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ABSTRACT

13C INEPT Diffusion-ordered NMR spectroscopy (DOSY) with an internal reference system was developed to study the aggregation state of
THF-solvated LDA dimeric complex. Six components are clearly identified in the diffusion dimension, and their DOSY-generated 13C INEPT
spectrum slices agree extremely well with their respective INEPT spectra. The correlation between log D and log FW of the linear least-
squares fit to reference points of all components is exceptionally high: ( r ) 0.9985).

Pulsed gradient spin-echo (PGSE) diffusion NMR spec-
troscopy was designed to measure diffusion coefficients and
deduce the hydrodynamic radii of molecules in solution.1

By incorporation of this technique in a two-dimensional
experimentsnow referred to as DOSY2sone can, in
principle, determine formula weights of different components
in solution.3 Reports of1H DOSY experiments continue to
increase, however very few13C INEPT DOSY spectra have

been reported4 although they provide better resolution, a
wider chemical shift range than proton spectra and absence
of homonuclear coupling.

DOSY spectra often include artifacts generated by tem-
perature fluctuation, convection, and viscosity change.5

Hence, we sought to develop an internal reference method6

to avoid these effects while taking advantage of the benefits
of 13C INEPT DOSY spectra. We report that by utilizing
known molecules as internal references, we can correlate
relative diffusion coefficients with formula weights of
aggregates quantitatively. Consequently, we determine ag-
gregation numbers and solvation states accordingly. This
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methodology extends and simplifies the current NMR
techniques such as analysis of quadrapole coupling,7 mul-
tiplicity and bimolecular exchange,8 HMPA titration9 and
Job plots10 that have been employed for determining ag-
gregation states of reactive intermediates in solution.

To establish the effectiveness of the internal reference13C
INEPT DOSY technique, we report initial studies utilizing
commercially available THF-solvated lithium diisopropyla-
mide (LDA) dimer because LDA is the most prominent non-
nucleophilic base used in organic synthesis and also an ideal
candidate for investigating organolithium aggregation states.11

It exists as a single form, THF disolvated dimer, in THF
solution as depicted in Figure 1.12 The solid structure of this
aggregate has also been determined by X-ray crystallography
so its size and shape are well established.13 In this study we
choose 1-octadecene (ODE), cyclododecene (CDDE),14 and
benzene as the internal references due to their chemical and
NMR properties, such as solubility in different solvents, low

reactivity or coordination with other species, chemical shift
dispersion, and desirable molecular weight distribution.

The 13C INEPT DOSY spectrum of THF-solvated LDA
dimer with the three internal references indicated above in
toluene-d8 solution separates into six components in the
diffusion dimension. These are clearly identifiable in the
DOSY spectrum reproduced in Figure 1. In increasing order
of diffusion coefficient (decreasing radii) these are the LDA-
THF dimer (C20H44Li2N2O2, MW 351.5), ODE (C18H36, MW
252.3),cis-CDDE (C12H22, MW 166.3),trans-CDDE (C12H22,
MW 166.3), ethylbenzene (C8H10, MW 106.2),15 and benzene
(C6H6, MW 78.1). It is noteworthy that diffusion dimension
separation (Table S1) of these components was achieved,
especially forcis- andtrans-CDDE as they have exactly the
same formula weight and are observed to exhibit a 3.17%
difference in relative diffusion coefficent. The13C INEPT
signals of the oxygen-attached carbons in THF (δ) 68.5
ppm) and the LDA methane carbons (δ ) 51.8 ppm) have
identical diffusion coefficients. This evidence corroborates
that THF and LDA moieties are in the same aggregate and
remain attached under the experimental conditions. The1H
NMR integration also shows that THF and LDA have a 1:1
ratio in the aggregate (Figure S16).

An added bonus of 2D-INEPT13C DOSY spectra is to
extract a one-dimensional (1D)13C INEPT spectrum slice
at the diffusion coefficient of a particular species. Hence,
one author has previously referred to the DOSY technique
as “chromatography by NMR”.16 To emphasize this point,
we have depicted peaks of LDA (δ ) 68.5 ppm) and THF
(δ ) 51.8 ppm) in the slice of LDA-THF aggregate (Figure
2b) to be compared with the spectrum of the pure, authentic
sample (Figure 2b′). Slices taken at other diffusion coef-
ficients of the components agree extremely well with their
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Figure 1. 13C INEPT DOSY of THF-solvated LDA dimeric
aggregate in toluene-d8 with internal references at 25°C. TheX-axis
is the regular13C INEPT dimension and theY-axis is the diffusion
dimension.
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respective13C INEPT spectra. Hence, the extracted INEPT
spectra determined from the single 2D INEPT DOSY
experiment resolved chemical shift information of every
component in the mixture. We note that the 1D13C INEPT
spectrum of commercially available LDA-THF solution
(Figure 2b′) includes signals of ethylbenzene (δ ) 125.8,
127.9, and 128.4 ppm); however, these signals do not appear
in the DOSY slice (Figure 2b). The DOSY slices also
illustrate the complete chemical shift resolution of nearly
identical signals of benzene (δ ) 128.38 ppm) and ethyl-
benzene (δ) 128.41 ppm) (Figure S21). We also call
attention to the fact that, although the difference of relative
diffusion coefficients betweencis- and trans-CDDE is
observed to be only 3.17%, spectra of the puretrans- and
nearly purecis-olefin isomers are resolvable (Figure S22).

Previously we have proposed a relationship between
diffusion coefficient and formula weight utilizing1H DOSY
experiments and we have utilized this correlation to study
vinylic lithiation of allylamine derivatives.3a,c Analogously,
the 13C INEPT DOSY results strongly suggest that the

diffusion coefficients and formula weights (Table S1) of
LDA-THF dimer, ethylbenzene, and the three internal
references, ODE, CDDE, and benzene can also be utilized
to define a linear correlation between the relative logD
(diffusion coefficient) and log FW (formula weight). The
correlation between log FW and logD of the linear least-
squares fit to reference points of all components in this
mixture is extremely high,r ) 0.9985 (Figure 3). This

remarkable result highlights the ability to use suitable internal
references in13C INEPT DOSY experiments to interpolate
relative diffusion coefficients and formula weights and, by
inference, solvation and aggregation states of the bis-THF-
solvated LDA dimer.

The following issues, noted by a perceptive reviewer, are
worthy of consideration: applicability of the Stokes-Einstein
equation to nonspherical molecules, secondary solvent shell
solvation, ligand exchange, and temperature/viscosity de-
pendence. We have also been concerened about these issues,
and we note that these factors do not interefere with the
interpretation of results reported in this manuscript. We are
applying this methodology to study the solvation and
aggregation of additional organometallic intermediates, and
we are also probing the scope and limitations of this internal
reference DOSY methodology vis-à-vis the issues noted
above.
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Figure 2. Comparison between slices of13C INEPT DOSY spectra
(a-f) with 13C INEPT NMR spectra of authentic samples (a′-f′).
(a) and (a′)-LDA dimer with internal references, (b) and (b′)-
LDA dimer without internal references, (c) and (c′)-ODE, (d) and
(d′)-cis- andtrans-CDDE mixture, (e) and (e′)-ethylbenzene, (f)
and (f′)-benzene.

Figure 3. 13C INEPT DOSY of the five major species in toluene-
d8. Diamonds represent reference compounds. Solid square repre-
sents THF-solvated LDA dimer. Triangle represents ethylbenzene.
Solid line is a linear least-squares fit to the reference points.
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