
Introduction
The continuing drive to develop more 
economical and environmentally friendly 
chemical processes has spurred chemists 
to seek methods for running reactions 
with less waste. Microwave synthesis is 
becoming popular in discovery and opti-
misation groups in the pharmaceutical 
industry due to its advantages of reduced 
solvent volumes, greater yield and faster 
reaction times, allowing multiple reac-
tions to be accomplished in the time 
needed for one conventional reactor.

The mechanisms and kinetics of 
microwave-assisted reactions are only 
beginning to be understood. Reactions 
typically have been monitored by analys-
ing grab samples using high-perform-
ance liquid chromatography (HPLC), 
infrared (IR), mass spectrometry (MS) 
or nuclear magnetic resonance (NMR). 
Because microwave-assisted reactions 
are often carried out in sealed vials at 
elevated temperatures and pressures, an 
ideal analysis would acquire data non-
invasively.

Vibrational spectroscopic techniques 
have historically proven to be useful tools 
for monitoring reactions and processes. 
However, near infrared (NIR) analysis 
is difficult to interpret for novel reac-
tions. Mid-infrared (MIR) analysis offers 
chemical specificity but prohibits analysis 
through the wall of a glass reaction vial 
and there can be significant interference 
from solvent bands. Raman spectroscopy 
provides a combination of high selectivity 
along with the ability to conduct analyses 

directly through the wall of glass reaction 
vessels.

In the experiment described in this 
note, Raman spectroscopy was used to 
monitor a Knoevenagel condensation 
reaction of salicylaldehyde and ben�yl 
acetoacetate to form 3-acetylcoumarin 
(Scheme 1).

Experimental
A RamanRXN1 analyser from Kaiser 
Optical Systems, Inc., was used for all 

analyses presented here. The probe head 
was fitted with a custom non-contact 
optic, which enabled observations inside 
the microwave compartment of the 
synthesiser.

Spectra were acquired at a rate of one 
per minute by averaging 15 scans with a 
2 s integration per scan. The 785 nm laser 
was set to 130 mW of laser power. Two 
consecutive heating cycles were used: 
20 min at 70°C, followed by another 
20 min at 100°C.
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Scheme 1. The Knoevenagel condensation reaction.

Figure 1. Raman spectra of the Knoevenagel reaction displayed as a waterfall plot. (Reprinted 
with permission from Reference 1. Copyright © 2004 Society for Applied Spectroscopy.)
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Results
Figure 1 contains a waterfall plot of the 600–850 cm–1 region during 
the first heating cycle. A peak at 708 cm–1 appeared and diminished 
as the reaction proceeded, indicating that an intermediate formed and 
then was consumed to form the product.

To elucidate the reaction pathway, spectral subtraction was used 
to highlight bands that changed over the course of the reaction. In 
Figure 2, the spectrum at 2 min was subtracted from that at 20 min. 
Bands that have disappeared over the course of the reaction show 
up as negative bands in the subtracted spectrum and those that have 
appeared show up as positive bands. Bands that don’t change are 
absent from the subtracted spectrum.

Figure 3 contains a profile plot that shows how significant bands 
highlighted in Figure 2 changed in intensity over the course of the 
reaction.

Classical organic chemistry suggests two possible intermediates, 
shown in Scheme 2. In Figure 4(a), a 1572 cm–1 band appears and 
shifts with time to 1561 cm–1. This band is assigned to an olefin, lending 
support to Intermediate A.

In Figure 4(b), the intermediate ester band is visible at 1720 cm–1. 
Further reaction to form the product results in a shift of this band 
to 1738 cm–1. The ketone carbonyl band of the product appears at 
1690 cm–1.
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Figure 2. Subtracted spectra: (ubtracted spectra: (T = 20 min) – (T = 2 min). (Reprinted with(Reprinted with 
permission from Reference 1. Copyright © 2004 Society for Applied 
Spectroscopy.)
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Scheme 2. Two proposed intermediates.
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Conclusion
A major roadblock to the acceptance of microwave-assisted 
reactors—lack of in situ analytical tools—is overcome by Raman 
spectroscopy. The combination of Raman spectroscopy and 
microwave-assisted synthesis expands the repertoire for the 
synthetic organic chemist for fast reaction screening. The high 
information content of Raman spectroscopy provides a means 
of characterising reaction intermediates, which yields increased 
mechanistic information for methods development and process 
understanding.

Acknowledgement
Applications data kindly provided by Dr Don E. Pivonka, 
AstraZeneca.

Reference
1. D.E. Pivonka and J.R. Empfield, “Real-Time in Situ Raman 

Analysis of Microwave-Assisted Organic Reactions”, Appl. 
Spectrosc. 58(1), 41 (2004).

Intermediate (719–695 cm–1)

Salicylaldehyde 

Product (1758–1735 cm–1)

Intermediate C=O (1718 cm–1)

Intermediate + Product
(1589-1536 cm–1)

70 °C 100 °C 

(779–754 cm–1)

0 10 20 40 50 

Time (min) 

In
te

ns
ity

 (a
.u

.) 

30 

30 

20 

10 

0

Figure 3. Profile plot of significant bands. (Reprinted with permission 
from Reference 1. Copyright © 2004 Society for Applied Spectroscopy.)
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Figure 4. Waterfall plots of the 1450–1700 cm–1 and 1680–1780 cm–1 
spectral regions. (Reprinted with permission from Reference 1. 
Copyright © 2004 Society for Applied Spectroscopy.)

new technologies to analyse complex 
systems, such as nutraceuticals. This will 
facilitate the uptake of new technology in 
an area where indications suggested that 
the UK was lagging.

The Knowledge Transfer theme is 
focused on support for the professional 
analyst, including the VAM Bulletin and UK 
Reference Materials Working Group. There 
is work to evaluate the technical perform-
ance of UK laboratories, identify areas 
where support is required and provide 
a benchmark against which initiatives to 
improve performance can be measured.

The Nucleic Acid Measurements 
theme was designed to put key meas-
urement technologies emerging from 

continued from page 33 the science base on a sound footing and 
included topics including GMO content 
of food, viral load in clinical applica-
tions and highly multiplexed array-based 
technologies, used in drug discovery. At 
the end of March 2004 this work was 
transferred to the Measurement for 
Biotechnology program (MfB) and future 
VAM programmes will exclude such work. 
For more information about the MfB 
programme go to www.mfbprog.org.uk 

What will the 2006 to 2009 Chemical 
Programme include? It is too early to say 
with any certainty, but the following main 
trends have been identified as having 
attracted the interest of those involved 
with shaping the next VAM Programme.

Regulatory Issues: the impact of 
REACH, Contaminated Land Analysis, 

Safety of Herbal Medicines, Chemical 
Diagnostics and analysis associated with 
crime prevention and security.

Social Issues: indoor air quality and 
food packaging, age-related issues and 
the need for earlier and “DIY” diagnosis.

Technological Issues: the conse-
quences on analysis of linking and 
miniaturising known analytical processes 
through the use of micro technology and 
nano-level science.

Economic Issues: support of the MRA 
and the “once measured, accepted 
everywhere” dictum.

To keep up to date on what is happen-
ing, visit the DTI’s NMS website and 
follow the many and detailed links that 
start at www.dti.gov.uk/nms
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