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Combinatorial chemistry has recently attracted great
attention in the pharmaceutical industry. This technique
quickly generates large numbers of structurally diverse
compounds for use in a variety of high-capacity biological
screens.1-4 It is rapidly becoming a dominant trend in
the search for lead compounds in drug discovery. One
aspect of combinatorial chemistry is the synthesis of
mixtures of structurally related compounds. This facili-
tates a high throughput in both synthesis and screening.
One of the methodologies in combinatorial chemistry is
the split and mix synthesis.5-7 This technique produces
a mixture of compounds as the final product. In develop-
ing the synthesis of very large libraries, smaller test
systems are studied to optimize synthetic strategies.
NMR spectroscopy has been widely used in chemical
structural analysis after prior separation of mixture
components. The utility of NMR for studying intact
mixtures has not been extensively demonstrated. As part
of our efforts in analysis of combinatorial chemistry
reactions, we report here the development of a new
method for the analysis of complex mixtures.
2D NMR methods such as TOCSY have been used in

relatively simple mixture analysis.8 However, for com-
pounds that have their spin systems insulated by groups
such as esters or ethers, TOCSY methodologies are not
sufficient for complete analysis. Recently, the use of
pulsed field gradient (PFG) technology has been demon-
strated as an useful technique for mixture analysis.9-12

In these experiments, signals arising from different
compounds can be separated on the basis of their diffu-
sion coefficients. In small organic molecule mixtures, the
rate of diffusion in solution can be used to distinguish
components on the basis of their molecular size variance.

A high-resolution diffusion spectroscopic technique called
“HR-DOSY” has also been reported to analyze a complex
biological mixture.13 However, in cases where the spec-
trum is severely overlapped, as is often the case in
combinatorial mixtures, and the diffusion coefficients of
each component are similar, this method alone is also
insufficient for spectral assignment. The challenge of
combinatorial generated mixtures clearly requires new
methods of analysis. We have developed a new method,
which involves the use of PFG and TOCSY, which we
call diffusion encoded spectroscopy “DECODES” to ad-
dress this mixture analysis problem.
A mixture of five esters was used to simulate the

results of a split and pool combinatorial synthesis: (()-
sec-butyl acetate, propyl acetate, ethyl butyrylacetate,
isopropyl butyrate, and butyl levulinate. The 1D 1H
NMR spectrum of this mixture is shown in Figure 1. The
proton resonances in the region between 0.5 and 2 ppm
are severely overlapped. A TOCSY experiment was
conducted for the mixture, and each coupled spin can be
identified, e.g., propyls and butyls. However, it is not
possible from this data to link the spin systems through
the silent ester moiety to spin connectivities and, hence,
establish molecular identity.
Unlike any other 2D experiment, size-resolved or

diffusion-resolved NMR assigns the resonances on the
basis of the diffusion coefficient for each proton (or other
spin) in the molecule and, therefore, can be used to
distinguish resonances arising from different molecules.9,14

However, in the region between 0.5 and 2 ppm, where
the 1H resonances are overlapped, components cannot be
resolved by diffusion alone. This is a limitation in the
present PFG methodology. TOCSY, on the other hand,
can separate coupled spin systems in the second dimen-
sion, resolving potential overlapping resonances. There-
fore, the combination of PFG and TOCSY “decodes” the
spin systems, allowing individual components in compli-
cated mixtures to be assigned.
To illustrate this concept, we have applied this to the

same mixture of five esters. The pulse sequence used in
DECODES is LEDmlev-17, in which a LED (longitudinal
encode and decode) pulse sequence15 is applied to spa-
cially encode the molecule, and then mlev-1716 is used
for spin lock, as shown in Figure 2. In our DECODES
experiment, 14 2D TOCSY spectra were collected as a
function of gradient amplitude. This is similar to a
recently reported “DOSY-NOESY” experiment.17 The
intensity of each cross peak is attenuated in each
spectrum due to diffusion and gradient strength attenu-
ation as shown in eq 1. In this equation, D is the

diffusion coefficient, γ is the gyromagnetic ratio of the
nuclei detected, ∆ is the diffusion delay time, g and δ
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I ) I0 exp[-D(∆-δ/3)γ2g2δ2] (1)
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are the gradient pulse amplitude and duration time,
respectively, and I0 is the intensity of a peak at the
limitation of g equals to zero. The delay time ∆ and δ
were kept as constant thoughout the experiment while
g was attenuated from 0.03 to 0.4 T m-1 during the
experiment. A typical TOCSY spectrum obtained in this
manner is shown in Figure 3. As expected, the coupled
spin systems are well separated.

Peaks are picked from the TOCSY spectrum, and the
natural logarithms of the intensities of the peaks are
plotted versus the square of the gradient strength. The
plot yields a straight line, and the slope is determined
by -D(∆-δ/3)γ2δ2. Since we have kept all of the delay

times constant, the diffusion coefficient D can be easily
calculated from the slope.

Figure 4 shows a typical ln I vs g2 plot obtained for
the cross peaks of butyl acetate and butyl levulinate, and
the diffusion coefficients were calculated from the slopes.
Shown in Table 1 are the calculated diffusion coefficients
for each of the components. As long as there are resolved
cross peaks in the spectrum, the diffusion coefficient can
be calculated and molecular identity can be obtained. The
use of TOCSY aids this possibility by providing multiple
opportunities for such resolution to occur.

The DECODES method represents a new technique to
perform mixture analysis without the need of prior

Figure 1. 1D 1H NMR spectrum of the ester mixture in benzene at 298 K. The concentration of each ester is about 25 mM.

Figure 2. LEDmlev-17 pulse sequence. ∆ is diffusion delay time; Te is eddy current delay time; δ is gradient pulse duration
time; and g is gradient pulse amplitude.

Table 1. Diffusion Coefficient Measured for Each Component in the Ester Mixture

compd diffusion coeff (m2/s) compd diffusion coeff (m2/s)

propyl acetate 2.15 ( 0.02 × 10-9 isopropyl butyrate 1.99 ( 0.02 × 10-9

butyl acetate 2.27 ( 0.04 × 10-9 butyl levulinate 1.67 ( 0.05 × 10-9

ethyl butyrate 1.88 ( 0.03 × 10-9
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separation. DECODES should prove useful in the iden-
tity of compounds from small split and mix synthetic

pools as well as determination of diffusion coefficients
in molecules with complicated overlapping spin systems.
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Figure 3. Selected region of the TOCSY spectrum of the ester
mixture in benzene acquired with a gradient pulse strength
of 0.165 T m-1. Peaks arise from propyl acetate (b), ethyl
butyrylacetate (c), and butyl levulinate (e).

Figure 4. Plot of the natural logarithms of the intensities of
peaks b (top circles) and e (bottom circles) labeled in Figure 3
vs g2 (T2 m-2). The diffusion coefficients are calculated from
the slopes.
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