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� Statistical Multi-parameter Optimization (MPO)

� Carbonylation Results

� Problems and Solutions
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X-CubeTM Continuous Flow Reactor

� The X-CubeTM is a 
complementary 
product to the H-
CubeTM of Thales 
Nanoscience Inc. 

� The X-CubeTM allows 
the user to vary the 
gaseous reagent as 
well as to control 
temperature, flow rate 
and system pressure.
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Advantages of the X-Cube TM

� The X-CubeTM safely achieves gas pressures of up 
to 100 bars (1,450psi) and temperatures up to 
200oC.  

� Reaction mixtures are flowed through reaction 
cartidges which contain either heterogeneous or 
immoblized homogeneous catalysts.

� A variety of solvents can be utilized based on 
cartridge type including green solvents such as 
water, methanol, ethanol and 2-propanol. 

� Modular system which can be automated
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Photographic view of X-cube: Parts overview
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Touch Screen Interface

Non-Gas Mode :  Pressure generated 
by Back pressure regulator
Flow rate (0.1 – 2 ml/min.), Pressure, 
Temperature

Gas Mode :  Gas provided by 
external cylinder and regulated by 
the X-cube 
Flow rate (0.5- 2 ml/min.) and 
Temperature
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Palladium-catalyzed Heck and Carbonylation
Reactions

� “non-gas mode” of the X-Cube: the Heck reaction.

R1

I

R2

O

O
R1 R2

O

O
TEA (1.2 eq.)

140oC, 40 Bars
0.1 ml/min

R1= -OMe, -Me, -CF3

R2= -Me
R1= -OMe, -Me, -CF3

R2= -Me

+

40 - 90% (GC)

� “Gas Mode” of the X-Cube, carbonylation reactions, required the 
introduction of carbon monoxide (CO) gas to the system.

R1

I

R2 R1 R2

180-190oC, 60-70 Bars

0.5 ml/min

R1= -OMe, -Me, -CF3

R2= -Me
R1= -OMe, -Me, -CF3

R2= -Me

+
35 - 95% (GC)

o

X
R3X R3

X=N, O X=N, O
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Sample Multi-Parameter Optimization Grid 
From Design-Expert Program

� This sample grid is for a 
Amide carbonylation
reaction on a single   10% 
Pd/C column.

� The parameters that are 
being optimized are:

� Pressure of CO (bar)

� [ArI] (M)

� temperature (°C)31.73281900.057010

31.1793521800.075609

52.6348491900.1708

33.3664311700.1507

45.8804891900.1506

20.7022451700.05705

34.3031481800.075604

21.6613721700.05503

28.462181900.05502

37.0415511700.1701

Yield (%)Temp (°C)[ArI]CO Pres (bar)Run

O

I

H2N

O

O

N
H

X-Cube

10% Pd/C, CO, TEA
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Plots of Sample Optimization Grid Data
DESIGN-EXPERT Plot

% y ield 
X = C: Temp
Y = B: ArI Conc

Actual Factor
A: CO pressure = 60.0
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DESIGN-EXPERT Plot

% y ield 
X = A: CO pressure
Y = B: ArI Conc
Z = C: Temp

Cube Graph
% yield 

A: CO pressure

B
: 
A
rI
 C
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n
c

C: Temp

A- A+
B-

B+

C-

C+

18.4

29.8

34.9

46.4

21.5

33.0

38.1

49.5

� The above plots from the MPO program show that increasing 
the both the aryl iodide concentration and the temperature 
significantly increase the overall yield. 
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Pressure Effects

40 Bars  CO

50 Bars CO

70 Bars CO
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Optimized X-Cube® Reaction Conditions

13.4 min.20.10M0.1 (mL/min)140 °C

Residence timeAcrylate equiv.[ArI]Flow RateTemp

2.68 min70 bar0.10M0.5 (mL/min)190 °C

Residence timeCO Pressure[ArI]Flow RateTemp

� The optimized reaction conditions for the amide carbonylation are:

� The optimized reaction conditions for the ester carbonylation are:

� The optimized reaction conditions for the Heck reaction are:

2.68 min60 bar0.10M0.5 (mL/min)180 °C

Residence timeCO Pressure[ArI]Flow RateTemp
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Table 1: 10% Pd/C Mediated Carbonylations of 
Aryl-Iodides to Methyl and Ethyl Esters

R1

I

R2 R1 R2

180oC, CO (60 Bars)
0.5 ml/min

+

O

O
R3

HO R3

X-CubeTM

10% Pd/C

1a-d 2a-b 3a-h

O

I

I

F3C

I

I >95%
>95%

3g
3h

MeOH
EtOH

N(iPr)2Et
2a
2b

-Me
-Et

1d
7
8

>95%
>95%

3e
3f

MeOH
EtOH

N(iPr)2Et
2a
2b

-Me
-Et

1c
5
6

>95%
>95%

3c
3d

MeOH
EtOH

N(iPr)2Et
2a
2b

-Me
-Et

1b
3
4

>95%
>95%

3a
3b

MeOH
EtOH

N(iPr)2Et
2a
2b

-Me
-Et

1a
1
2

% Yield 
(GC)[b]

ProductSolventBaseR3ArIEntry

[a] Reaction conditions: aryl-iodide (0.1M), base (1.2eq.), two 70mmX4mm 10% Pd/C columns, solvent; indicated alcohol  
[b] determined by gas chromatography
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Table 2: 10% Pd/C Mediated Carbonylations of 
Aryl-iodides to Isopropyl Esters

O

I

I

F3C

I

I

30404dN(iPr)2Et1d4

45604cN(iPr)2Et1c3

30454bN(iPr)2Et1b2

60754aN(iPr)2Et1a1

% Yield 
(GC)[b]

%Conv. 
(GC)[b]

ProductBaseArIEntry

R1

I

R2 R1 R2

190oC, CO (60 Bars)
0.5 ml/min

+

O

OHO

X-CubeTM

10% Pd/C

1a-d 4a-d

[a] Reaction conditions: aryl-iodide (0.1M), base (1.2eq.), two 70mmX4mm 10% Pd/C columns,
isopropanol [b] determined by gas chromatography 
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Table 3: 10% Pd/C Mediated Carbonylations of 
Aryl-iodides to T-butyl Esters

R1

I

R2 R1 R2

190oC, CO (70 Bars)

0.5 ml/min

O

O

X-CubeTM

10% Pd/C

1a-d 5a-d

t-butanol/CH3CN (1:1)

O

I

I

F3C

I

I
10505dN(iPr)2Et1d4

0805cN(iPr)2Et1c3

25805bN(iPr)2Et1b2

45855aN(iPr)2Et1a1

% Yield 
(GC)[b]

%Conv. 
(GC)[b]

ProductBaseArIEntry

[a] Reaction conditions: aryl-iodide (0.1M), base (1.2eq.), two 70mmX4mm 10% Pd/C columns,
t-butanol/CH3CN (1:1) [b] determined by gas chromatography 
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Table 2:  Solvent effects of benzyl 10% Pd/C 
mediated carbonylations using the X-cube

O

I

O

0.5 ml/min
+

O

H2N
N
H

10% Pd/C

190oC, 70 Bars

[a] Reaction conditions: aryl-iodide (0.1M), benzyl amine (1.2eq.), two 
70mmX4mm 10% Pd/C columns, solvent: seen above  [b] determined by gas 
chromatography 

280Acetonitrile4

20DMF3

20Toluene2

220THF1

Number of Columns 
used

% Yield (GC) [b]SolventEntry
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Table 4: Amide Carbonylations of 
ArylHalides using 10% Pd/C

R1

X

R1

190oC, CO (70 Bars)

0.5 ml/min

+

O10% Pd/C

H2N
CH3CN N

H
R2 R2

O

I

I

F3C

I

I

O

Br

Br

F3C

Br

Br404

703

402

801

Yield (%) 
GC

ArXEntry Yield (%) 
GC

ArX
Entry

08

07

06

05



17

Table 5: Amide Carbonylations of Iodoanisole

N

N

O

N

N

N

H2N

NH2N

60<58f7g [c]7

>9006a7f [b]6

75158e7e [a]5

85<58d7d [a]4

>9508c7c [a]3

>9508b7b [a]2

>9508a7a [a]1

% Yield 
(GC)[d]

% SM 
Remaining. 

(GC)[d]
ProductAmineEntry

[a] Reaction conditions: aryl-iodide (0.1M), amine (1.2eq.), two 70mmX4mm 10% Pd/C columns, acetonitrile [b] 
Reaction conditions: aryl-iodide (0.1M), amine (1.2eq.), base (1.2eq.), two 70mmX4mm 10% Pd/C columns, 
acetonitrile [c] Reaction conditions: aryl-iodide (0.1M), amine (2.2eq.), base (2.2eq.), two 70mmX4mm 10% 
Pd/C columns, acetonitrile [d] determined by gas chromatography 

O

I

O

190oC, CO (70 Bars)

0.5 ml/min

+

O

Amine

10% Pd/C

Amine

7a-f 8a-f

CH3CN
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10% Pd/C Catcart activation time

50

55

60

65

70

75

80

85

0 50 100 150
Time (min)

Y
ie

ld
 (

%
)

Yield (%) GC  over Time (min) on 10% Pd/C

• Lower Yields seen when 
starting with new columns

•Determined that when changing 
the columns ~30 minutes of 
equilibrium time is necessary in 
“Gas Mode” to see optimium
yields

O

I

O

190oC, 70 Bars

0.5 ml/min

+

O10% Pd/C

H2N
CH3CN N

H
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Problems and Solutions:  Pressure issues

Titanium Frit:

1)Increased pressures from 
clogging of frit due to catalyst 
leaching.  Replace or sonicate
and wipe down

Column Connection :

2) Incorrect column placement or 
over-tightening.  Loosen and 
retighten

3) Bad column - Replace
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Problems and Solutions (Cont.) 

•Tightening and Loosening of 
connection can lead to 
stainless steel tube breaking or 
restricting flow

•Thales is aware of the issue 
and about the need for 
replacement parts to be made 
available

•HPLC column connection 
sometimes needs tightening if 
solvent leaks occur
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X-Cube® Conclusions

� The X-Cube continuous flow reactor is an 
alternative to conventional reaction methods.

� Reactions can be carried out cleanly and the 
products require little or no purification.

� The most important factors for improving product 
yield are reaction temperature and residence time. 

� 10% Pd/C can be used to catalyze both Heck and 
carbonylation reactions at elevated temperatures 
with yields that are as good or better than with 
more exotic catalysts
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Extra Slides
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GC/MS Analysis with Dodecane Standard

� Stock solutions were prepared with all required 
reactants and reagents.  

� Dodecane was added as an internal standard to 
these solutions in a 1:1 ratio with the limiting 
reagent.  

� After reaction in the X-Cube®, GC/MS is employed 
to determine the percent yield of the desired 
product and the percent of starting material that is 
left over by the relative ratio to dodecane.
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Future Work

� Heterogeneous vs. Homogeneous Catalysis

� PEPPSI Catalyst- Pyridine Enhanced 
PreCatalyst Preparation Stabilization and 
Initiation

� Hydroformylations using synthesis gas 
(aldehydes)

NN

Pd

N

Cl

R

R
ClCl

R

R

PEPPSI Catayst
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Table 1: Catalyst effects of Ester carbonylations
using the X-CubeTM

O

I

O

O

O

0.5 ml/min

Pd Catalyst
CO

EtOH

6530301505% Pd/SiO2
[b]4

10007018010% Pd/C[b],[e]3

010030110Fibrecat 1032[a],[d]2

602530110Tetrakis[a]1

% Yield (GC) [b]% SM remaining 
(GC)[b]

Pressure 
(Bar)

Temp. 
(oC)

CatalystEntry

[a] Reaction conditions: aryl-iodide (0.1M), TEA (1.2eq.), one 70mmX4mm Pd column and one sand column, 
solvent: acetonitrile [b] Reaction conditions: aryl-iodide (0.1M), Hunig’s base (1.2eq.), two 70mmX4mm Pd 
columns, solvent: acetonitrile [c] determined by gas chromatography  [d] Fibrecat 1032 = Pd(OA)2/Tri-tert-
butylphosphine on triphenylphosphine fibers [e] optimized conditions for given catalyst



28

Table 5: Catalyst effects of benzyl amide 
carbonylations using the X-CubeTM

O

I

O

O

N
H

0.5 ml/min

H2N

O

O

N

O
+

Pd Catalyst

+

A B

CO

CH3CN

8305530150
5% 

Pd/SiO2
[b]4

052287019010% Pd/C3

45186030110
Fibrecat
1032[d]2

12494670110Tetrakis1

%Yield B [b]% Yield A 
(GC)[b]

% SM 
remaining 

(GC)[b]
PressureTemp.CatalystEntry

[a] Reaction conditions: aryl-iodide (0.1M), benzyl amine (1.2eq.), one 70mmX4mm Pd column and one 
sand column, solvent: acetonitrile [b] Reaction conditions: aryl-iodide (0.1M), benzyl amine (1.2eq.), 
Hunig’s base (1.2eq.),two 70mmX4mm Pd columns, solvent: acetonitrile [c] determined by gas 
chromatography  [d] Fibrecat 1032 = Pd(OA)2/Tri-tert-butylphosphine on triphenylphosphine fibers
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X-Cube Schematic Design (HPLC Pump)
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X-Cube Schematic Design Cont. (Gas inlet 
and Reactor units)


