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Abstract: The concept of specific mi-
crowave effects in solid/liquid catalytic
processes resulting from the selective
heating of a microwave-absorbing het-
erogeneous transition-metal catalyst by
using 2.45 GHz microwave irradiation
was evaluated. As model transforma-
tions Ni/C-, Cu/C-, Pd/C-, and Pd/
Al)Os-catalyzed carbon—carbon/

ing microwave dielectric heating and
conventional thermal heating at the
same reaction temperature were per-
formed. Although the supported metal
catalysts were experimentally found to
be strongly microwave absorbing, for
all chemistry examples investigated
herein no differences in reaction rate
or selectivity between microwave and

conventional  heating  experiments
under carefully controlled conditions
were observed. This was true also for
reactions that use low-absorbing or mi-
crowave transparent solvents, and was
independent of the microwave absorb-
tivity of the catalyst support material.
In the case of hydrogenation reactions,
the stirring speed was found to be a

carbon-heteroatom cross-couplings and
hydrogenation reactions were investi-
gated. To probe the existence of specif-
ic microwave effects by means of selec-
tive catalyst heating in these transfor-
mations, control experiments compar-

mass
chemistry

Introduction

The use of microwave heating to perform chemical reactions
involving heterogeneous transition-metal catalysts is becom-
ing increasingly popular in the scientific community.'*! For
these transformations, the use of microwave heating appears
to be particularly attractive since heterogeneous supported
metal catalysts are generally strongly microwave absorb-
ing.[*! Therefore, selective heating of the heterogeneous cat-
alyst by microwave irradiation will occur under certain con-
ditions, which may result in differences in reaction rates and
selectivity relative to control experiments performed by
using conventional conductive heating at the same bulk tem-
perature (“specific microwave effects”).”" Literature ex-
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critical factor on the mass transfer be-
tween gas and liquid phase, influencing
the rate of the hydrogenation in both
microwave and conventionally heated
experiments.

. microwave

amples include the utilization of Pd/C,*” Pd/SiO,,”) PdEn-
Cat,! Pd/glass,'>!! supported/stabilized Pd nanoparticles,'?!
Ni/C,I! Ni/graphite,"¥ Cu/C** and other supported metal
species!' in combination with microwave dielectric heating
for achieving highly efficient carbon—carbon and carbon-
heteroatom bond formation reactions. In addition, several
cases of microwave-enhanced hydrogenation reactions in-
volving Pd/C and related supported metal species have been
reported.['” 18l

However, the selective heating of metal (or other strongly
microwave absorbing) particles under microwave conditions
is a rather complex phenomenon depending strongly on the
type of support, particle size (surface-to-volume ratio), elec-
tromagnetic field strength (power density), and a variety of
other factors.*'”) In heterogeneous gas-phase catalysis, the
rationale and advantages of using microwave irradiation to
selectively heat the often very strongly microwave absorbing
catalyst bed while the reactive gas—being inherently micro-
wave transparent—remains at a lower temperature are rea-
sonably well established.” In the case of solid/liquid trans-
formations, the genuine selective heating characteristics of
catalyst particles compared to the bulk reaction mixture and
the resulting influence on reaction rate and selectivity often
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remain unclear.” ™ In the present manuscript, we present a
critical reinvestigation of microwave-heated transition-
metal-catalyzed carbon-carbon/carbon-heteroatom cross-
coupling reactions and hydrogenation protocols, to elucidate
the role that microwave irradiation in conjunction with the
use of heterogeneous catalysts plays in these transforma-
tions.

Results and Discussion

Negishi and Ullmann-type cross-couplings by using Ni/C
and Cu/C catalysts: Our initial model transformations fo-
cused on cross-couplings that utilized Nickel-in-Charcoal
(Ni/C) and Copper-in-Charcoal (Cu/C) as heterogeneous
catalysts. In recent years, Lipshutz and co-workers have pub-
lished extensively on the use of these (and related) inexpen-
sive base metal heterogeneous catalysts to perform very effi-
cient microwave-assisted, for example, Ni-catalyzed Suzuki,
Negishi, and Kumada carbon—carbon cross-couplings,*) Cu-
catalyzed azide-alkyne cycloadditions®!), and Ullmann-type
diarylether formations,"! in addition to Ni-catalyzed amina-
tion, and reduction processes.”! Importantly, compared to
previous studies by the same group employing conventional
heating in an oil bath dating back to the late 1990s,* the re-
action times for most of these transformations could be re-
duced from several hours to a few minutes by using sealed-
vessel microwave processing.">'>?!l Choosing the Negishi
cross-coupling of aryl chloride 1 with organozinc reagent 2
as our first model reaction (Scheme 1a) we wanted to see if
the dramatic rate enhancement on going from 16 h employ-
ing oil-bath heating at 60°C,*! to 15 min under microwave
conditions at 150°C!" was due to selective heating of the
strongly microwave-absorbing Ni/C catalyst (see below), or
could be rationalized by a simple thermal effect as a result
of the significantly higher reaction temperature.”! As a
second example, we have selected the Cu/C-promoted UlI-
mann-type diaryl ether formation involving aryl bromide 4
and phenol 5 (Scheme 1b). According to Lipshutz and co-
workers, full conversion and a 86% yield of diaryl ether 6
can be obtained under microwave conditions at 180°C for
30 min (no data for conventional heating were provided).!"”!
Since both cross-couplings were performed by using micro-
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wave-transparent dioxane®! as the solvent, the chances to
observe selective heating of the metal catalyst appeared to
be high in these cases.

The starting point for the investigation of both transfor-
mations was to evaluate the microwave absorbtivity of the
involved catalysts. Both Ni/C and Cu/C were prepared ac-
cording to the detailed protocols reported by the Lipshutz
group starting from activated charcoal Darco KB-G and the
corresponding metal nitrate salts.">?'! The loading of Ni and
Cu within the catalyst preparations was determined by ICP-
MS (inductively coupled plasma mass spectroscopy) analysis
to be 3.6 % (w/w) for Ni and 8.1 % (w/w) for Cu, respective-
ly. Similar to our recent studies involving Pd/C,®! the micro-
wave absorbtivity of both catalysts in comparison to the
non-impregnated charcoal support was determined by sus-
pending samples of the solid materials in carbon tetrachlor-
ide as the microwave-transparent solvent and observing
bulk temperature changes on irradiation with constant mi-
crowave power. As can be seen in Figure 1, the Ni/C catalyst
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Figure 1. Microwave heating profiles for 100 mg samples of Ni/C, Cu/C,
and charcoal (C) suspended in CCl, (2.0 mL) in a 10 mL quartz reaction
vessel at constant 150 W magnetron output power (single-mode reactor,
fiber-optic temperature measurement).

proved to be a significantly stronger microwave absorber
than untreated charcoal, whereas the Cu/C catalyst surpris-
ingly showed reduced microwave absorbtivity. It can be as-
sumed that the temperature of
the metal catalysts under these
Me conditions, at least for Ni/C,
O must, therefore, be significant-
O ly higher than the monitored

NC 3 bulk mixture temperature.*!
At this point, it needs to be
emphasized that the species in-
itially present in the charcoal
matrix in both catalysts pre-
pared by impregnation of Ni-
(NO3), or Cu(NOs;), and subse-
quent thermal treatment likely

o 6

Scheme 1. The Negishi and Ullmann-type cross-coupling as a model reaction.!'**’! involve Ni" and Cu" oxides, re-
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spectively.?! For many of the subsequent cross-coupling
transformations, in particular for reactions involving Ni/C, a
reduction step to a zero-valent metal prior to coupling is re-
quired.[13’21’22’26’27]

To accurately compare the results obtained by direct mi-
crowave heating with the outcome of a conventionally
heated reaction at the same temperature we have used a re-
actor system that allows us to perform both types of trans-
formations in an identical reaction vessel and to monitor the
internal reaction temperature in both experiments directly
with a fiber-optic probe device.’ This system has the ad-
vantage that the same reaction vessel and the same method
of temperature measurement is used. In this way, all param-
eters apart from the mode of heating are identical and,
therefore, a fair comparison between microwave heating
and thermal heating can be made. For the Negishi cross-cou-
pling reaction shown in Scheme 1la, the literature protocol
published by Lipshutz and co-workers was followed as close-
ly as possible.l'”] In the event, 8.1 mol % of the Ni/C catalyst
and 30 mol % of triphenylphosphine ligand were suspended
in anhydrous dioxane. The Ni'/C precatalyst was subse-
quently activated by addition of excess nBuLi in hexane, fol-
lowed by addition of the two coupling partners 1 and 2. For
the preparation of the organozinc reagent 2 we have devel-
oped a microwave modification of a recent general zincation
protocol reported by the Knochel group describing the in-
sertion of Zn dust into 4-iodotoluene in the presence of an-
hydrous LiCl in THE?**% Applying sealed-vessel microwave
heating at 150°C, a reaction time of 30 min was sufficient to
achieve full conversion as monitored by GC-FID analysis.

The subsequent microwave-assisted Negishi cross-cou-
pling (Scheme 1a) was performed at 150°C (internal temper-
ature measurement) within 15 min hold time (~5 bar pres-
sure). This protocol consistently (three repetitions) led to
GC-FID conversions of ~96% (+1%) and provided a 93 %
isolated product yield of biphenyl 3, in good agreement with
the results published by Lipshutz (94 %).'¥ For the control
experiments involving conventional heat transfer, the reac-
tor setup was immersed into an oil bath preheated to an ap-
propriate temperature to ensure an internal reaction tem-
perature of ~150°C. As already previously noted,”" it has
to be emphasized that comparison studies between micro-
wave and conventional heating experiments must not only
take the final reaction temperature into account, but must
also provide for similar heating and cooling profiles. In par-
ticular, for short overall reaction times, the ramp time will
become important. In the present case, appropriate adjust-
ment of the utilized microwave power (27 W for 1 min and
10 W for 4 min initial microwave power) led to a ramp time
of ~5 min in the microwave run, which was comparable to
the heating profile experienced in the oil-bath experiment
(see Figure S1 in the Supporting Information). Interestingly,
the results for the conventionally heated Negishi cross-cou-
plings displayed no significant differences compared to the
microwave runs performed at the same temperature of
150°C. Conversions of 93% (+4 %, three repetitions) with
an isolated yield of 87 % of biphenyl product 3 from one of
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the runs was achieved. Evaluating GC-FID conversions at
shorter time intervals (5 and 10 min) also did not provide
any indication of significant differences in reaction rate or
selectivities between the two heating modes.

Since the comparatively short reaction time of 15 min and
the complex processing nature of the Negishi cross-coupling
protocol—involving the initial independent preparation of
organozinc species 2 and a preactivation of the Ni/C cata-
lyst—was not ideal for a more detailed kinetic comparison
study between microwave and conventional heating, we
have selected the Ullmann-type diaryl ether formation
shown in Scheme 1b as a second example.”! Here, activa-
tion of the Cu/C catalyst is not required and the two cou-
pling partners are commercially available. Again, the pub-
lished protocol was followed as closely as possible, applying
3.8 mol % of the Cu/C catalyst, 0.5 equivalents of 1,10-phe-
nanthroline ligand, 1.0 equivalent of phenol 5, and 1.5 equiv-
alents of aryl bromide 4. Preliminary optimization experi-
ments indicated that high conversion levels to diaryl ether 6
could also be obtained at 150°C (instead of 180°C)™! within
30 min, which made the transformation more practical for
the planned comparison studies. Similar to the case with the
Negishi cross-coupling discussed above, the heating profiles
for microwave and oil-bath runs were matched by applying
suitable microwave power levels and oil-bath temperatures,
respectively (see Figure S2 in the Supporting Information).
As shown in Table 1, the results obtained by microwave and
oil-bath heating experiments were virtually identical, clearly
indicating the absence of any “specific microwave effect” as
a result of selective catalyst heating.

Despite the fact that both transformations were per-
formed in a microwave transparent solvent and the data pre-
sented in Figure 1 provide clear evidence that at least one of
the catalysts (Ni/C) is strongly microwave absorbing, we
conclude that the rate enhancements seen in transforma-

Table 1. Comparison of microwave heating and conventional heating for
the Ullmann-type diaryl ether formation of aryl bromide 4 with phenol 5
(Scheme 1b).1*!

£ [min] Heating method'® ((150+4)°C) Conversion' [%]

5 MW 49/44/43
conventional 50/46/47

10 MW 57/58/57
conventional 59/58/59

20 MW 69/74/76
conventional 72/74/72

30 MW 81/86/87 (81)k!
conventional 84/84/85 (76)!!

[a] Phenol 5 (1.0 mmol), aryl bromide 4 (1.5 equiv), 1,10-phenanthroline
(0.5 equiv), dioxane (2mL), Cu/C (3.8 mol%). Microwave experiments
were carried out by using a CEM Discover system with a 10 mL fiber-
optic probe setup. Conventionally heated experiments were performed in
a preheated oil bath by selecting an appropriate bath temperature (see
Figure S2 in the Supporting Information). For further information see the
Experimental Section. [b] Fixed hold time, the ramp times were similar
(~6 min) for both heating modes (see Figure S2 in the Supporting Infor-
mation). [c] Internal reaction temperature measured by fiber-optic
sensor. [d] Determined by GC-MS analysis (peak area% of diaryl ether
6). Entries reflect multiple experiments. For a graphical representation,
see Figure S3 in the Supporting Information. [e] Isolated yields.
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tions of this typel*'>? are essentially the result of a stan-
dard thermal effect, switching from reflux conditions to a
sealed-vessel microwave experiment at significantly higher
temperatures. As with other related examples recently in-
vestigated in our laboratories,®*!! we ascribe the absence of
a “specific microwave effect” in these cases to the fact that
although the heterogeneous metal catalyst itself can be a
strongly microwave absorbing material when irradiated
under suitable conditions (Figure 1), for the actual reac-
tion mixtures containing several other microwave-absorbing
components (substrates, ligand, additives, bases) any effect
derived from selective heating of the comparatively small
quantities of heterogeneous metal catalyst will be masked.
In addition, it should be emphasized that for both reactions
discussed in Scheme 1, experimental evidence suggests that
the actual catalytic process is of a homogeneous rather than
heterogeneous nature, involving soluble catalytic species of
Ni and Cu leaching from the charcoal support.['>!

Suzuki cross-couplings by using Pd/C and Pd/AlLO; cata-
lysts: As an alternative example to the Ni and Cu-catalyzed
carbon—carbon and carbon-heteroatom bond-formation re-
actions discussed above (Scheme 1) we next turned our at-
tention to Pd-catalyzed Suzuki-Miyaura biaryl couplings™
that involve heterogeneous Pd catalysts. A plethora of ex-
amples of Suzuki-Miyaura cross-couplings utilizing different
forms of immobilized Pd catalysts have been reported,!
and in many cases the benefits of performing these process-
es by utilizing microwave heating—typically reducing reac-
tion times from hours to a few minutes—have been empha-
sized in the literature.*>'? The specific example chosen for
our investigations discussed herein involved the cross-cou-
pling of aryl chloride 7 with phenylboronic acid (8) in the
presence of Pd/C under aqueous conditions (Scheme 2).
This Suzuki-Miyaura cross-coupling was chosen since work
by Arvela and Leadbeater published in 2005 has shown that
microwave irradiation in conjunction with simultaneous
cooling of the reaction mixture by compressed air—under
otherwise identical reaction conditions (120°C, 10 min)—led
to a markedly improved product yield (91% versus 60 %)
relative to normal microwave heating.”! Under “simultane-
ous cooling” conditions, the reaction vessel is cooled from
the outside by compressed air while being irradiated by mi-
crowaves.® This generally allows a higher level of micro-
wave power to be directly administered to the reaction mix-
ture thereby potentially enhancing any specific microwave
effects that are dependent on the electric field
strength.[%%17:28343¢ By monitoring internal reaction tem-
peratures with fiber-optic probes and carefully adjusting the

Pd/C or Pd/Al,O5

/©/C[ /@ Na,CO3, TBAB, H,0
+
MeO (HO),B MW, 120-150 °C, 5-20 min O
MeO

7 8

Scheme 2. The Suzuki-Miyaura cross-coupling as a model reaction.®!
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temperature and/or flow of the external cooling gas, experi-
ments can be performed in which at constant bulk reaction
temperatures distinctly different microwave power levels
can be applied. We speculated that the previously observed
effects’® could have been due to a “selective heating” of the
Pd/C catalyst by utilizing the simultaneous cooling condi-
tions.

Applying our reactor setup equipped with a fiber-optic in-
ternal temperature probe as described above and by follow-
ing as closely as possible the conditions reported in the orig-
inal reference!®’ we have reproduced the Suzuki-Miyaura
coupling shown in Scheme 2. A Pd/C catalyst specifically op-
timized for cross-coupling chemistry was employed (E 104
CA/W 5% Pd), which is characterized by a high Pd disper-
sion, a low reduction degree, and a high water content.””)
As described by Arvela and Leadbeater,”® we found that ap-
plying 1 mol% of Pd/C catalyst, 1.3 equiv of boronic acid 8,
3.7 equiv of sodium carbonate base, and 1 equivalent of tet-
rabutylammonium bromide (TBAB) as additive provided
optimum results leading to the highest conversions. By using
a moderate 8 W of initial maximum magnetron output
power to ramp the temperature to the desired 120°C within
3-4 min (see Figure S4 in the Supporting Information), fol-
lowed by a 5 min hold time at 120°C consistently provided
GC-FID conversions to biaryl 9 in the region of 80-90%,
with only small amounts of starting material 7 (~10%) and
biphenyl homocoupling product (<3 %) being observed
(Table 2, entry 1). These results were comparable to the
data published previously by Arvela and Leadbeater em-
ploying a slightly longer overall reaction time (10 min).[* In-
creasing the initial maximum magnetron output power to
25 W shortened the ramp time to 1 min (overall irradiation
time 6 min), but otherwise did not change the outcome of
these coupling reactions (Table 2, entry 2). Although a con-
siderably higher amount of microwave power was applied
by using the simultaneous cooling method to reach and
maintain the same bulk temperature of 120°C (20 versus
7.6 W average power, see Figure S5 in the Supporting Infor-
mation), the results in our hands both in terms of conversion
and selectivity were more or less identical to the noncooled
runs (Table 2, entry 3). In fact, this outcome is in line with
more recent work published by the Leadbeater group, dem-
onstrating that simultaneous cooling in this cross-coupling
reaction is not required when working on a larger scale.®!
Ultimately, the Suzuki-Miyaura cross-coupling was also per-
formed by using conventional heating, again matching heat-
ing profiles carefully by choosing an appropriate oil-bath
temperature (see Figure S4 in the Supporting Information).
As can be seen from the data presented in Table 2 (entry 4),

it appears that a “specific mi-
crowave effect” of any kind is
not in operation here. By in-
O spection of GC-FID traces that
compare the crude reaction
mixture composition, no signif-
icant differences in conversion
or selectivities between runs
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Table 2. Comparison of microwave heating and conventional heating for
the Suzuki-Miyaura cross-coupling of aryl chloride 7 with boronic acid 8
(Scheme 2).1

Entry Catalyst 7 [°C)/t [min] Heating method®  Conversion! [%]

1 Pd/C 120/5 MW (8 W) 87/87/85/84 (80)!*!
2 Pd/C 120/5 MW (25 W) 83

3 Pd/C 120/5 MW (sim. cooling) 86

4 Pd/C 120/5 conventional 87/90/83/81 (82)!*!
5 Pd/ALO; 120/5 MW (8 W) 37/38/40

6 Pd/ALO; 120/5 conventional 38/37/35

7 Pd/ALO; 150/20 MW (12 W) 92

8 Pd/ALO; 150/20 conventional 85

[a] Aryl chloride 7 (1.0 mmol), phenylboronic acid (8) (1.3 equiv),

Na,CO; (3.7 equiv), TBAB (1.0 equiv), Pd/C (1 mol%, 5% w/w) or Pd/
ALO; (1 mol%, 10% w/w) catalyst, H,O (2mL). Microwave experi-
ments were carried out by using a CEM Discover system with a 10 mL
fiber-optic probe setup. Conventionally heated experiments were per-
formed in a preheated oil bath by selecting an appropriate bath tempera-
ture (see Figures S4, S5, and S7 in the Supporting Information). For fur-
ther information see the Experimental Section. [b] The maximum nomi-
nal magnetron microwave power is given in parentheses. [c] Determined
by GC-FID analysis (peak area % of biphenyl 9). Entries reflect multiple
experiments (where appropriate). [d] Isolated yields.

performed in an oil bath or under microwave conditions
(with or without simultaneous cooling) were seen (see
Figure S6 in the Supporting Information). Isolated yields in
the range of 80 % were also comparable.

At this stage, we considered the use of a different support
material for the Pd-metal catalyst. Since charcoal itself is a
strongly microwave-absorbing material (Figure 1),*) most of
the microwave energy absorbed by the solid catalyst (Ni/C,
Cu/C, Pd/C) may in fact be absorbed by the support and not
by the metal impregnated on the support. Therefore, we re-
peated the Suzuki-Miyaura cross-coupling shown in
Scheme 2 by utilizing Pd/Al,O; as a heterogeneous cata-
lyst,®! with Al,O; being essentially microwave transparent
(tan 6=0.006604).°“181 A comparison of heating profiles
under microwave conditions for Pd/C and Pd/Al,O; con-
firmed that Pd/C is a far better microwave absorber than
Pd/AL,O; (Figure 2). To achieve high conversions for the
Suzuki-Miyaura cross-coupling with 1 mol% Pd/AlL,O; cata-

120
100 1 PdiC
80
&)
°_ 60 - PdiAlLQ,
[
7 ’Ff_,.o——'_'_'f
20 ccl,
0 T T T T T 1
0 100 200 300 400 500 600
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Figure 2. Microwave heating profiles for 100 mg samples of Pd/C (10%
w/w) and Pd/Al,O; (10% w/w) suspended in CCl, (2.0 mL) in a 10 mL
quartz reaction vessel at constant 150 W magnetron output power
(single-mode reactor, fiber-optic temperature measurement).
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lyst, an increased reaction temperature of 140-150°C and an
extended reaction time of 20 min was required. Applying
the originally optimized 120°C/5 min conditions a moderate
~38% conversion was obtained by using both microwave
and oil-bath heating (Table 2, entries 5 and 6). Gratifyingly,
at 150°C, a 92 % conversion was achieved under microwave
conditions (entry 7), closely matched by an 85% conversion
under oil-bath conditions when applying similar heating pro-
files (entry 8; see Figure S7 in the Supporting Information).
Therefore, it appears that for the Suzuki-Miyaura cross-
coupling shown in Scheme 2, which utilizes a heterogeneous
Pd catalyst with a microwave-transparent support, selective
heating of the transition metal is either not observed or has
no influence on reaction rate and selectivity. Given the fact
that here the reaction medium (H,O, Na,CO;, TBAB) is
strongly microwave absorbing—as evidenced by the compa-
ratively low microwave power required for heating (Fig-
ure S5)—this is perhaps not surprising. In addition, it should
be emphasized that as with the Ni/C and Cu/C chemistry de-
scribed above (Scheme 1), there is substantial evidence in
the literature that transition-metal-catalyzed cross-coupling
reactions that utilize Pd/C as a catalyst do in fact involve ho-
mogeneous Pd species.***1 The insoluble Pd/C catalyst
acts as a reservoir of soluble, active Pd species, generated
under the reaction conditions by chemical interaction of the
catalyst with one or more of the components of the liquid
phase.l**!l Thus, although the used metal catalyst is of a het-
erogeneous nature, it is not clear if selective heating of the
catalyst by microwave irradiation can have an influence on
a subsequent reaction step occurring in solution phase. The
results obtained herein are in agreement with our recent
work on Heck-Mizoroki couplings catalyzed by Pd/C.*"

Hydrogenation reactions by using Pd/C and Pd/ALO; cata-
lysts: At this point, it became evident that in the cross-cou-
pling chemistry examples described above in Schemes 1
and 2, specific microwave effects by selective heating of the
heterogeneous catalysts do not play a role, because 1) there
were generally too many other microwave absorbing species
present in the reaction mixture masking any “superheating”
of the catalyst and/or 2) since the mechanism of these cross-
couplings is likely to be of a homogeneous nature; therefore,
the rate-determining step may occur in solution phase and
not on the surface of the microwave absorbing catalyst.
Therefore, we considered hydrogenation reactions as almost
ideal model transformations to study the role of specific mi-
crowave effects resulting from selective catalyst heating. Hy-
drogenations involving molecular hydrogen and a heteroge-
neous precious-metal catalysts are genuinely heterogeneous
in nature, with the hydrogenation step occurring at the sur-
face of the heterogeneous catalyst.*’! Since microwave-
transparent hydrogen is the only required reagent and the
solvent can often be of an unpolar—low microwave absorb-
ing—nature, the hydrogenation of standard olefins appeared
to be an ideal model reaction to evaluate the occurrence of
specific microwave effects and the role of selective catalyst
heating. In fact, recently published work by Vanier compar-
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ing conventional and microwave-heated hydrogenations cat-
alyzed by Pd/C for a variety of substrates has indicated a
special role that microwave irradiation plays in these pro-
cesses (apart from heating)."”! Applying otherwise identical
reaction conditions (solvent, time, temperature, hydrogen
pressure), significant differences in conversions between
conventionally heated and microwave-irradiated hydrogena-
tions with Pd/C were reported.'”! To gain further insight
into the potential involvement of selective heating effects in
these heterogeneous hydrogenations, we have reinvestigated
two of the examples described in the original reference.

Our first case study involved the hydrogenation of diene
10 to the saturated butane 11 employing low-absorbing
ethyl acetate (tan 6 =0.059)¥ as the solvent and a standard
10% Pd/C catalyst (Scheme 3). By using an 80°C reaction

H,, PA/C or Pd/A1,O5
EtOAc

PhM/ Ph Ph/\/\/ Ph ph/\/\/Ph

MW, 80 °C, 5 min
10 11 12

Scheme 3. Hydrogenation of (E,E)-1,4-diphenyl-1,3-butadiene (10).1""!

temperature, 50 psi (3.5 bar) hydrogen pressure and a
1 mol % Pd catalyst loading, Vanier has reported full conver-
sion to 11 in the microwave run, relative to only 55 % by ap-
plying conventional heating in a preheated oil bath after a
5 min reaction time (hold time). The temperature profiles
were carefully matched by using a fiber-optic probe setup to
ensure the validity of the results.!'”]

We have repeated the hydrogenation of diene 10 by fol-
lowing the conditions reported by Vanier as close a possible,
by using the identical pre-pressurized single-mode micro-
wave reactor setup fitted with an internal fiber-optic temper-
ature probe.l'”'®*! The progress of the hydrogenation could
be nicely followed online by monitoring the hydrogen pres-
sure decrease in the sealed-vessel experiments and offline
by GC-FID monitoring. Indeed, in the first trials, we have
observed that the microwave experiments at 80°C provided
complete conversion to butane 11 (97% isolated yield),
whereas in the conventionally heated runs that utilize a pre-
heated oil bath at the same internal temperature and apply
a very similar temperature profile (see Figure S8 in the Sup-
porting Information) the conversions were significantly
lower (70-80 % ). In addition, the formation of a partially hy-
drogenated product 12,! not mentioned in the original
study,['”! was also observed. These experiments were repeat-
ed numerous times but the results essentially remained un-
changed.

After considerable experimentation and variations of con-
ditions we realized that the stirring speed applied in both
types of heating experiments plays a critical role on the out-
come of the hydrogenation processes. A systematic analysis
of the stirring speed on the hydrogenation of diene 10 under
both microwave and oil-bath conditions is presented in
Table 3, with each experiment being repeated three times to
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Table 3. Comparison of microwave heating and conventional heating in
dependence on the stirring speed for the hydrogenation of (E,E)-1,4-di-
phenyl-1,3,-butadiene (Scheme 3).1!

Entry Heating Stirring rate Conversion/selectivity' [%]

method™ 10/11/12
1 MW - 26/51/23
2 MW low 1/80/19
3 MW medium 0/>99/0
4 MW high 0/>99/0
5 conventional - 36/43/21
6 conventional 100 22/57/21
7 conventional 200 17/60/23
8 conventional 400 11/66/23
9 conventional 800 1/84/15
10 conventional 1200 0/>99/0

[a] Diene 10 (0.5 mmol), Pd (1 mol%, 10% Pd/C), H, (4 bar), 80°C,
EtOAc (2 mL), 20 W maximum magnetron output power. [b] Microwave
experiments were carried out by using a CEM Discover system with a
10 mL fiber-optic probe setup in conjunction with a gas-loading system.
Conventionally heated experiments were performed by using the same
setup in a preheated oil bath by selecting an appropriate bath tempera-
ture (see Figure S8 in the Supporting Information). For further informa-
tion see the Experimental Section. [c] Product composition analyzed by
GC-FID (peak area%). Entries reflect the median values of three ex-
periments (s.d. =5%).

ensure statistical relevance. For the microwave experiments,
the four available stirring levels on the single-mode reactor
(off, low, medium, high)*! were compared to a range of stir-
ring speeds (0-1200 rpm) available on the magnetic stirrer/
hotplate used to heat the oil bath for the conventionally
heated runs. As can be clearly seen, stirring plays a domi-
nant role on these hydrogenations. Without stirring, compa-
ratively moderate conversions were experienced for both
the microwave (74 %, entry 1) and the oil-bath runs (64 %,
entry 5). Going to higher stirring speeds consistently im-
proved conversions in both heating modes. It should be par-
ticularly emphasized that full conversion to the desired
butane 11 was also obtained in a conventionally heated ex-
periment (Table 3, entry 10). The perhaps surprisingly large
influence that the stirring speed exerts on the outcome of
these hydrogenations*! can be interpreted as a classic exam-
ple of mass-transfer limitation, as hydrogen contained in the
top part of the reaction vial (headspace) needs to diffuse to
the liquid phase in the bottom part in which the catalytic
process occurs and hydrogen is consumed.* Increased stir-
ring influences the gas-liquid interfacial area and thus ef-
fects the hydrogenation rate, which is a known phenomenon
in hydrogenation chemistry.* From a chemical engineering
standpoint it is apparent, that the 10 mL cylindrical tube
used for most microwave experiments in single-mode reac-
tors today, in particular, in combination with a comparative-
ly ineffective magnetic stirring system, is not an ideal reac-
tor for gaseous transformations of this type.

Following the arguments made above for the Suzuki-
Miyaura cross-coupling we have additionally evaluated the
use of a Pd/Al,O; catalyst for the hydrogenation of diene
10. The results were almost identical to those observed for
Pd/C, with no indication of any selective heating effects on
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the Pd-metal catalyst (see Table S1 in the Supporting Infor-
mation).

As a final example in this investigation we have looked at
the more challenging hydrogenation of cholesterol (13) to
cholestanol (14) (Scheme 4),4! since in this case a dramatic
difference between the microwave hydrogenation compared
to the oil-bath run was reported by Vanier.'”? While under

H,, Pd/C, EtOAC
MW, 80 °C, 5 min

Scheme 4. Hydrogenation of cholesterol (13).['7)

microwave conditions with simultaneous cooling full conver-
sion was obtained, the conventional hydrogenation employ-
ing otherwise identical reaction conditions produced only
3% product.!'”! In our hands, the major effect that magnetic
stirring plays in these transformations again became imme-
diately evident (Table 4). As in the case of diene 10, we
found that full conversion to the reduced product 14 at
80°C and 4 bar H, pressure could also be achieved by em-
ploying conventional heating with an appropriate stirring
speed that ensures adequate mass transfer of H, from the
gas to the liquid phase. Interestingly, in this case, in which
only one equivalent of H, is required, the conversions after
5 min without stirring were very low (<10%) for both heat-
ing modes (Table 4, entries 1 and 5). Note that in our hands
microwave experiments with a high stirring rate led to full
conversion without the necessity to utilize the simultaneous
cooling option (Table 4, entry 4).

Table 4. Comparison of microwave heating and conventional heating in
dependence on the stirring speed for the hydrogenation of cholesterol
(13) (Scheme 4).1

Entry Heating method™ Stirring rate Conversion! [%]
1 MW - 9
2 MW low 95
3 MW medium 94
4 MW high >99
5 conventional 0 5
6 conventional 100 49
7 conventional 200 89
8 conventional 400 93
9 conventional 800 97
10 conventional 1200 >99

[a] Cholesterol (13) (0.5 mmol), Pd (1 mol%, 10% Pd/C), H, (4 bar),
80°C, EtOAc (2 mL), 20 W maximum magnetron output power. [b] Mi-
crowave experiments were carried out by using a CEM Discover system
with a 10 mL fiber-optic probe setup in conjunction with a gas-loading
system. Conventionally heated experiments were performed by using the
same setup in a preheated oil bath by selecting an appropriate bath tem-
perature (see Figure S9 in the Supporting Information). For further infor-
mation see the Experimental Section. [c] Conversion analyzed by GC-
FID (peak area%). Entries reflect the median values of three experi-
ments (s.d. £4%).
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As the stirring speeds in the microwave reactor are un-
known,™! it is not possible to directly correlate the results
obtained under microwave conditions with the conversions
seen in the oil-bath experiments. In our opinion, however, it
is evident that stirring plays a dominant role in these hydro-
genations and it, therefore, appears likely that the previous-
ly observed differences between conventionally and micro-
wave heated hydrogenations of
diene 10 and cholesterol
(13)" were in fact due to dif-
ferent stirring speeds in the
two sets of heating experi-
ments, rather than to a selec-
tive heating effect of the cata-
lyst.

To confirm if—in addition to
the effect of stirring—selective
heating of the Pd/C catalyst by
microwave irradiation plays any role in this transformation,
an experiment that utilizes simultaneous cooling (see
above)P*3% of the reaction mixture was performed. By using
the microwave-assisted hydrogenation of diene 10 under
“low” stirring conditions leading to an incomplete conver-
sion as a reference (Table 3, entry 2), the same experiment
was repeated with simultaneous cooling at the same 80°C
internal reaction temperature by using compressed air. In
contrast to the standard microwave experiment, this allowed
a considerably higher amount of microwave power to be de-
livered to the reaction mixture and the Pd/C catalyst (55
versus 20 W, see Figure S10). However, the outcome of the
hydrogenation was more or less identical with only minor
changes (<5%) in conversion/selectivity being observed.
The involvement of any significant contribution of selective
heating of the Pd/C catalyst in these hydrogenation reac-
tions therefore seems unlikely.

In a final set of experiments both olefinic substrates 10
and 13 were also hydrogenated over a Pd/C catalyst in a
continuous flow high pressure/high temperature hydrogena-
tion device (H-Cube)."® Employing 80°C and a substrate
concentration of 0.1M in ethyl acetate full conversions were
achieved up to a flow rate of 0.5 mLmin ™', which resulted in
near quantitative isolated product yields (see Experimental
Section for details).

To support the hypothesis that selective heating of the
generally strongly microwave-absorbing Pd catalysts does
not play a major role in the kinetics of the hydrogenations
shown in Schemes 3 and 4 we have additionally studied the
morphology of the catalysts exposed to microwave irradia-
tion and conventional heating by SEM. Strong superheating
of the conducting Pd particles on the catalyst surface by in-
teraction with a microwave field to temperatures above the
measured bulk temperatures of 80°C may be evidenced by
modifications of either the Pd species present on the support
and/or a catalyst surface restructuring of the heterogeneous
catalyst particles (sintering).[®12*18%] T the case of the hy-
drogenation reactions of diene 10 at 80°C bulk temperature
no detectable changes in the morphology of the used cat-
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alyst particles were seen for both Pd/C and Pd/Al,O; when
comparing microwave and oil-bath conditions. Even for cat-
alyst samples exposed to high levels of microwave power in
a microwave transparent medium (as in Figure 2) no differ-
ences in particle morphology to catalysts exposed to conven-
tional heating were seen (see Figures S11 and S12 in the
Supporting Information).

Conclusion

In summary, we have performed a critical investigation of
several transition-metal-catalyzed carbon—carbon/carbon—
heteroatom cross-coupling protocols and hydrogenation re-
actions carried out by microwave heating employing strong-
ly microwave-absorbing heterogeneous catalysts. Employing
a suitable reactor equipped with internal fiber-optic temper-
ature probes, comparison studies between microwave and
conventional heating at the same reaction temperature were
performed, which demonstrated that essentially no differen-
ces between the two heating modes existed. Anticipated
changes in reactivity and/or selectivity resulting from selec-
tive heating of the generally strongly microwave absorbing
catalysts (“specific microwave effects”) were not seen. We
ascribe this to the fact that although the heterogeneous
metal catalyst itself can be a strongly microwave absorbing
material when irradiated under suitable conditions, for the
actual reaction mixtures typically containing several other
microwave-absorbing components (solvent, substrates,
ligand, additives, bases) any effect derived from selective
heating of the comparatively small quantities of heterogene-
ous metal catalyst will be masked, even when using a low-
absorbing solvent, such as ethyl acetate. In general, the se-
lective heating of solid-metal catalysts under microwave
conditions is a rather complex phenomenon depending
strongly on the type of support, particle size (surface-to-
volume ratio), electromagnetic field strength (power densi-
ty), and a variety of other factors. More research is there-
fore required to ascertain under what conditions microwave-
induced selective heating effects in metal-catalyzed solid—
liquid reactions can be exploited for organic synthesis.

Additionally, we have observed that for hydrogenation re-
actions agitation plays a major role in controlling mass
transfer from the gas to the liquid phase, and therefore sig-
nificantly influences the rate of hydrogenation. Careful at-
tention must thus be given to the stirring rate in microwave-
assisted hydrogenations, in particular when comparisons
with conventionally heated experiments are performed.

Experimental Section

General remarks: '"H NMR spectra were recorded on a Bruker 300 MHz
instrument. C NMR spectra were recorded on the same instrument at
75 MHz. Chemical shifts (6) are expressed in ppm downfield from TMS
as internal standard. The letters s, d, t, q, and m are used to indicate sin-
glet, doublet, triplet, quadruplet, and multiplet. Low-resolution mass
spectra were obtained on an Agilent 1100 LC/MS instrument by using at-
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mospheric pressure chemical ionization (APCI) in positive or negative
mode. GC-FID analysis was performed on a Trace-GC (ThermoFisher)
with a flame ionization detector by using a HP5 column (30 mx
0.250 mm x 0.025 um). After 1min at 50°C, the temperature was in-
creased in 25°Cmin~" steps up to 300°C and kept at 300°C for 4 min.
The detector gas for the flame ionization is H, and compressed air (5.0
quality). GC-MS spectra were recorded by using a Thermo Focus GC
coupled with a Thermo DSQ II (EL, 70 eV). A HP5-MS column (30 m x
0250 mm x 0.025um) was used with helium as the carrier gas
(1 mLmin~" constant flow). The injector temperature was set to 280°C.
After 1 min at 50°C, the temperature was increased in 25°Cmin~" steps
up to 300°C and kept at 300°C for 4 min.

Microwave irradiation experiments were generally carried out in a CEM
Discover instrument with appropriate internal fiber-optic temperature
control by using 10 mL Pyrex vials.? Zinc insertion reactions were car-
ried out in a Emrys Optimizer EXP (Biotage AB, Uppsala, Sweden).
Flow hydrogenations were performed in an H-Cube from Thales Nano-
technology (Budapest, Hungary).”! Flash chromatography separations
were performed on a Biotage SP1 instrument by using petroleum ether/
ethyl acetate mixtures as the eluent. All products synthesized in this
study are known in the literature and have been identified and character-
ized by 'H NMR spectroscopy and MS analysis. Ni/C"*! and Cu/C!™! were
prepared according to literature protocols from activated charcoal Darco
KB-G (Aldrich, catalog no. 675326). 5% Pd/C (E 104 CA/W 5% Pd, cat-
alog no. 643181-10G), 10% Pd/C (catalog no. 205699-10G) and 10 % Pd/
AlLO; (catalog no. 76000-10G) were also obtained from Aldrich. For the
insertion reaction zinc dust from Strem (catalog no. 93-3060, 325 mesh)
was used. All other chemicals were obtained from Aldrich, Acros Organ-
ics, or Alfa Aesar and used as received.

Preparation of 4-tolyl-zinc iodide: Zinc dust (817 mg, 12.5 mmol) and an-
hydrous LiCl (211 mg, 5 mmol) were placed into a flame-dried, argon-
purged 10 mL Biotage microwave process vial. The vial was capped and
dry THF (1.5mL) was added. The slurry was stirred and 1,2-dibromo-
ethane (0.03 mL, 2.18 mg, 0.35 mmol) was added through the septum.
The reaction mixture was heated until ebullition. Subsequently, trimethyl-
chlorosilane (0.01 mL, 8.58 mg, 0.08 mmol) was added and the mixture
was again heated until ebullition (in some cases heating was not necessa-
ry because ebullition started spontaneously). In the next step, 4-iodoto-
luene (545 mg, 2.5 mmol) was dissolved in dry THF (1.0 mL) and added
to the reaction mixture. The sealed microwave vial was placed into an
Emrys Optimizer EXP microwave reactor and subjected to microwave ir-
radiation at 150°C for 30 min (pre-stirring 30s, sample absorption:
normal). After the microwave irradiation was completed, the remaining
zinc dust was allowed to sediment and a sample was taken, hydrolyzed,
and subjected to GC-FID analysis (in every case the conversion was
>97 % ). The remaining solution was taken up into a syringe and used for
the subsequent Negishi reaction.

Negishi coupling of aryl chloride 1 with 4-tolyl-zinc iodide (Scheme 1a):
Under a positive argonflow, Ni/C (135 mg, 8.2 mol %, 3.6 % Ni/C loading
(w/w), 0.082 mmol Ni) and triphenylphosphine (70 mg, 0.27 mmol) were
put into a flame-dried, argon-purged 10 mL CEM microwave process
vial. The vial was capped with a Teflon-coated septum and an alumina
crimp, dry 1,4-dioxane (1.0 mL) was added by a cannula and syringe and
the reaction mixture was stirred for 20 min. n-Butyllithium (0.06 mL,
2.5M in hexane, 0.15 mmol) was added dropwise and the reaction mixture
was stirred for another 5 min. The vial was opened and under a positive
argon flow 4-chlorobenzonitrile (1) (137 mg, 1.0 mmol) and 4-tolyl-zinc
chloride (2) (1.0M in dry THF, 1.5 mL, 1.5 mmol, see above) were added
and the vial sealed tight by using the CEM Discover pressure/fiber-optic
attenuator®! and placed into the CEM discover microwave unit or a pre-
heated oil bath to be heated under the following conditions (see Fig-
ure S1 in the Supporting Information): 1) Microwave: 1 min 27 W maxi-
mum microwave power, 4 min 10 W maximum microwave power, and
15 min 17 W of maximum microwave power with a set temperature of
150°C. Stirring was set at high. 2) Oil bath: The oil-bath temperature was
set to 190°C and stirring was set to 400 rpm. The vial assembly was put
into the oil bath for 20 min, which included 5 min for an inner tempera-
ture of 150°C to be reached. This temperature remained constant
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(£2°C) for the following 15 min (hold time). After the reaction mixture
was cooled down to ambient temperature, a 100 uL sample was trans-
ferred into a syringe, filtered by using a syringe filter, diluted with
EtOAc (1 mL) and subjected to GC-MS analysis. For the purpose of iso-
lation, the reaction mixture was filtered through a pad of Celite that was
then washed with EtOAc (50 mL). The organic phase was washed with
an aqueous H,0, solution (10 wt %, 50 mL). The phases were separated,
the aqueous phase was re-extracted with EtOAc (20 mL), and the com-
bined organic phases were dried over Mg,SO,. The solvent was evaporat-
ed and the obtained residue was taken up in a small amount of EtOAc
and transferred to a silica-samplet, which was then dried for 2 h at 70°C.
Subsequent automated silica-gel flash chromatography with petroleum
ether/EtOAc (0 to 40% gradient) as the eluent gives diaryl 3 as a pale-
yellow solid with the following physical properties: M.p. 101°C; '"H NMR
(300 MHz, CDCl,): 6=2.45 (s, 3H; CH;), 7.32 (d, J=8.0 Hz, 2H; aro-
matic), 7.52 (d, /=8.0 Hz, 2H; aromatic), 7.68 (d, J=8.6 Hz, 2H; aro-
matic), 7.72ppm (d, J=8.6Hz, 2H; aromatic); *CNMR (75 MHz,
CDCl;): 6=145.6, 138.8, 136.3, 132.6, 129.9, 127.5, 127.1, 119.1, 110.6,
21.2 ppm; GC-EIMS: m/z (%): 193 (100), 178 (11), 91 ppm (9).
Ullmann-type diaryl ether formation of aryl bromide 4 and phenol 5
(Scheme 1b, Table 1): Cu/C (30.0 mg, 3.8 mol%, 8.1% Cu/C (w/w),
0.038 mmol Cu), 4-hydroxyanisole (5) (124.0 mg, 1.0 mmol), Cs,CO;
(390.0 mg, 1.2 mmol), and 1,10-phenanthroline (90.0 mg, 0.5 mmol) were
placed into a flame-dried, argon-purged 10 mL CEM microwave process
vial equipped with a magnetic stir bar. The vial was capped with a
Teflon-coated septum and an alumina crimp, purged with argon and dry
1,4-dioxane (2mL) was added. The reaction mixture was stirred for
30 min at 250 rpm. The vial was opened and under a positive argon flow
4-bromoacetophenone (4) (298.6 mg, 1.5 equiv) was added and the vial
was sealed tight by using the CEM Discover pressure/fiber-optic attenua-
tor®! and placed into the CEM Discover microwave unit or a preheated
oil bath to be heated under the following conditions (see Figure S2 in the
Supporting Information): 1) Microwave: 3 min ramp time at 32 W maxi-
mum microwave power, 3 min ramp time at 25 W maximum microwave
power, and 25 W maximum microwave power for the indicated hold
times (Table 1). Stirring was set at high. The maximum temperature was
set to 150°C. 2) Oil bath: The oil-bath temperature was set to 170°C and
stirring was set to 400 rpm. The vial was put into the oil bath for the indi-
cated hold time plus 6 min ramp time, which was needed to reach an
inner temperature of 150°C. This temperature remained constant (+
4°C) for the following hold time. After the reaction was stopped and
cooled down to ambient temperature, a 100 uL. sample of the reaction
mixture was transferred into a syringe, filtered by using a syringe filter,
diluted with EtOAc (1 mL), and subjected to GC-MS analysis. For the
purpose of isolation, the reaction mixture was filtered through a pad of
Celite, which was washed with EtOAc (50 mL). The filtrate was concen-
trated under reduced pressure, the residue was taken up in a small
amount of EtOAc and transferred to a silica-samplet, which was dried
for 2 h at 70°C. Subsequent automated silica-gel flash chromatography
with petroleum ether/EtOAc (0-20%) gave diarylether 6 as white solid.
M.p. 49°C; '"H NMR (300 MHz, CDCl,): §=2.57 (s, 3H; C(O)CHj,), 3.84
(s, 3H; OCHs;), 6.99 (m, 6H; aromatic), 7.93 ppm (d, 2H; aromatic);
BCNMR (75 MHz, CDCLy): 6=196.7, 162.9, 156.7, 148.5, 131.4, 130.6,
121.7, 116.4, 115.1, 55.7, 26.4 ppm. GC-EIMS: m/z (%): 242 (67), 227
(100).

Suzuki-Miyaura coupling of aryl chloride 7 with phenylboronic acid (8)
(Scheme 2, Table 2): Aryl chloride 7 (142.5 mg, 1.0 mmol), phenylboronic
acid (8) (158.5mg, 1.3mmol), Na,CO; (392 mg, 3.7 mmol), TBAB
(322 mg, 1.0 mmol), 5% Pd/C (48 mg, 0.01 mmol Pd, 56% water) or
10% Pd/ALO; catalyst (10.6 mg, 0.01 mmol Pd), water (2mL), and a
magnetic stir bar were placed in a 10 mL CEM microwave process vial.
The vial was sealed tight by using the CEM Discover pressure/fiber-optic
attenuator™! and placed into the CEM Discover microwave unit or a pre-
heated oil bath to be heated under the conditions given in Table 2.
Before the reaction was run, the mixture was stirred for 20 s to ensure
sufficient mixing of the reagents. After allowing the reaction mixture to
cool down to RT, a 50 pL sample was transferred into a syringe, filtered
by using a syringe filter, diluted with EtOAc (1 mL) and subjected to
GC-MS analysis. For the purpose of isolation, the reaction vessel was
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opened and the contents poured into a separation funnel. Water (30 mL)
and ethyl acetate (30 mL) were added and the organic material extracted
and removed. After further extraction of the aqueous layer with ethyl
acetate, combining the organic washings and drying them over MgSO,,
the solvent was removed under reduced pressure, leaving the crude
biaryl product 9. The product was purified and isolated by chromatogra-
phy with hexane/ethyl acetate as eluent to provide the pure substance.
M.p. 87°C (lit.?" 87-88°C); 'H NMR (300 MHz, CDCl,): 6=3.87 (s, 3H;
OCHs;), 6.99 (d, J=8.8 Hz, 2H; aromatic), 7.34 (t, J=7.4 Hz, 1H; aro-
matic), 7.43 (t, J=7.7 Hz, 2H; aromatic), 7.54-7.59 ppm (m, 4H; aromat-
ic); MS (pos. APCI): m/z (%): 184 (100) [M+1]*.

Hydrogenation of diene 10 and cholesterol (13) (Schemes3 and 4,
Tables 3 and 4): General procedure for batch experiments: 10% Pd/C
(5.3 mg, 0.005 mmol) in a 10 mL CEM microwave process vial was added
to a solution of 1,4-diphenyl-1,3-butadiene (10, 103 mg, 0.500 mmol) or
cholesterol (13, 193 mg, 0.500 mmol) in EtOAc (2.0 mL). The vessel was
flushed with argon for 2 min before being sealed tight by using the CEM
Discover pressure/fiber-optic attenuator®! and placed into the CEM Dis-
cover microwave unit or a preheated oil bath to be heated under the con-
ditions given in Tables 3 and 4. A gas addition accessory for the micro-
wave unit was used for H, loading."*! The reaction vial was connected to
a H, cylinder and to an external pressure controlling system equipped
with a valve and an exit tube for venting the vial at the end of the reac-
tion. The reaction mixture was purged two times with hydrogen, charged
to 4 bar, and then closed off to the source of hydrogen. The reaction was
heated in a preheated oil bath or by microwave irradiation to 80°C and
held for 5 min (see Figures S8 and S9 in the Supporting Information).
Upon cooling to ambient temperature, internal gas was released and the
reaction mixture was filtered through Celite and evaporated to give the
desired products 11/12 and 14. For the GC-MS analysis of cholesterol, a
microwave-assisted derivatization protocol was carried out by employing
acetic anhydride and pyridine (3:2 v/v) at 100°C for 25 min."™"}
1,4-Diphenylbutane (11): White solid; m.p. 53°C (lit.'"5? 52-53°C);
'H NMR (300 MHz, CDCl;): 6=1.72 (dt, J=7.0, 3.2 Hz, 4H; 2CH,), 2.62
(t, J=6.7Hz, 4H; 2CH,), 7.20-7.24 (m, 6H; aromatic), 7.28-7.34 ppm
(m, 4H; aromatic). *C NMR (75 MHz, CDCL,): 6=142.6, 128.4, 128.2,
125.6, 35.8, 31.1 ppm; MS (pos. APCI): m/z (%): 210 (100) [M+1]*.
1,4-Diphenyl-1-butene (12): Comparison of the "H NMR spectrum with
literature datal™ confirmed the identity of this compound. 'H NMR
(300 MHz, CDCly): 6=2.74-2.82 (m, 2H; CH,); 3.02 (t, J=8.2Hz, 2H;
CH,), 6.40 (dt, J=15.8, 6.6 Hz, 1H; CH), 6.67 (d, /J=15.8 Hz, 1H; CH),
7.51-7.27 ppm (m, 10H; aromatic).

Cholestanol (14): White crystals; m.p. 141°C (lit.>¥ 142°C); the 'H NMR
spectrum of this sample was in full agreement with the spectrum ob-
tained from a commercial sample of 14; MS (pos. APCI): m/z (%): 388
(100) [M+1]*.

Flow hydrogenations of diene 10 and cholesterol (13): General proce-
dure:**! A 25 mL stock solution of diene 10 (0.1m) and cholesterol (13)
(0.1m) in EtOAc was prepared in a glass vial. The reaction parameters
(0.5 mLmin" flow rate, full H,) were selected on the H-Cube fitted with
a 10% Pd/C CatCart and the processing was started, whereby initially
only pure solvent was pumped through the system until the instrument
had achieved the desired reaction parameters and stable processing is as-
sured. At that point, the sample inlet line was switched to the vial con-
taining the substrate. For preparative experiments, the total reaction mix-
ture (5 mL, 0.5 mmol) is collected and the cartridge subsequently washed
with pure solvent for 5min to remove any substrate/product still ad-
sorbed on the catalyst. Evaporation of the solvent provides the desired
products 12 (97 % yield) and 14 (95% yield), respectively, which were
isolated and characterized as described above.

Determination of metal loading in Ni/C and Cu/C catalysts by ICP-MS:
Ni/C and Cu/C samples from the freshly prepared catalysts (dried at
120°C) were analyzed in the following way: Aliquots (~50 mg, weighed
to 0.1 mg) of the samples were mixed with HNOj; conc. (5mL) and di-
gested in an MLS Ultraclave III microwave reactor (EMLS/Milestone) at
250°C for 30 min. The digested samples were further diluted and Ni and
Cu determined with ICP-MS.
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SEM of Pd/C and Pd/Al,O; catalysts: Microscopy was performed on a
SEM ZEISS Ultra55 high-resolution scanning microscope equipped with
an in lens SE (secondary electron) detector for high contrast topography
imaging and an in-column ESB (electron-selective backscattered elec-
tron) detector for low kV high resolution imaging. The microscope is
equipped with an energy-dispersive X-ray spectrometer (EDAX Genesis)
for elemental analysis.
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