonylations of cyclopentanol in the presence of Ag20 (0.5 eq)
dissolved in concentrated H2S04 (Xs).

As shown in Table 4.5 this method was unsuccessful in introducing the CO gas into solution.
Although absorption time was much longer than in the reported publication no formation of
the carboxylic acid product was observed. Decomposition products with some starting
material were recovered upon quenching with crushed ice. By changing the source of CO to a
lecture bottle a cleaner source of CO could be introduced. This also allowed for evacuation of
the flask to remove all air and moisture. By evacuating the air, balloons could be filled with CO

and introduced to the evacuated flask thus creating a CO atmosphere in the flask. The solution
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was stirred vigorously to allow for solvation of the CO atmosphere into the solution of H,SO4
containing Ag,0 (50 mol%). The solution was stirred overnight under atmospheric pressure of
CO in order to allow for enough CO to be absorbed through equilibrium. On addition of the
cyclopentanol the deep colour change occurred as associated with carbocation formation.
Although the solution was allowed to stir for considerably longer than the reported procedure
no formation of acid was detected and again it was thought that formation of the complex had
not been successful. Unlike the previous method where a large volume of CO was bubbled
through the solution, due to equipment limitations this could not be replicated to the same
degree. It was therefore thought that as no formation of the acid product was observed then

that the detrimental factor could be the low concentration of CO in solution.
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4.2.4  Concluding remarks to Koch chemistry and future

work

Due to time constraints the project was ended without further investigations. The work
showed that diaylalcohols are difficult substrates to perform the Koch-Haaf reaction with,
where high concentrations or stronger nucleophiles are needed to react. By using the flow
methods devised in previous Koch-type reactions, the systems struggled with large formations
of gas therefore multiple methods were devised to alleviate this problem. Using AF-2400
tubing resulted in much more consistent flow regimes as pressure within the tubing was
released although this likely resulted in much lower concentrations within solution and in the
tubing. This promoted formation of side products or reformation of starting material. Using CO
scavengers resulted in no formation of the product where as shown in the batch conditions a

large volume of CO is needed to form the initial pre-catalyst in solution.

Figure 4.16: Set-up for Koch-Haaf carbonylations for future studies.

If the investigation was allowed to advance further it would likely result in the use of acid
resistant back pressure regulators and HPLC pumps. This would allow for the containment of
CO gas either within solution or controlled segmented flow. Furthermore by using the AF-2400
tubing to saturate the H,SO, solution containing one of the CO scavenging metals such as Ag(l)
the concentration of CO could circumvent the mixing problems that lead to dissolution of the

CO(g and therefore prevent side reactions and potential dimerization (Figure 4.16).
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5.1 Introduction to Ritter reactions

The Ritter reaction is the formation of amides,®%%1 from the addition of nitriles to
carbocations, and has a commonality with the Koch type reaction. The formation of the
carbocation comes from dehydration of alcohols or protonation of alkenes and serves as a
useful synthetic protocol for the synthesis of many amide containing products. Many works
have been established in the last decade where catalysts, substrates and reaction media have
been extended.[?®*253] Although this is the case in batch, only a few publications have been
presented in continuous flow.?*?>%1 The characteristics of the reaction conditions lend
themselves to being used in continuous flow due to the highly exothermic nature of the
reaction. The huge increase in surface-to-volume ratio created allows for considerably less
need for cooling as within typical batch conditions, and therefore reaction times can be
slashed. This is particularly apparent when moving to large scale synthesis as mentioned in

previous chapters.

As mentioned, little has been demonstrated of the Ritter reaction in flow. Wirth et al.2>42%°
showed that alkyl type alcohols (229) and alkenes could be used to form a multitude of amides
(230) from simple nitrile sources such as MeCN and EtCN in very good yields at 45 °C in 3 mins

in their first publication (Scheme 5.1).

OH MeCN o
(J e ()T

229 85% HySO,4 230

Scheme 5.1: Ritter condition demonstrated by Wirth et al. using cyclohexanol and acetonitrile.
This was later followed up with work that showed that the reaction system was not just limited

to simple nitriles and even nitriles such as malononitrile could be used to form the diamide

product 231 in 10% vyield at 45 °C in 6 min (Scheme 5.2).

N o o

N
AN =Z
on SN2 AN
AcOH /’\ 231 4\
85% H,SO,4

10%

Scheme 5.2: Ritter reaction in flow of malononitrile and t-butanol by sulphuric acid.
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5.2 Results and Discussion

As shown within the Koch type reactions when using acetonitrile with benzyl type alcohols the
Ritter products were observed. As within the previous work within Ritter reactions in flow only
one benzylic type substrate had been used and it was thought that this could be explored.
Using conditions similar to that reported with benzhydrol 4-methylbenzyl alcohol was

subjected to the Ritter conditions.

(Dj@) — ( )33'7

85% H,SO,

Alcohol KOH 49
MeCN

Figure 5.1: Schematic for the proposed Ritter reactions in flow.

Initial conditions run at room temperature resulted in a very good yield using MeCN as the
solvent (Figure 5.1). Decreasing the equivalents of MeCN using AcOH as the solvent resulted in

a drastic drop in yield.

OH MeCN/AcOH Ph “
Ph)\ Ph 85% H,SO, l/h E/
Acetonitrile Yield

(%)

5mL 80
leq 22

10 eq 65

Table 5.1: Screening of nitrile equivalents for the Ritter reaction in flow. benzhydrol (2 mmol) in
nitrile/AcOH (5 mL), sulfuric acid (5 mL) at room temperature for 30 min of residence time.

Once the conditions in flow had been found a small substrate scope was trialled as shown in

Table 5.2 below.
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OH 85% H,SO, HN)K
\ h R’ MeCN
e AN 1
(= | R
R? &
R2
Substrate Product Yield
(%)
(0]
NJ\
4-methylbenzylalcohol H 80
232

1-phenylethanol ©)\ 87
o
ANH
di-p-tolylmethanol 76

bis(4-fluorophenyl)methanol 74
F F
@]
2-phenyloxirane Decomposition

Table 5.2: Substrates used in the Ritter reaction in flow. Alcohol (2mmol) in nitrile (5 mL), sulfuric acid (5
mL) at room temperature for 30 min of residence time.

As shown from table 5.2 the yields of the Ritter products were generally good in all cases. The
compound 232 was produced in good yield (80%). Secondary alcohols proved to work well as

shown by the yield of 233 and furthermore the diarylamides 234 and 235 both showed
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excellent yields with the electron rich and poor substituents. As shown, the stabilised nature of
these substrates did not affect the overall yields of the reaction where very good yields were

obtained throughout.

The reaction involving 2-phenyloxirane using the same Ritter conditions above resulted in a

complex mixture of side products with no formation of the dihydrooxazole in Scheme 5.3.

Q 85% H,S0, N;<
0

MeCN

237 238

Scheme 5.3: Ritter-type reaction of styrene epoxide using previously optimised conditions.

5.2.1. Conclusion

As shown by previous work by Wirth et al flow chemistry lends itself very well to the Ritter
reaction, as the exothermic nature of the reaction is easily controlled by the large surface-to-
volume ratio. This chapter looked to show that this chemistry is not just limited to alkyl
alcohols. It was shown that benzyl alcohols lend themselves very well to the addition of
acetonitrile under Ritter conditions. Reactions times were shown to be still quick with very

good yields throughout.

Although attempted, the Ritter reaction to form the dihydrooxazole of 2-phenyloxirane was
unsuccessful while only one trial was made, if sufficient time was allowed this could be a viable

route to the formation of a large library of dihydrooxazole derivatives.
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6. Supporting Information

6.1 General Methods

The reactions were carried out using standard laboratory equipment. Air and/or moisture
sensitive experiments were performed under an inert atmosphere of argon and with flame
dried glassware. All batch reactions were stirred by magnetic stirring, unless stated and when
needed warmed to defined constant temperatures by hotplates with temperature probe
control in dry heating blocks or silicone oil baths. Reactions performed in-flow were carried
out on PTFE tubing (0.5 and 0.8 mm i.d.) using syringe pumps. Reactions performed at low
temperatures were stirred in reaction vessels in a dry ice/acetone bath (-78 °C),
acetonitrile/dry ice bath (-40 °C), ice/NaCl bath (=15 °C), or ice/water (0 °C). Rotary
evaporators Bichi B-461, B-481 or B-490 were used for solvent evaporations (reduced
pressure to 15 mbar); further drying was undertaken by the use of a high vacuum apparatus. A
Blichi GKR-50 Kugelrohr distillation apparatus was employed for Kugelrohr distillations. For
inert reactions, solvents were obtained from a solvent purification system and under inert
atmosphere. Other chemicals were purchased from Acros, Aldrich, Alfa Aesar or Fluka and
were used without further purification, except if indicated otherwise in the experimental

procedure.
6.2 Chromatographic Methods

6.2.1 Thin Layer Chromatography

All reactions that were monitored by thin-layer chromatography (TLC) were performed on
precoated aluminium sheets of Merck silica gel 60 F254 (0.20 mm) and visualised by UV
radiation or by staining with ceric ammonium molybdate solution (CAM), potassium

permanganate solution or iodine.

6.2.2 Column Chromatography

Column chromatography was performed with silica gel 60 (Merck, 230-400 mesh) under
increased pressure (Flash Chromatography) or Biotage chromatography system using kp-

sil.columns or biotage ultra silca columns.
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6.2.3 High Pressure Liquid Chromatography (HPLC)

For HPLC measurements an arrangement from Shimadzu was used. The Shimadzu Class VP
consisted of SIL-10ADVP (auto injector), LC-10 ATVP (liquid chromatograph), FCV-10ALVP
(pump), DGU-14A (degasser), CTO-10ASVP (column oven), SCL-10AVP (system controller) and a
SPD-M10A (diode array detector). The only solvents used were hexane and 2-propanol (both
of HPLC grade purity, Fisher Scientific). Analytical chiral column Chiracel® OD-H (0.46 cm @ x 25

cm) was used for separation of enantiomers at solvent flow rates of 0.5 ml/min.

6.3 Physical data characterisation techniques

6.3.1 1H NMR Spectroscopy

For NMR characterisation the Bruker DPX 600 (600 MHz), Bruker DPX 500 (500 MHz), Bruker
DPX 400 (400 MHz), Bruker DPX 250 (250 MHz) or Oxford 300 were used. The chemical shifts &
are given in ppm downfield of tetramethylsilane (6= 0 ppm). Compounds and crude reaction
mixtures were dissolved in either deuterated chloroform, deuterated acetone or deuterated
dimethylsulfoxide. Coupling constants (J) are given in Hertz. The multiplicity of signals is
designated: s = singlet:, d = doublet, t = triplet, g = quartet, quin = quintet, dt = doublet of
triplets, td = triplet of doublets, m = multiplet. Residual solvent peaks are assigned as follows:

7.26 ppm for chloroform, 2.54 ppm for dimethylsulfoxide, 2.05 ppm for acetone.

6.3.2 13C NMR Spectroscopy

For NMR characterisation the Bruker DPX 500 (125 MHz), Bruker DPX 400 (100 MHz), Bruker
DPX 250 (62.5 MHz) were used The chemical shifts 6 are given in ppm downfield of
tetramethylsilane (6 = 0 ppm). Compounds and crude reaction mixtures are dissolved in either
deuterated chloroform, deuterated acetone or deuterated dimethylsulfoxide. Residual solvent
peaks are assigned as follows: 77.4 ppm for chloroform, 40.5 ppm for dimethylsulfoxide, 29.8

ppm and 206.3 ppm for acetone.

6.3.3 Mass Spectrometry
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Cardiff: Water LCR Premier XE-tof.Mass spectrometric measurement has been performed by
the R. Jenkins/R. Hick at CardiffUniversity. lons were generated by Electron lonisation(El). The
molecular ion peaks values quoted for either molecular ion (M+), molecular ion plus hydrogen

(M+H+)

6.3.4 IR Spectroscopy

IR spectra were recorded on a Perkin EImer 1600 series FTIR (neat). Wavenumbers are quoted

incm-

6.3.5 Melting Points

Melting Points were measured using a Gallenkamp variable heater with samples in open

capillary tubes. All melting points are uncorrected.
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6.41 Experimental for diazidation of styrenes

General procedure for diazidation of styrenes in flow

Syringe A containing styrene (1.0 mmol), NaNs (2.5 mmol), made up to 2 mL with AcOH was
placed in a syringe pump and connected to a reactor coil via a luer lock. Syringe B containing
iodosylbenzene (1.5 mmol) dissolved in AcOH (2 mL) was placed on a second syringe pump and
attached in the same manner. The solutions were then pumped at a rate as to achieve a 60
min residence time within the reactor coil (1.0 mL, 0.8 mm [.D) at 50 °C, in a heated water
bath. The mixture was quenched into saturated Na,S,0s solution to allow for an accurate
residence time once steady state had been reached. One residence volume was collected of 1
mL. The resulting mixture was dissolved into Et,O (5 mL). The organic solution was washed
with saturated NaHCOs (10 mL) and brine (10 mL). The organic solvent was then evaporated.
The resulting mixture was then purified by Biotage column chromatography using a 10 g ultra

Biotage column and a gradient of 0-15% EtOAc in hexane over 10 column volumes.

Yields were calculated by collecting a volume for a set time. This in combination with the flow
rate of the reaction can then allow for the calculation of the moles of the starting material
used within the volume collected. Therefore the yield is calculated from the theoretical full
conversion of the used starting material from that volume. This is therefore used to calculate

all flow method yields.
1,2-Diazido-1-phenylethane 118
N3

sz

As a yellow oil (34 mg, 72%): *H-NMR (300 MHz, CDCl3): 6 = 7.32-7.43 (m, 5H), 4.67 (dd, /= 7.8,
5.5 Hz, 1H), 3.46-3.51 (m, 2H) ppm; C-NMR (75 MHz, CDCls): & = 136.3, 128.9, 128.8, 126.7,
65.6, 55.9 ppm. IR (neat): u 2094, 1493, 1454, 758.0, 698.2 cm™. The spectroscopic data are

within agreement of the literature.[?¢!
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1,2-Diazidoindane 125

N3
O

As a yellow oil (32 mg, 64%): A mixture of Syn:Anti 1:1: *H-NMR (400 MHz, CDCl3): & = 7.23-
7.42 (m, 4H), 7.23-7.42 (m, 4H), 4.82 (d, J = 5.7 Hz, 1H), 4.76 (d, J = 5.6 Hz, 1H), 4.29 (dd, J = 12
Hz, 6.7, 1H), 4.16 (dd, /=12 Hz, 6.7, 1H), 3.35 (dd, J = 16 Hz, 6.8, 1H), ), 3.17 (d, J = 6.7 Hz, 2H),
2.94 (m, 2H) ppm; 3C-NMR (100 MHz, CDCl3): 6 = 139.6, 138.9, 137.7, 137.5, 129.6, 129.4,
127.6, 127.2, 125.2, 124.8, 124.2, 124.5, 70.3, 67.6, 66.9, 63.9, 36.0, 35.5 ppm. IR (neat): v
2090, 1319, 1257, 754, 704, 533 cm™. The spectroscopic data are within agreement of the

literature.12°¢]
2,3-Diazido-3-phenylpropan-1-ol 130

N3
OH
N3

As a yellow oil (33 mg, 61%): A mixture of Syn:Anti 1:1: *H-NMR (300 MHz, CDCl3): 7.36-7.43
(m, 5H), 4.68 (d, J = 9 Hz, 2H), 3.54-3.81 (m, 5H), 3.32-3.42 (m, 1H) ppm; *C-NMR (50 MHz,
CDCI3): & =135.9, 135.8, 129.2, 129.1, 127.8, 127.5, 67.8, 67.0, 66.8, 65.6, 62.3, 62.2 ppm. IR
(neat): v 2098, 1608, 1213, 1178 cm™. The spectroscopic data are within agreement of the

literature 25!

1,2-Diazido-1-(4-bromophenyl)ethane 127

N3

/@/\/ N3
Br
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As a yellow oil (42 mg, 64%): *H-NMR (300 MHz, CDCls): 7.32-7.43 (m, 4H), 4.64 (dd, J = 8.0, 5.6
Hz, 1H), 3.34-3.54 (m, 2H) ppm; *C-NMR (75 MHz, CDCls): & = 158.8, 157.3, 128.8, 126.7, 94.1,
55.9 ppm. IR (neat): v 2091, 1381, 1257, 858, 690 cm™. The spectroscopic data are within

agreement of the literature.!?>®

1,2-Diazido-1-(4-methylphenyl)ethane 128

N3

/@/\/N3
Me

As a yellow oil (41 mg, 76%): *H-NMR (300 MHz, CDCl3): = 7.22 (s, 4H), 4.64 (dd, J = 8.2 ,5.1
Hz, 1H), 3.4-3.5 (m, 2H), 2.37 (s, 3H) ppm; *C-NMR (75 MHz, CDCl5): 6 = 139.6, 133.8, 130.2,
127.5, 65.9, 56.4 ppm. IR (neat): u 2098, 906, 725, 702 cm™*. The spectroscopic data are within

agreement of the literature.[?>®
1,2-Diazido-1-(4-methoxyphenyl)ethane 129

NE

/@/VNS
MeO

As a yellow oil (41 mg, 76%):*H-NMR (400 MHz, CDCls): 6 7.26 (d, J = 8.3 Hz, 2H), 6.93 (d, J = 8.3
Hz, 2H), 4.63 (dd, J =8.1, 5.2 Hz, 1H), 3.82 (s, 3H), 3.42 (qd, J =8.1, 5.2 Hz, 2H); **C NMR (125
MHz, CDCls): 160.0, 128.3, 128.2, 114.4, 65.0, 55.8, 55.3 ppm. IR (neat): v 2102, 1514, 1255,

904.6, 725.2 cm™ The spectroscopic data are within agreement of the literature.l?*”!
Synthesis of (1,2-dichloroethyl)benzene 131

Cl
Cl
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To a stirred solution of ICl3 (277 mg, 1.20 mmol) in anhydrous CH>Cl, (5 mL) was added styrene
(115 pL, 1 mmol) at -10 °C. The solution was stirred for 30 min at room temperature after
addition and quenched with sat.Na»S;03 (2 mL) and extracted with EtOAc (2 x 10 mL). The
combined extracts were dried over MgSO, and evaporated to give 131 as a colourless liquid
(140 mg, 80%). *H-NMR (500 MHz, CDCl3): & = 7.22 (m, 5H), 5.01 (dd, J = 7.8, 6.6 Hz ,1H), 4.01
(dd, J = 11.3, 6.6 Hz, 1H), 3.94 (dd, J = 11.3, 7.8 Hz, 1H) ppm; 3C-NMR (125 MHz, CDCl3): & =
138.0, 129.1, 128.8, 127.4, 61.8, 41.3 ppm . The spectroscopic data are within agreement of

the literature.?>!

Synthesis of (1,2-dithiocyanoethyl)benzene 137

SCN
SCN

Syringe A containing styrene (1.0 mmol), NaN; (2.5 mmol) and MSCN (2.5 mmol) made up to
2.5 mL with AcOH was placed in a syringe pump and connected to a reactor coil via a luer lock.
Syringe B containing oxidant (1.5 mmol) dissolved in AcOH (2.5 mL) was placed on a second
syringe pump and attached in the same manner. The solutions were then pumped at a rate as
to achieve a 30 min residence time within the reactor coil (1.0 mL, 0.8 mm I.D) at 45 °C (in a
heated water bath). The mixture was quenched into saturated aqueous Na,S;05; (10 mL) to
allow for an accurate residence time once steady state had been reached. 2 mL of reaction

mixture was collected.

Oxidant MSCN source Mass /Yield(%)

NalO4 KSCN 24 mg /27%
NalO4 NH4SCN 30 mg /34%

DIB KSCN 18 mg /22%
lodosyl KSCN 16 mg /17%

As a yellow liquid *H-NMR (300 MHz, CDCl3): § = 7.22 (m, 5H), 4.68 (dd, J = 7.2, 4.1Hz, 1H),
3.54-3.69 (m, 2H) ppm. **C-NMR (75 MHz, CDCls): & = 135.6, 130.0, 129.5, 127.7, 111.1, 53.4
29.9 ppm. IR (neat): v 2154, 1494, 1452, 1166, 1126, 1022, 869.9, 779.2, 694.4, 673.2, 582.5,

555.5 cm™'The spectroscopic data are within agreement of the literature.*3?
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Synthesis of chiral hypervalent iodine reagents
2 -lodoresorcinol 120

[
HO OH

Compound 120 was synthesised using a previously reported procedure!®?: resorcinol (5.5 g,
50 mmol) were added water (50 mL), iodine (13.6 g, 53 mmol), and NaHCOs (4.7 g, 56 mmol),
and the mixture was stirred at room temperature for 20 min. After the reaction, the remaining
iodine was quenched with aqueous sodium thiosulphate. The product was extracted with
ether, the extracts were concentrated under reduced pressure, and the residue purified by
column chromatography on silica gel with CH,Cl>/hexane (5/95) as eluent. 2-lodoresorcinol
was obtained as a colourless solid, (7.7 g, 65%):. mp 101.2-104.0 °C [Lit!®**! mp 105-108 °C]; *H-
NMR (400 MHz, CDCls): 6 =6.32 (d, J = 8.0 Hz, 2H), 6.91 (t, J = 8.0 Hz 1H), 10.1 (s, 1H) ppm.

(2R, 2’R)-Diethyl 2,2’-(2-iodo-1,3-phenylene)bis(oxy)dipropanoate 121

|
EtOszO\©/OTC02Et

To a solution of 2-iodoresorcinol 120 (2.36 g, 10.0 mmol), PPhs (6.56 g, 25.0 mmol) and (-)-
lactic acid ethyl ester (2.80 mL, 25.0 mmol) in THF (50 mL). DIAD (1.9 M in toluene, 13.2 mL, 25
mmol) was added slowly at 0 °C. The reaction was allowed to warm to room temperature
while stirring overnight. The resulting mixture was then concentrated under vacuum before
removal of triphenylphosphine oxide by re-dissolving in cold ether, filtering and again
evaporated. The residue was purified by flash column chromatography on silica gel (eluent:
hexane-EtOAc, 15:1) to give 121 as a colourless solid (2.70 g, 62%). *H-NMR (400 MHz, CDCls):
6=7.14 (t,J=8.2 Hz, 1H), 6.38 (d, J = 8.2 Hz, 2H), 4.75 (q, J = 6.8 Hz, 2H), 4.19 (dq, / = 7.1, 1.7,

4H), 1.68 (d, J = 6.8 Hz, 6H), 1.23 (t, J = 7.1 Hz, 6H) ppm. [a] —=-20.0 (c = 1.2. CHCl5) (lit.**%[a]

—=-21.0 (c = 1.2. CHCl3)). The spectroscopic data are within agreement of the literature!*”’
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(2R, 2’R)-2,2’-(2-iodo-1,3-phenylene)bis(oxy)dipropanoic acid 122

!
HOZC\/O\©/OT002H

To a solution of 121 (2.6 g, 6.0 mmol in THF:MeOH (1:1, 40 mL) was added 2 N NaOH (20 mL)
and the resulting mixture stirred at rt for 16 h. This was then cooled to 0 °C and quenched to
pH 1 using 1 N HCl. The reaction was allowed to warm to room temperature while stirring for
16 h. The resulting mixture was then extracted by EtOAc (3 x 25 mL), the combined extracts
were dried over MgS0O, and concentrated under vacuum to give compound 122 which was

used immediately without further purification.

(2R, 2’R)-2,2’-(2-iodo-1,3-phenylene)bis(oxy)bis( N mesitylpropanamide) 123

|
MesHNOC\_/O\©/OTCONHMes

Compound 122 (2.0 g, 5.3 mmol) in SOCI, (6.0 mL, excess) was refluxed for 1 h. Benzene (10
mL) was added to the cooled mixture and the excess SOCl; was removed under vacuum. The
residue was then dissolved in CHxCl, (25 mL) with the addition of mesityl amine (1.66 mL, 11.6
mmol) at 0 °C. The mixture was stirred at this temperature for 2 h before being allowed to
warm to room temperature for 16 h. The resulting mixture was poured in to 1 N HCI, extracted
with CHCl; (2 x 25 mL) and the combined extracts were dried over MgS0O,. The solution was
evaporated under vacuum and the residue was purified by flash chromatography on silica gel
(eluent: CHCI3:EtOAc, 4:1) to give 123 (3.36 g, 81% yield) as a colourless solid mp. 230-232 °C
(lit ?*Ump 231-233 °C) 'H-NMR (400 MHz, CDCls): § = 1.78 (d, J = 6.7 Hz, 6H), 2.15 (s, 12H),
2.27 (s, 6H), 5.01 (g, J = 6.7 Hz, 2H), 6.64 (d, J = 8.4 Hz, 2H), 7.35 (t, J = 8.3 Hz, 1H) ppm; 3C-

NMR (100 MHz, CDCl3): & = 21.2, 55.7, 65.3, 126.8, 129.7, 133.2, 138.8 ppm. [a] —=-118.0 (c =

1.01. CHCl3)). (lit.”®[a] — = -121.0 (c = 1.01. CHCIs)). The spectroscopic data are within

agreement of the literature(?%%
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General oxidation procedure for chiral iodine reagents to hypervalent iodine reagents

Aryl iodide (0.2 mmol) and 1-chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane
bis(tetrafluoroborate [Selectfluor®] (354 mg, 1 mmol) were dissolved in AcOH (2mL) and
CHs3CN (6.4 mL) and stirred at rt for 16 h. The solvents were evaporated under vacuum and
water (100 mL) was added to the residue. The resulting suspension was then extracted with
CHCl; (3 x 50 mL) and the combined extracts were washed with water (25 mL). The extracts
were dried over MgS0, and the solvents removed under vacuum to give the hypervalent

reagents.

(2R, 2’R)-Diethyl 2,2’-{2-(diacetoxy)iodo-1,3-phenylene)bis(oxy)}dipropanoate 121b

ACO\I/OAC
EtOZC\/O\©/OTCOZEt

Compound 121b was made in situ prior to diazidation reaction using the method above.
'H-NMR (400 MHz, CDCl3): 6 =7.32 (t, / = 8.4 Hz, 1H), 6.51 (d, J = 8.4 Hz, 2H), 4.77 (q, / = 6.8 Hz,
2H), 4.14 (q, J = 7.4, 4H), 1.91, (s, 6H), 1.61 (d, J = 6.8 Hz, 6H), 1.18 (t, J = 7.4 Hz, 6H) ppm. The

spectroscopic data are in agreement with the literature.[?6%

(2R, 2’R)-2,2’-{2-(diacetoxy)iodo-1,3-phenylene)bis(oxy)}bis(oxy)bis( N mesitylpropanamide)
124

AcO\I/OAc
MesHNOC\/O\©/OTCONHMes

Compound 124 was made in situ prior to reaction using the method above.
'H-NMR (400 MHz, CDCl3): 6 =9.91 (s, 2H), 7.57 (t, J = 8.4 Hz, 1H), 6.93 (d, J = 8.5 Hz, 2H), 6.79
(s, 4H), 5.15 (g, / = 6.7 Hz, 2H), 2.21 (s, 6H), 2.10 (bs, 12H), 1.88 (d, J = 6.7 Hz, 6H), 1.49 (s, 6H)

ppm. The spectroscopic data are in agreement with the literature.!?%%
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General procedure for chiral diazidation reactions

The chiral iodine reagent (0.1 mmol) was placed in a flask with Selectfluor® (177 mg, 0.5 mmol)
in AcOH (1 mL) and MeCN (3.2 mL). The mixture was stirred at room temperature overnight
(16 h). The solvents were evaporated under vacuum and the residue was suspended in water
(25 mL). The resulting suspension was extracted with CH,Cl; (3 x 25 mL) the extracts were
dried over MgS0O, and again concentrated under vacuum. The residue was then re-dissolved in
CH,Cl; (1 mL) and cooled to -40 °C. Once the temperature had been reached, TMSN; (29 mg,
0.25 mmol) was added and stirred for 5 min. Once the solution had become yellow the styrene
(0.05 mmol) was added and allowed to warm to room temperature over 6 h. The resulting
solution was then quenched into saturated Na,S;0s (2 mL) and extracted with CH,Cl, (4 mL).
The organic layer was dried over MgSO4 and evaporated. The residue was then purified by
Biotage column chromatography using a 10 g ultra Biotage column and a gradient of 0-15%
EtOAc with hexane over 10 column volumes. The chiral compound was resolved using an OD-H
chiral column 5% IPA to hexane at a flow rate of 0.1 mL/min at 20 °C. Retention times 1% 35
min: 2"%::42 min

1,2-Diazido-1-phenylethane 118
N3
©A/ N3

As a yellow oil (15 mg, 35%): *H-NMR (300 MHz, CDCl3): 6 = 7.32-7.43 (m, 5H), 4.67 (dd, /= 7.8,
5.5 Hz, 1H), 3.46-3.51 (m, 2H) ppm; 3C-NMR (75 MHz, CDCl3): § = 136.3, 128.9, 128.8, 126.7,
65.6, 55.9 ppm. IR (neat): u 2094, 1493, 1454, 758.0, 698.2 cm™. The spectroscopic data are

within agreement of the literature.!?>®

1-Hydroxy-1,2-benziodoxol-3-(1H)-one
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Following a reported procedure!?®?, NalO, (4.4 g, 20.2 mmol) and 2-iodobenzoic acid (5.0 g,
20.2 mmol) were suspended in 30% (v:v) ag. AcOH (90 mL). The mixture was vigorously stirred
and left to reflux for 4 h. The resulting mixture was diluted with cold water (30 mL) and
allowed to cool to room temperature. After 1 h, the crude product was collected by filtration,
washed on the filter with ice water (3 x 15 mL) and acetone (3 x 15 mL), and air-dried in the
dark to give the pure product. (4.77 g, 17.7 mmol, 85% vyield, reported 92%) as a colourless
solid Decomposition at 263 °C, (Lit?*? mp 260 °C). *H NMR (400 MHz, (CDs),S0): 8.02 (dd, J =
7.7, 1.4 Hz, 1H), 7.97 (m, 1H), 7.85 (dd, J = 8.2, 1 Hz, 1H), 7.71 (td, J = 7.6, 1.2 Hz, 1H) ppm.

NMR data correspond to the reported values.??

1-Acetoxy-1,2-benziodoxol-3-(1H)-one

Using the reported procedure!?®, compound 100 (4.5 g, 18.3 mmol) was heated in Ac;O (10
mL) to reflux until the solution turned clear (without suspension). The mixture was then left to
cool down to induce crystallization. The crystallization was continued at -18 °C. The crystals
were then collected via filtration and dried under high vacuum to give compound 101 as white
crystalline solid (4.0 g, 13.1 mmol, 85% yield) m.p 161-163 °C [Lit!** mp 162-165 °C];*H NMR
(400 MHz, CDCls) & 8.25 (dd, J = 7.6, 1.4 Hz, 1H), 8.00 (dd, J = 8.3, 0.5 Hz, 1H), 7.92 (dt, J = 7.0,
1.7 Hz, 1H), 7.71 (td, J=7.6, 0.9 Hz, 1H) ppm. NMR data correspond to the reported values.?5?

1-azido-1,2-benziodoxole-3-(1H)-one

Using the reported procedure,'? 101 (1.6 g, 5.2 mmol) in dry CH,Cl, (4.5 mL) TMSN3 (1.1 mL,
7.9 mmol) was then added. TMSOTf (4.7 uL, 0.03 mmol) was added last to the mixture which
was then stirred for 30 minutes. The reaction mixture was then dried in vacuo to give a yellow

precipitate, which was washed a few times with hexanes to give compound 102 (900 mg, 31.1
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mmol, 60% vyield) as a pure pale yellow crystals. *H NMR (CDCls/CFsCOOH, 20:1) & 8.32(d, J = 8
Hz, ArH, 1H), & 8.05 (m, ArH, 2H), § 7.85 (t, J = 8 Hz, ArH, 1H) ppm. *3C NMR (CDCls/CFsCOOH,
20:1) 6 171.1, 137.3, 128.7, 126.7, 126.6, 118.8, 117.7 ppm. NMR data correspond to the

reported values**?

1-chloro-1,2-benziodoxole-3-(1H)-one

(@)
©E“o
/
|
\
Cl

Using the reported procedure,?® concentrated HCI (50 mL) was added dropwise over 2 hto a
stirred solution of 2-iodobenzoic acid (6.2 g, 25 mmol) and NaClO: (8.3 g, 75 mmol, 80% purity)
in H,0 (125 mL) at room temperature. Stirring was continued overnight at room temperature.
Light yellow solids gradually precipitated. When the reaction was complete, the light yellow
solids were collected by filtration, washed with large amounts of H,0 and petroleum ether and
then dried by suction at room temperature to obtain a yellow crystalline solid 103. (6.18 g,
94%); m.p. 170-172 °C [Lit**¥ mp 172-173 °C]; *H NMR (400 MHz, CDCl3): § =8.17-8.31 (m, 2
H), 8.00 (t,/=7.2 Hz, 1 H), 7.80 (t, /J=7.2 Hz, 1 H) ppm.

Diacetoxyiodobenzene

I(OAC),

Using a reported literature procedurel?®, sodium perborate tetrahydrate (9.9 g, 100 mmol)
was added portion-wise over 20 min to a stirred solution of the iodobenzene (1.1 g, 10 mmol)
in glacial acetic acid (90 ml) at 45°C, and the mixture was stirred at this temperature for 4 h.
The AcOH was evaporated under vacuum and the residue was washed with water (50 ml)
under filtration to afford a colourless solid (2.25 g, 7 mmol, 70% vyield); 163-166 °C (Lit Value
163-165 °C)1266); 1H-NMR (400 MHz, CDCls): & 2.01 (s, 6H), 7.47-7.54 (m, 2H), 7.58-7.61 (m, 1H),
8.08-8.10 (m, 2H) ppm.
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lodosobenzene

Using the reported procedure,'?®”! a 15% aqueous solution of sodium hydroxide (3.7 mL, 14.0
mmol) was added dropwise to solid iodosobenzene diacetate (1.0g, 3.1 mmol) over a 5 min
period. The resulting suspension was stirred for a further 2 h at room temperature. Water (6
mL ) was then added and the reaction stirred vigorously for 5 min. The crude product was
collected under suction, returned to the reaction flask and washed with further water (30 mL).
The solid was then collected on a sinter funnel, washed with water (30 mL ) and dried under
vacuum. The pale yellow solid was triturated with chloroform (30 mL ), filtered and dried to

afford iodosobenzene (3.13 g, 92%) as an off-white solid

Koser’s reagent

TsO.,_OH

Using the reported procedure:?®®! To a stirred solution of iodoarene (0.10 mmol) in
dichloromethane/TFE (1:1 v/v, 1 mL) was added mCPBA (0.10 mmol), followed by TsOH 3.H,0
(0.10 mmol). The resulting solution was stirred at room temperature for 30 min and
concentrated under a stream of air, then diethyl ether (2 mL) was added to the remaining
residue. The resulting precipitate was filtered off and dried in vacuum to give a solid 135-136
°C (Lit Value 134-136 °C)1?*); 'TH NMR (400 MHz, CDs0D) & 8.32 (d, J = 8.3Hz, 2H), 7.80 (m, 1H),
7.71-7.65 (m, 4H), 7.19 (d, J = 7.8 Hz, 2H), 2.33 (s, 3H) ppm.
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Bischloroiodobenzene

ICl,

(2641: Jodobenzene (2.0 g, 9.8 mmol), was suspended in 10%

Using the reported procedure
aqueous sodium hypochorite (30 ml) at rt. The mixture was stirred vigorously and conc. HCI (20
mL) was added dropwise over 4 minutes. The yellow suspension was allowed to stir for 5 min,
then the suspension was filtered. The resulting solid was washed with H,O (200 mL) then
petroleum ether (50 mL). The yellow solid is allowed to air-dry in the dark overnight in a
desiccator. PhICl; is collected as a pale yellow solid (2.5 g, 93% yield). 110-112 °C (Lit?”® mp

112-113 °C)

6.42 Experimental for Nitroaldol reactions and multi-steps: oxidations

and reductions

General procedure for the preparation of 2-Nitro-1-alcohols A

Syringe A containing aldehyde (2 mmol), nitromethane (10 mmol) made up to 2 ml with
ethanol was placed in a syringe pump and connected to a reactor coil via a luer lock. Syringe B
containing KOH (0.6 mmol) dissolved in 1 mL of ethanol was placed on a second syringe pump
and attached in the same manner. The solutions were then pumped at a rate as to achieve a
10 min residence time within the reactor coil (0.5 mL, 0.8 mm 1.D) at 60 °C. The mixture was
quenched into dilute HCl to allow for accurate residence time once steady state had been
reached. The resulting mixture was then extracted with CH,Cl> (2 x 5 mL) the extracts washed
with brine (10 mL) and the organic layers evaporated. The crude residue was purified using a
Biotage column system. Using a Biotage ultra 10g silica gel cartridge and Hexane:EtOAc

running a gradient of 0-30% EtOAc over 20 column volumes.
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General procedure for the preparation of 2-Nitro-1-alcohols B

Syringe A containing aldehyde (2 mmol), nitromethane (10 mmol) made up to 2 ml with
ethanol was placed in a syringe pump and connected to a reactor coil via a luer lock. Syringe B
containing DBN (0.5 mmol) dissolved in 1 mL of ethanol was placed on a second syringe pump
and attached in the same manner. The solutions were then pumped at a rate as to achieve a
30 min residence time within the reactor coil (0.5 mL, 0.8 mm 1.D) at RT °C. The mixture was
quenched in to dilute HCl to allow for accurate residence time once steady state had been
reached. The resulting mixture was then extracted with CH,Cl, (2 x 5 mL) then washed with
brine (10 mL) and the organic layers were evaporated. The crude mixture was purified using a
Biotage column system. Using a Biotage ultra 10g silica gel cartridge and Hexane:EtOAc

running a gradient of 0-30% EtOAc over 20 column volumes.
General procedure for the preparation of 2-Nitro-1-alcohols C

Syringe A containing aldehyde (2 mmol), nitromethane (10 mmol) made up to 2 ml with
ethanol was placed in a syringe pump and connect to a reactor coil via a luer lock. Syringe B
containing DBN (0.5 mmol) and Cu(OAc), (0.2 mmol) dissolved in 1 mL of ethanol was placed
on a second syringe pump and attached in the same manner. The solutions were then pumped
at a rate as to achieve a 30 min residence time within the reactor coil (0.5 mL, 0.8 mm I.D) at rt
°C. The mixture was quenched in to dilute HCl to allow for accurate residence time once steady
state had been reached. The resulting mixture was then extracted with CH,Cl, (2 x 5 mL) then
washed with brine (10 mL) and the organic layers were reduced under vacuuo. The crude
mixture was purified using a Biotage column system. Using a Biotage ultra 10g silica gel

cartridge and Hexane:EtOAc running a gradient of 0-30% EtOAc over 20 column volumes.

1-(4-Nitrophenyl)-2-nitroethanol 155

OH
NO,

O,N
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As a yellow solid method A:(97 mg, 92%), method C:(85 mg, 81%) 86-88 °C [Lit?’*! mp 85-86
°CJ; *H NMR (300 MHz, CDCI3): & = 8.28 (d, J = 8.7 Hz, 2H), 7.62 (d, J = 8.7 Hz, 2H), 5.61 (dd, J =
7.5, 4.5 Hz, 1H), 4.61-4.58 (m, 2H), 3.30 (br s, 1H) ppm; 3C NMR (75 MHz, CDCls): & = 148.0,
144.8, 126.9, 124.3, 80.6, 69.9 ppm. The spectroscopic data are within agreement of the

literature?’?

1-(4-Fluorophenyl)-2-nitroethanol 156

OH
NO,

As a pale yellow oil method A: (65 mg, 70%), method C: (70 mg, 76%);'H NMR (250 MHz,
CDCls): 6 = 7.39-7.31 (m, 4H), 5.43 (dd, / = 9.0, 3.3 Hz, 1H), 4.56 (dd, J = 13.2, 9.0 Hz, 1H), 4.47
(dd, J = 13.2, 3.3 Hz, 1H), 3.11 ppm (br s, 1H) ppm. The spectroscopic data are within

agreement of the literaturel?’?

1-(4-Chlorophenyl)-2-nitroethanol 157

OH
NO,

Cl

As a colourless oil method A: (65 mg, 65%), method C: (72 mg, 72%)*H NMR (400 MHz, CDCls):
6 =7.37-7.32 (m, 4H), 5.43 (dd, J = 9.4, 3.1 Hz, 1H), 4.56 (dd, J = 13.3, 9.4 Hz, 1H), 4.48 (dd, J =
13.3, 3.1 Hz, 1H), 3.14 (br s, 1H) ppm; *C NMR (100 MHz, CDCl3): & = 137.0, 135.0, 129.5,

127.8, 81.4, 70.7 ppm. The spectroscopic data are within agreement of the literature(?’?

1-(4-Bromophenyl)-2-nitroethanol 158

OH
NO,

Br
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As a colourless oil method A: (92 mg, 72%), method B: (74 mg, 61%)*H NMR (400 MHz, CDCls):
6=7.58(d,J=8.4,2H),7.29 (d, /= 8.4, 2H), 5.38 (m, 1H), 4.56 (dd, J = 13.4, 9.4 Hz, 1H), 4.48
(dd, J = 13.4, 3.1 Hz, 1H), 3.0 (br s, 1H) ppm. 3C NMR (100 MHz, CDCls): & = 136.7, 131.8, 127.9,

122.5, 80.5, 69.8 ppm. The spectroscopic data are within agreement of the literature?’?

2-Nitro-1-p-tolylethanol 159

OH
NO,

As a colourless solid method A:(36 mg, 40%), method B:(66 mg, 74%) method C: (55 mg, 61%)
44-46 °C (Lit Value 44-45 °C);'H NMR (400 MHz, CDCls): & = 7.32 (d, J = 8.1 Hz, 2H), 7.25 (d, J =
8.0 Hz, 2H), 5.45 (dd, J = 9.6, 3.0 Hz, 1H), 4.63 (dd, J = 13.2, 9.6 Hz, 1H), 4.52 (dd, J = 13.2, 3.0
Hz, 1H), 2.95 (br s, 1H), 2.40 ppm (s, 3H); 3C NMR (100 MHz, CDCls): & = 138.9, 135.1, 129.6,

125.8, 81.2,70.8, 21.1 ppm The spectroscopic data are within agreement of the literature(?’

(4-Metoxyphenyl)-2-nitroethanol 160

OH
NO,

MeO

As a colourless oil method A:(12 mg, 12%), method B:(60 mg, 61%), method C: (10 mg, 10%) 'H
NMR (400 MHz, CDCls): & = 7.30 (d, J = 8.4, 2H), 6.90 (d, J = 8.4, 2H), 5.38 (dd, J = 9.7, 3.1 Hz,
1H), 4.58 (dd, J = 13.1, 9.7 Hz, 1H), 4.46 (dd, J = 13.1, 3.1 Hz, 1H), 3.81 (s, 3H), 2.33 (br s, 1H);

13C NMR (75 MHz, CDCls): 6 = 160.0, 130.2, 127.3, 114.4, 81.2, 55.4 ppm. The spectroscopic

data are within agreement of the literaturel?’?

1-(Furan-2-yl)-2-nitroethan-1-ol 161

180



As a yellow oil method B:(35 mg, 61%) *H NMR (300 MHz, CDCls): & = 7.50-7.46 (m, 1H), 7.25-
7.22 (m, 2H), 5.64 (dd, J = 9.6, 2.7 Hz, 1H), 4.51 (dd, J = 13.5, 9.6 Hz, 1H), 4.39 (dd, J = 13.5, 2.7
Hz, 1H), 2.79 (br s, 1H) ppm 3C NMR (75 MHz, CDCls): & = 150.8, 143.1, 110.6, 108.1, 78.4, 64.7

ppm. The spectroscopic data are within agreement of the literature!?”3!
1-Nitro-3-phenylpropan-2-ol 162

HO  NO,

N

As a colourless oil method B: (60 mg, 61%) *H NMR (300 MHz, CDCl3): § = 7.50-7.46 (m, 1H),
7.25-7.22 (m, 2H), 7.17-7.15 (m, 1H), 5.64 (dd, J = 9.6, 2.7 Hz, 1H), 4.51 (dd, J = 13.5, 9.6 Hz,
1H), 4.39 (dd, J = 13.5, 2.7 Hz, 1H), 2.79 (br s, 1H), 2.35 ppm (s, 3H); *CNMR (75 MHz, CDCl3): &
= 135.7, 129.4, 128.6, 126.4, 79.3, 39.7 ppm The spectroscopic data are within agreement of

the literaturel?”3!
1-Nitrononan-2-0l163

OH

/\/\/\)\/NOZ

As a colourless oil method B: (39 mg, 42%)As a colourless oil *H NMR (300 MHz, CDCl5): & =
4.47-4.27 (m, 2H), 2.52 (br s, 1H), 1.60-1.47 (m, 4H), 1.26-1.29 (m, 9H), 0.88 ppm (t, J/ = 6.6 Hz,
3H); 3C NMR (100MHz, CDCl3): 6 = 81.2, 69.8, 34.2, 32.1, 29.5, 29.3, 29.3, 28.0, 25.6, 22.9, 14.8

ppm. The spectroscopic data are within agreement of the literaturel?’?

(S)-(+)-1-(4-Nitrophenyl)-2-nitroethanol

Syringe A containing aldehyde (2 mmol), nitromethane (10 mmol) made up to 2 ml with

ethanol was placed in a syringe pump and connected to a reactor coil via a luer lock. Syringe B
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containing Cu(OAc), (0.1 mmol) and 2,2-Bis((4S)-(—)-4-isopropyloxazoline)propane (0.1 mmol)
dissolved in 1 mL of ethanol was placed on a second syringe pump and attached in the same
manner. The solutions were then pumped at a rate as to achieve a 30 min residence time
within the reactor coil (0.5 mL, 0.8 mm |.D) at RT °C. The mixture was quenched in to dilute HCI
to allow for accurate residence times once steady state had been reached. To achieve steady
state the reaction mixture was allowed to flow for one complete volume through the reactor
coil, this therefore allows for a homogeneous mixture within the reactor before collection of
the reaction mixture. The crude mixture was purified using a Biotage column system. Using a
Biotage ultra 10g silica gel cartridge and hexane:EtOAc running a gradient of 0-30% EtOAc over
20 column volumes, to obtained the product in 9% vyield. The chiral compound was resolved
using an OD-H chiral column 10% IPA to hexane at a flow rate of 1.0 mL/min at 20 °C.

Retention times S: tr = 36 min R: tr = 28 min Lit?"%

General reduction procedure of nitroalcohols by zinc in batch Method A

To a suspension of of nitro alcohol (5 mmol) and Zn dust (6 mmol) in ethanol (5 mL) was stirred
with ammonium formate (0.5 g) or 90% HCOOH (2.5 mL) at room temperature. After
completion of the reaction (1 h), the organic layer was evaporated and the residue dissolved in
CHCI; and washed with saturated NaCl. The organic layer upon evaporation gave the desired

amino alcohol.

General reduction procedure of nitroalcohols by Pd/C in batch Method B

To a suspension of of nitro alcohol (5 mmol) and Pd/C (0.1 mmol) in ethanol (5 mL) was stirred
with ammonium formate (1.5 g) at room temperature. After completion of the reaction (2 h).
The mixture was filtered through celite and the organic solvent was evaporated and the
residue re-dissolved in CHCl; and the solution washed with saturated NaCl. The organic layer

was evaporated under vacuum to give the desired amino alcohol.

General reduction procedure of nitroalcohols by zinc in flow Method C

A syringe containing nitroalcohol (2 mmol), NH4Cl (424 mg, 8 mmol) or HCOONH, (504 mg, 8
mmol) made up to 2.5 mL with EtOH was placed in a syringe pump and connected to a reactor
coil via a luer lock. The solution was then pumped through a column (L x I.D. 150 mm x 10 mm)

containing zinc dust (1.6 g, 25 mmol) at a rate as to achieve a 30 min residence time (40
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pL/min) at 40 °C. The mixture was quenched into water once steady state had been reached
collecting the second column volume of 1.2 mL. The resulting mixture was poured into a
separating funnel and the product extracted using EtOAc (3 x 10 mL) The crude mixture was
purified using a Biotage column system. Using a Biotage ultra 10g silica gel cartridge and

Hexane:EtOAc running a gradient of 0-30% EtOAc over 20 column volumes.

General reduction procedure of nitroalcohols by Pd/C in flow Method D

A syringe containing nitroalcohol (1 mmol), HCOONH, (252 mg, 4 mmol) made up to 2 mL with
EtOH was placed in a syringe pump and connected to the reactor via a luer lock. The solution
was then pumped through a column (L x I.D. 150 mm x 10 mm) containing Pd/C (150 mg in
1.2g of celite) at a rate as to achieve a 30 min residence time at 40 °C. The mixture was
quenched into water once steady state had been reached and the second column volume of 1
mL was collected. The resulting mixture was poured into a separating funnel and the product
extracted using EtOAc (3 x 10 mL) The crude mixture was purified using a Biotage column
system. Using a Biotage ultra 10g silica gel cartridge and Hexane:EtOAc running a gradient of O-

30% EtOAc over 20 column volumes.

2-Amino-1-(p-tolyl)ethan-1-ol 172

OH
NH,

As a white solid Method A: (600 mg, 80%), method B: (639 mg, 85%), method C: (100 mg,
83%), method D: (64 mg, 85%), mp 66-69 °C [lit?*l mp 68-69 °C], (*H NMR (400 MHz, CDCls): &
=7.18 (d, J = 7.9 Hz, 2H), 7.08 (d, J = 7.8 Hz, 2H), 4.70 (dd, J = 8.4, 2.8 Hz, 1H), 3.57 (br s, 3H),
2.99 (dd, J = 12.7, 3.4 Hz, 1H), 2.84 (dd, J = 12.6, 8.8 Hz, 1H), 2.30 ppm (s, 3H) ppm 3C NMR
(100 MHz, CDCls): 6 = 140.0, 137.2, 129.1, 126. 1, 74.2, 49.3, 21.0 ppm The spectroscopic data

are within agreement of the literature.?’%

2-Amino-1-(p-fluorobenzene)ethan-1-ol

OH
NH,
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As a white solid Method C: (96 mg, 78%), ( *H NMR (400 MHz, CDCls): & = 7.31 (d, J = 7.9 Hz,
2H), 7.02 (d, J = 7.8 Hz, 2H), 4.72 (dd, J = 8.9, 2.7 Hz, 1H), 2.94 (dd, J = 11.6, 4.2 Hz, 1H), 2.74
(dd, J = 11.6, 4.1 Hz, 1H); 3C NMR (100 MHz, CDCls): & = 163.2, 161.0, 138.4, 138.3, 127.5,

115.2, 115.1, 73.8, 49.0 ppm The spectroscopic data are within agreement of the literature.?’%

Side products from the attempts to do a 2-step, inline reduction following the nitro aldol

reaction.

1-(Diethoxymethyl)-4-methylbenzene 173
OEt

OEt

IH NMR (400 MHz, CDCls): & = 7.42 (m, 2H), 7.03 (m, 2H), 5.47 (s, 1H), 3.49-3.54 (m, 4H), 2.99
(t, J= 7.1 Hz ,6H) ppm. The spectroscopic data are within agreement of the literature!?””
1-(Diethoxymethyl)-4-fluorobenzene 174

OEt

OEt

F
'H NMR (400 MHz, CDCl3): § = 7.41 (m, 2H), 7.01 (m, 2H), 5.45 (s, 1H), 3.53 (m, 4H), 2.99 (t, J =
7.06 ,6H)ppm; *C NMR (100 MHz, CDCls): & = 138.9, 135.1, 129.6, 125.8, 81.2, 70.8, 21.1 ppm

The spectroscopic data are within agreement of the literature(?’®

General Procedure for reductions.

Nitro compound or olefin (5 mmol) and hydrogen source (25 mmol) were dissolved in 10 mL of
MeOH (0.5 M). After flushing the column with MeOH, the substrate/reagent solution was
pumped through the column (L x [.D. 150 mm x 10 mm) at the specified temperature with a
flow rate of 0.108 mL/min using the Vapourtec E-series equipment (with a peristaltic pump).
The first column volume was discarded, the second was collected (2.1 mL). The solvent was
evaporated, the residue added to distilled water (20 mL), and extracted with diethyl ether or
dichloromethane (3 x 15 mL). The combined organic phases were dried over MgSQ,, filtered,
and the solvent removed in vacuo. The resulting mixture was then purified by Biotage column
chromatography using a 10g ultra Biotage column and a gradient of 0-20% EtOAc with Hexane

over 20 column volumes.
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Benzylamine: 177b

Sl

Yield: 113 mg (1.06 mmol) 98%; colourless liquid; *H NMR (CDCls, 400 MHz) & = 7.18-7.31 (5H,
m), 3.81 (2H, s) ppm; 3C NMR (CDCls, 100 MHz) & = 143.3, 128.6, 127.1, 126.8, 46.2 ppm; in

agreement with reported literature data?’”.,

Anthranilic acid: 174b
@ECOOH

NH,
Yield: 133 mg (0.98 mmol) 90%; off white solid; mp.: 147-150 °C [lit ?’®'mp: 146-148 °C]; *H
NMR (CDCls, 400 MHz) 6=7.93 (d, J=8.1 Hz, 1H), 7.32 (t, /= 7.7 Hz, 1H), 6.67 (d, J = 7.2 Hz, 2H)
ppm; C NMR (CDCls;, 100 MHz): 6 = 173.6, 151.6, 135.6, 132.6, 117.2, 116.9, 109.9 ppm; in

agreement with reported literature data?’?.,

3-Ethylaniline 175b

NH,
Yield: 128 mg (1.06 mmol) 98%; pale yellow liquid; *H NMR (CDCls, 400 MHz) 6 =7.08 (t,) = 7.7
Hz, 1H), 6.62 (d, J = 7.5 Hz, 1H), 6.57-6.50 (m, 2H), 3.25 (bs, 2H), 2.57 (q, J = 7.5 Hz, 2H), 1.21 (t,
J = 7.6 Hz, 3H) ppm; 3C NMR (CDCls, 100 MHz): & = 146.4, 145.7, 129.2, 118.4, 115.0, 112.5,
28.9, 15.5 ppm; in agreement with reported literature datal?®”

Aniline: 176b

NH,
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Yield: 0.73 g (7.85 mmol) 78%; pale yellow liquid; *"H NMR (CDCls;, 400 MHz) 6§ = 7.17 (d, ) = 7.5
Hz, 2H), 6.77 (t, J = 7.4 Hz, 1H), 6.70 (t, J = 7.6 Hz, 2H) ppm; *C NMR (CDCls, 100 MHz) & =
146.5, 129.4, 118.7, 115.2 ppm. in agreement with reported literature data!?®V

Methyl 3-phenylpropanoate 179b

©/\/C02Me

Yield: 172 mg (1.05 mmol) 97%; colourless oil; *H NMR (400 MHz, CDCls): § = 7.25-7.30 (m, 2H),
7.18-7.21 (m, 3H), 3.66 (s, 3H), 2.95 (t, J = 7.8 Hz, 2H), 2.63 (t, J = 7.8 Hz, 2H) ppm; C NMR
(100 MHz, CDCl5): 6 = 173.4, 140.5, 128.5, 128.3, 123.7, 51.7, 35.7, 30.9 ppm; in agreement

with reported literature datal?®?

3-Phenylpropanenitrile:180b

o

Yield: 113 mg (0.86 mmol) 80%; pale yellow liquid; *H NMR (CDCls, 400 MHz) 6 = 7.25-7.31 (m,
5H), 2.99 (t, J = 7.4 Hz, 2H), 2.64 (t, J = 7.4 Hz, 2H) ppm; 3C NMR (CDCls, 100 MHz) 6 = 138.3,
129.2,128.6, 127.8, 119.5, 32.1, 19.6 ppm; in agreement with reported literature data:?%*

2-lodoxybenzoic acid (IBX)

(0]
o

\|\TOH
(e}
2-lodobenzoic acid (5.0 g, 20 mmol) was added to a solution of Oxone (18.1g, 29 mmol) in
water (65 mL). The reaction mixture was warmed to 70 °C stirred at this temperature for 3 h.
The suspension was then cooled to 5 °C and left at this temperature for 1.5 h with slow
stirring. The mixture was filtered through sintered-glass funnel, and the solid was repeatedly
rinsed with water (5 x 20 mL) and acetone (2 x 10 mL). The white, crystalline solid was left to
dry at room temperature overnight to produce a fluffy white solid 70% (3.9g,13.9 mmol); *H
NMR (300 MHz, CDCls): 6 = 7.29-7.55 (m, 5H), 4.65 (dd, J = 5.4, 7.8 Hz, 1H), 3.37-3.55 (m, 2H)

ppm
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Dess-Martin periodinane (DMP)
@)

o
I=~0Ac

/

AcO OAc

The solid iodinane oxide (3.9 g, 13.9 mmol) was suspended in glacial AcOH (7.5 mL), and Ac;O
(15 mL) under an argon atmosphere. The mixture was stirred and heated to 85°C for 30 min
until all the solids dissolve to afford a colourless to clear yellow solution. Heating and stirring
are discontinued and the reaction mixture was allowed to cool slowly to room temperature in
the heat block for 16 h. The resulting crystalline solids are isolated by vacuum filtration in the
reaction vessel under argon using a fritted adapter followed by washing the solids with
anhydrous ether (3 x 80-mL). Residual solvent is removed under vacuum giving 4.17g, 9.8

mmol, (71% yield) of DMP as a white solid.

2,3,5,6-Tetramethylacetophenone

To a suspension of AICl; (8.25 g, 61.1 mmol) in 22 mL of CCl, cooled to 5 °C was added acetyl
chloride (4 mL, 56.0 mmol) slowly. The resulting solution was allowed to stir for 1 h. Durene
(7.5 g, 61.1 mmol) dissolved in 23 mL of CCl, was slowly added to the solution, while the
temperature was held below 5 °C. The resulting reaction mixture was allowed to stir at 0-10 °C
for 2 h and then at 30 °C for another 2 h. It was then poured into crushed ice, and
concentrated HCl (6.5 mL) was added. The organic residue was extracted with CHCIs (3 x 75
mL), washed with NaHCO; (50 mL) and brine (50 mL), dried over anhydrous MgSO,., and
concentrated under vacuum to obtain the crude product, which was purified by Kugelrohr
distillation (80 °C, 0 mbar) to isolate a further crude mixture (containing a mixture of the
starting material and unidentifiable side products by NMR) as an off white solid (8 g) which

was subsequently used without further purification.
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2,3,4,5-Tetramethylacetophenone

The 2,3,5,6-tetramethylacetophenone mixture (8 g), AlCI; (16.0 g, 112 mmol), NaCl (1.1 g, 17.1
mmol), and H,0 (12 mol %) was heated at 100 °C for 2 h. The reaction mixture was quenched
with water. The organic matter was extracted with CHCls (3 x 50 mL), washed with NaHCO; (50
mL) and brine (50 mL), dried over anhydrous MgSQ04, and concentrated in vacuo to obtain the
crude product, which was purified by column chromatography (hexane 100%) to isolate
2,3,4,5-tetramethylacetopheone as a colourless liquid in 75% yield (6.1 g, 31.5 mmol): *H NMR
(CDCls, 300 MHz) & = 7.20 (s, 1H), 2.54 (s, 3H), 2.34 (s, 3H), 2.30 (s, 3H), 2.23 (s, 6H) ppm. The

spectroscopic data are within agreement of the literature!*#?!

2,3,4,5-Tetramethylbenzoic Acid

Water (40 mL) was charged with potassium hydroxide (17.5 g, 310 mmol) and bromine (4.8
mL, 94.5 mmol) one after the other at 0 °C. The resulting mixture was allowed to stir for 20
min. The solution was slowly added to a solution of 2,3,4,5- tetramethylacetopheone (5.5 g
31.3 mmol) in dioxane (80 mL), and the mixture was allowed to stir for another 1 h at room
temperature. The resultant mixture was heated at reflux for 1 h. Subsequently, the reaction
mixture was acidified with dilute HCI (pH 1) and extracted with EtOAc (3 x 75 mL), washed with
brine (100 mL) and saturated Na,S;03 (50 mL) solution, and dried over anhydrous Na,SOa. The

combined extract was concentrated in vacuo, and the residue was subjected to silica gel
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chromatography to isolate 2,3,4,5- tetramethylbenzoic acid as a colourless solid in 65% yield
(4.8g, 27.3 mmol): mpt 171-173 °C[Lit!*¥? mp 165-167 °C], *H NMR (CDCl3, 300 MHz) § 7.62 (s,
1H), 2.53 (s, 3H), 2.30 (s, 3H), 2.26 (s, 6H) ppm. The spectroscopic data are within agreement of
the literaturel8?

2-lodo-3,4,5,6-tetramethylbenzoic Acid

To a solution of 2,3,4,5-tetramethylbenzoic acid (2.8 g, 16.0 mmol) in acetonitrile (25 mL), N-
iodosuccinimide (3.8 g, 17.0 mmol) was added. Subsequently, 0.25 mL of concentrated H,SO4
and TFA (0.35 mL, 4.7 mmol) were introduced at room temperature. The resulting reaction
mixture was allowed to stir at room temperature overnight. It was subsequently quenched by
adding crushed ice. Filtration of the solid by washing with a small amount of H,0 (2 x 5 mL)
and petroleum ether (2 x 10 mL), followed by drying under vacuum, led to the pure product in
75% yield (4.0 g, 12.3 mmol): mp 205-207 °C [Lit*2 mp 204-207 °C], 'H-NMR (300 MHz,
CDCI3): 6 2.20 (s, 2H), 2.32 (s, 1H), 2.33 (s, 1H), 2.51 (s, 1H) ppm The spectroscopic data are

within agreement of the literature(*%?

2,3,4,5-Tetramethyllodosybenzoic acid

Q
|<\—OH
O

To a solution of Oxone (8.1 g, 13.2 mmol) dissolved in water (50 mL) and acetonitrile (10 mL)
was added 2-iodo-3,4,5,6-tetramethylbenzoic acid (2.0 g, 6.58 mmol), and the resultant
suspension was heated at 70 °C for 3.5 h with vigorous stirring. The white precipitate that
formed was collected by filtration. The precipitate was washed with water (15 mL) and
acetone (10 mL) and dried under vacuum to obtain 3,4,5,6- tetramethyl-2-iodoxybenzoic acid

as a colorless solid in 82% yield (1.81 g, 5.4 mmol): mp 136-139 °C; (Lit!**? mp 138-140 °C), *H-
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NMR (300 MHz, DMSO-d6): § 2.28 (s, 2H), 2.62 (s, 1H), 2.67 (s, 1H) ppm The spectroscopic data

are within agreement of the literature('®?

2-lodoterephthalic acid

/@COOH
HOOC I

To a suspension of 2-aminoterephthalic acid (3.0 g, 16.6 mmol) in H,O (100mL) conc. HCI
(1;1,v/v) was added drop wise at 0 °C a solution of NaNO, (2.85 g, 41.3 mmol) over a period of
45 min during which time the solution became clear. After being stirred for an additional 30
min at 0 °C, the diazonium salt was poured into a solution of Kl (16.5 g, 99.4 mmol) in water
(150 mL) and the resulting dark solution was left stirring at room temperature for 18 h. To the
stirred solution was then added solid NaHSOs in portions till the dark colour of the solution
was discharged leaving a behind a suspension a tan coloured solid in the solvent mixture. The
solid was filtered and triturated with of 1:1(v/v) CHxCl»:H,0 (150 mL) to give 4.18 g (86%) as a
yellow coloured solid, mp 289-296 °C [Lit?®* mp 299-300°C] *H NMR (300 MHz, (CDs),CO): 8.61
(d,J = 1.5 Hz, 1H), 8.13 (dd, J = 7.0, 1.5 Hz, 1H), 7.96 (d J = 7.0 Hz, 1H) ppm

1-hydroxy-1,3-dioxo-1,3-dihydro-115-benzo[d][1,2]iodooxazole-6-carboxylic acid

Q
I:\—OH
(@)

HOOC

A mixture of 2-iodoterphthalic acid, 9 (7.0 g, 24.0 mmol) and Oxone (44.3 g, 72.0 mmol) in 400
mL water was maintained at reflux for 3 h during which time the solution became clear. The
hot solution was poured into a 1L beaker and allowed to cool to room temperature overnight.
The precipitated cream coloured solid was filtered and dried to yield (4.8 g, 62%); mp 258-
261°C 'H NMR (300 MHz, D,0): 8.71 (d, J = 1.0 Hz, 1H), 8.38 (dd, J = 8.0, 1.0 Hz, 1H), 8.18 (d, J =

7.7 Hz, 1H) ppm The spectroscopic data are within agreement of the literature.?%
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Batch oxidation conditions for nitroalcohols

To a stirred solution of 2-nitro-1-p-tolylethanol (91 mg, 0.5 mmol) in MeCN (2 mL) was added
IBX (210 mg, 0.75 mmol) and kept at room temperature for 2 h. The reaction mixture was then
quenched with saturated Na,S;0; solution (5 mL) before being extracted with CH,Cl; (3 x
10mL). The organic combines were then evaporated under vacuum to afford 2-nitro-1-(p-

tolyl)ethan-1-one (63 mg, 0.35 mmol, 70%)

To a stirred solution of 2-nitro-1-p-tolylethanol (91 mg, 0.5 mmol) in CHxCl, (2 mL) was added
IBX (210 mg, 0.75 mmol) and kept at room temperature for 2 h. The reaction mixture was then
quenched with saturated Na,S;0s3 solution before being extracted with CHxCl; (3 x 10mL). The
organic combines were then evaporated under vacuum to afford 2-nitro-1-(p-tolyl)ethan-1-

one (49 mg, 0.28 mmol, 54%)

To a stirred solution of 2-nitro-1-p-tolylethanol (91 mg, 0.5 mmol) in CHxCl, (2 mL) was added
DMP (210 mg, 0.75 mmol) and kept at room temperature for 2 h. The reaction mixture was
then quenched with saturated Na,S;0s solution before being extracted with CH,Cl, (3 x 10mL).
The organic combines were then evaporated under vacuum to afford 2-nitro-1-(p-tolyl)ethan-

1-one (49 mg, 0.28 mmol, 76%)

2-nitro-1-(p-tolyl)ethan-1-one 181

o)
NO,

4 NMR 300 MHz, (CDCls): 7.78 (d, J = 9.0 Hz, 1H), 7.75 (d, J = 9.0 Hz, 1H), 5.88 (s, 2H), 2.44 (s,
3H) ppm. C NMR 100 MHz, (CDCls): 185.3, 130.1, 128.5, 81.4, 21.9 ppm. The spectroscopic

data are within agreement of the literature 128
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6.43 Experimental procedures for Koch Haaf carbonylations:

Bis(benzhydryl) ether 220

To a flask containing benzhydrol (368 mg, 2 mmol) in sulfuric acid (10 mL) was added formic

acid (0.5 mL) slowly. The resulting solution was then stirred for 1 h and poured into ice. The
resulting mixture was extracted with Et;0 (2 x 50 mL) dried over MgSQO, and reduced under
vacuum. The residue was purified by silica gel chromatography (99:1, Hex:EtOAc) to obtain
Bis(benzhydryl) ether as a colourless solid: mp 106-109 °C,(Lit?%® mp 108.9-109.4 °C), *H NMR
(300 MHz, CDCls): 6 = 7.49-7.17 (m, 20H), 5.41 (s, 2H) ppm The spectroscopic data are within

agreement of the literature?®”!

Synthesis of benzhydryl acetate 222

OAc

To a flask containing benzhydrol (1.84 g, 10 mmol) was added acetic anhydride (20 mL) the
mixture was then reflux for 2 h. The resulting solution was then cooled and quenched with
sat.NaHCOs (50 mL) until effervescence ceased. The resulting mixture was extracted with Et,0
(2 x 50 mL) dried over MgS0O4 and reduced under vacuum. The residue was purified by silica gel
chromatography (99:1, Hex:EtOAc) to obtain benzhydryl acetate as a colourless solid (2.03 g, 9
mmol, 90%). mp 40-43 °C, [Lit?®® mp 39-41 °C] *H NMR (300 MHz, CDCl3): § = 7.28-7.33 (m,
10H), 6.88 (s, 1H), 2.16 (s, 3H) ppm; *C NMR (75 MHz, CDCl3): § = 170.1, 140.2, 128.5, 128.3,

127.9, 21.3 ppm. The spectroscopic data are within agreement of the literature. (28
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General procedure for reductions of benzophenones

To a stirred solution of 4,4’-Dihalobenzophenone (4 mmol) in methanol (10 mL) was added
portion-wise sodium borohydride (453 mg, 12 mmol) over 40 min. The subsequent reaction
mixture was allowed to stir for 2 h until all benzophenone had been consumed by TLC. The
methanol was reduced under vacuuo. The resulting mixture was dissolved into Et,O (10 ml)
and washed with water (20 mL) and brine (10 mL). The organic layer was reduced under

vacuuo to produce pure product.

4,4'-Dichlorobenzhydrol 223

OH
Cl I I Cl

As a white solid:(1.01 g, 3.9 mmol, 99%) 89-92 °C, [lit ?*” mp 91.5-93 °C] *H NMR (300 MHz,
CDCl3): 6 = 7.30 (d, J = 8.7, 4H), 7.22 (d, J = 8.7, 4H), 4.97 (s, 1H) ppm. *C NMR (75.0 MHz,
CDCls): 6 = 177.6, 135.9, 135.5, 130.2, 128.8, 55.6 ppm. The spectroscopic data are within

agreement of the literature.!?!
4,4'-Difluorobenzhydrol

OH

JIORSN

As a pale yellow solid: (863 mg, 3.9 mmol, 99%), 49-52 °C [Lit!>®? mp 47-49 °C] *H NMR (300
MHz, CDCls): 6 = 7.32 (m, 4H), 7.02 (m, 4H), 5.8 (s, 1H), 2.35 (br s, 1H) ppm. 3C NMR (75 MHz,
CDCls): 6 = 163.8, 160.6, 139.4, 128.2 (d), 115.5 (d), 74.9 ppm. The spectroscopic data are

within agreement of the literature.?°
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4,4'-Dimethylbenzhydrol

OH
As a colourless solid: (827 mg, 3.9 mmol, 99%) mp 70-72 °C [Lit?*® mp 69-70 °C] *H NMR (300
MHz, CDCl3): & = 7.27 (d, J = 9 Hz, 4H), 7.14 (d, J = 9 Hz, 4H), 5.8 (s, 1H), 2.32 (s, 6H) ppm. 3C

NMR (75 MHz, CDCls): 6 = 141.1, 137.1, 129.1, 126.4, 77.2 ppm. The spectroscopic data are

within agreement of the literature.!?*3

Synthesis of 4,4’-Dichloro(diphenylacetic acid) 206

O+ _OH

Cl I I Cl

To a un-stirred solution of 4,4'-Dichlorobenzhydrol (506 mg, 2 mmol) in concentrated sulphuric
acid (10 mL) was added formic acid (0.5 mL) slowly. The solution was left undisturbed for 1 h
before being poured into crushed ice and extracted with diethyl ether (3 x 25 mL). The
resulting organic solution was dried of MgSO, and concentrated under vacuum to afford an
off-white solid (534 mg, 1.8 mmol, 95% yield) mp 166—-169°C [Lit??** mp 167-168°C]; *H NMR
(400 MHz, CDCl3): 6 = 7.31 (m, 2H), 7.23 (m, 2H), 5.00 (s, 1H); 3C NMR (100 MHz, CDCls): & =
177.6, 135.9, 133.8, 130.6, 129.0, 55.6 ppm. The spectroscopic data are within agreement of

the literature.?®

Di-(4,4'-dichlorobenzhydryl) ether 224
Cl
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Syringe A contacting a solution of 4,4'-Dichlorobenzhydrol (506 mg, 2 mmol) in Formic acid (0.5
mL) and Et,0 (0.5 mL) was placed into a syringe pump and connected via luer lock fittings.
Syringe B containing sulphuric acid (5 mL) was placed in a second syringe pump and connect in
the same way to the reactor. The solution was eluted, once 1 reactor volume had been
reached, into crushed ice. The reaction mixture was collected for 40 min and then extracted
with diethyl ether (2 x 25 mL). The resulting organic solution was dried of MgS0O, and
concentrated under vacuum. Colourless solid (74 mg, 34 %); mp 125-128 °C, [Lit.?*> mp 126-
127 °C]; *H NMR (500 MHz, CDCl3): § = 7.31 (m, 2H), 7.23 (m, 2H), 5.28 (s, 1H) ppm.*C NMR
(125 MHz, CDCls): & = 139.8, 133.8, 129.9, 128.8, 79.1; MS El+ calcd for C26H180(35)Cl4 (M+)
486.0112, found 487.0135.

N-benzhydrylacetamide 221

ANH

Syringe A containing H,SO4 (85%, 5mL) was placed in a syringe pump and connected to the
reactor via luer lock fittings. Syringe B containing alcohol (2 mmol) dissolved in MeCN (2.5 mL)
was placed in a second syringe pump and connect in the same way to the reactor. The
contents of the syringe were then pump at a rate as to achieve a residence time of 20 min
within a PTFE reactor coil (0.5 mm i.d, 1 mL vol). The reaction mixture was quenched into
NaOH (aqg, 10 mL) after steady state had been reached. The resulting mixture was extracted
with EtOAc (2 x20 mL), dried over MgS0O, and reduced under vacuum. The residue was purified
by silica gel chromatography (10:1, Hex:EtOAc) to obtained the desired amide product. As a
colourless solid; mp 154-155°C; (Lit.!*®® mp 147-149 °C); *H NMR (300 MHz, CDCl5): &= 7.19-
7.38 ppm (m, 10H), 6.26 (s, 1H), 2.04 (s, 3H) ppm. 3C NMR (75 MHz, CDCls) 169.1, 141.5,
128.7,127.4,57.0, 23.3 ppm.[2%4

N-benzhydrylformamide 226
@)

L

NH
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Syringe A containing H,SO4 (85%, 5mL) was placed in a syringe pump and connected to the
reactor via luer lock fittings. Syringe B containing alcohol (368 mg, 2 mmol) and KCN (260mg, 4
mmol) dissolved in AcOH (2.5 mL) was placed in a second syringe pump and connect in the
same way to the reactor. The contents of the syringe were then pumped at a rate as to achieve
a residence time of 20 min within a PTFE reactor coil (0.5 mm i.d, 1 mL vol). The reaction
mixture was quenched into NaOH (aqg, 10 mL, 1M) after steady state had been reached. The
resulting mixture was extracted with EtOAc (2 x20 mL), the combined extracts were dried over
MgS0O, and evaporated. The residue was purified by Biotage column chromatography using a
10g Biotage ultra cartridge running a gradient of 0-10%:EtOAc with hexane over 10 cv to
obtain the desired amide product, as a colourless solid (228 mg, 54%); mp.: 134-136 °C;
[Lit.?°”) mp132-134 °C] Two rotamers (ratio 76:24) was observed. *H NMR (CDCls. 400 MHz) &
8.33 and 8.25 (s and d, J = 11.3 Hz, total 1H), 7.39-7.23 (m, 10H), 6.35 (d, J = 8.23 Hz, total
1.8H), 6.08 (br's, 1H), 5.79 (d, J = 8.27 Hz, 0.2H) ppm."*C NMR (CDCl3, 100 MHz) 6 164.5, 160.3,
140.9, 140.8, 128.9, 128.5, 128.0, 127.7, 127.4, 127.3, 60.0, 55.7. The spectroscopic data are

within agreement of the literature./?*

6.44 Experimental procedures for Ritter reactions of benzylic

alcohols:

General procedure for the Ritter reaction in continuous flow.

Syringe A containing H,SO4 (85%, 5mL) was placed in a syringe pump and connected to the
reactor via luer lock fittings. Syringe B containing alcohol (2 mmol) dissolved in MeCN (2.5 mL)
was placed in a second syringe pump and connect in the same way to the reactor. The
contents of the syringe were then pump at a rate as to achieve a residence time of 20 min
within a PTFE reactor coil (0.5 mm i.d, 1 mL vol). The reaction mixture was quenched into
NaOH (aqg, 10 mL) after steady state had been reached. The resulting mixture was extracted
with EtOAc (2 x20 mL) then dried over MgSO,4 and evaporated. The residue was purified by
Biotage chromatography using a 10g snap ultra Biotage column using a gradient of EtOAc 0-

10% with hexane.

196



N-(4-Methylbenzyl)acetamide 232

H
As colourless needles (82.6, 72%); mp 112-113 °C [Lit.!**® mp 110.5-111.5 °C]; 1 H-NMR (400
MHz, CDCl3) & =7.16-7.23 (m, 5H), 5.70 (br s, 1H), 4.31 (d, J = 5.6 Hz, 2H), 2.39 (s, 3H), 2.01 (s,

3H) ppm.1*C NMR (75 MHz, CDCl3): & = 170.1, 137.5, 135.2, 129.6, 128.0, 43.7, 23.5ppm ppm.

The spectroscopic data are within agreement of the literature?®”!

N-(1-Phenylethyl)acetamide 233

0]

)J\NH

As a colourless oil (99 mg, 87%): *H-NMR (300 MHz, CDCl3) d: 7.27-7.36 (m, 5H), 5.93 (1H, brs),
5.12 (m, 1H), 1.97 (s, 3H), 1.48 (d, J = 6.9 Hz, 3H) ppm. *C NMR (75 MHz, CDCl3): 6§ = 169.1,
143.3, 128.6,127.2, 126.2, 48.8, 23.5, 21.7 The spectroscopic data are within agreement of the

literature!28]

N-(bis(4-Tolyl)methyl)acetamide 234

O

)J\NH
As colourless solid (135 mg, 76%); mp 145-147 °C, [Lit % mp 149 °C]; *H-NMR (300 MHz,
CDCls) 6 = 7.09-7.14 (m, 8H), 6.18 (d, J = 7.9 Hz, 1H), 5.98 (br s, 1H), 2.33 (s, 6H), 2.06 (s, 3H)

ppm. 3C NMR (75 MHz, CDCls): & = 169.8, 164.5, 160.5, 137.0, 129.1, 155.6, 55.8. The

spectroscopic data are within agreement of the literature!?®”!

197



N-(bis(4-Fluorophenyl)methyl)acetamide 235

O

)J\NH
JOASN

As a tan solid (147 mg, 80%); mp 159-163 °C [Lit.[?*® mp 160-162 °C); *H-NMR (300 MHz, CDCls)
§=7.16 (m, 4H), 7.02 (t, J = 8.2, 8.2 Hz, 4H), 6.20 (d, J = 6.4 Hz, 1H), 6.09 (br s, 1H), 2.09 (s, 3H)
ppm.1C NMR (75 MHz, CDCls): 169.8, 164.5, 160.5, 137.0, 129.1(d), 155.6(d), 55.8 ppm The

spectroscopic data are within agreement of the literature!?®”!
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