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Recent advances in high-resolution electrophoretic NMR
(ENMR) permit the resolution of NMR spectra of mixtures on
the basis of electrophoretic mobilities of contributing ions.'?
However, these experiments observe a counterflow of ions and
only the magnitudes of the mobilities can be detected. Also, for
monodisperse ions, resolution is severely limited by truncation
errors in the Fourier transformations with respect to the electric
current amplitudes. Here we report an experiment that recovers
the signs of mobilities through the use of a cylindrical electro-
phoresis chamber with appropriate modifications in pulse sequences
and data handling. The truncation problem has been solved by
means of linear prediction (LP) methods. We note that this
experiment determines the electrophoretic mobilities of ions and
and identifies the ions by their NMR spectra. Furthermore, it
does not require labeling of ions for detection, and it permits the
use of short (<1-s) migration times.

Our 2D-ENMR experiments are usually performed with the
LED pulse sequence shown in Figure 1a.” This is a stimulated
echo (STE) experiment** in which two additional =/2 rf pulses
are used to store and recover the stimulated echo so that magnetic
field disturbances associated with the gradient pulse at A will have
time (T,.) to decay. J-modulation effects can also be avoided since
the transverse evolution period ( — 6) can be as small as 600 us.’
For an ion with diffusion coefficient D and electrophoretic mobility
u, the magnetization immediately after the fifth = /2 rf pulse has
the form

M(A+7+T,) = explio(DIA(7,A,T.) (1)

where ¢(1) = KuAl/(kA), fir,A,T.) = (My/2) exp[-27/T, - (A
+ T.)/T, - DK*(A - 8/3)], K = vgb, v is the magnetogyric ratio,
and g and 6 are the amplitude and duration of the magnetic field
gradient pulses, respectively. The electric current [ in the sample
is given by I = xAE, where E,4 is the electric field, x is the
conductivity, and A is the cross-sectional area of the sample tube.
2D-ENMR spectra are usually obtained by a Fourier transfor-
mation with respect to the acquisition time ¢, and a transformation
with respect to the current /.
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Figure 1. (a) The LED-ENMR pulse sequence. The gradient prepulses,

homospoil pulses, and phases of the rf pulses are not shown. (b) A plot
of £ and V for the SDS 'H peak at 1.08 ppm (see text).

The electrodes must be arranged so that bubbles can escape.
U-tube chambers satisfy this condition but yield low filling factors
for receiver coils, difficult shimming for the magnetic field, spectral
phasing problems, and a counterflow of ions. Since there are equal
contributions from ions having positive and negative velocities,
the phase factor in eq 1 must be replaced with cos [KuAl/(xA)]
and information about the sign of the electrophoretic mobility is
lost. As an alternative we have developed a chamber made up
of two concentric tubes. The outer tube (10.0 mm o.d.) is sealed
at the bottom, and the inner tube (3-5 mm o.d.) is open at both
ends. The inner tube is held in place by a 1.0-cm-long Teflon
spacer at the top and contains a 4-mm polyacrylamide gel plug
at the bottom to separate the two chambers. A salt solution fills
the annulus between the tubes, and the solution under study fills
the inner tube. This arrangement, which permits Pt electrodes
to be placed in the top of both chambers, is practical for com-
mercial NMR probes.

When the STE version of the experiment is adequate, the last
two rf pulses in Figure 1a are deleted and the acquired FID is
Jjust the second half of the stimulated echo. The reverse precession
method can then be used to determine the sign of the mobility.*
For each value of the current, FIDs are collected with positive
and negative polarities of the electric field. After Fourier
transformation with respect to f,, the signals with positive and
negative polarities can be represented by

Si(wy, ) = S, exp[xig(N]f(7,A,T,)[a(w,) + id(w;)] (2)

where a(w,) and d(w,) are Lorentzian absorption and dispersion
components.” The combinations £ = Re (S,+S.) and V = Im
(S4—S_) give absorption spectra modulated by cos [KuAl/(xA)]
and sin [KuAl/(xA)], respectively. These data sets can be ana-
lyzed to obtain the magnitude and sign of u or transformed with
respect to current to obtain a 2D-ENMR spectrum with positive
and negative mobility values.

When the full LED sequence is used, the fourth «/2 pulse is
directed along the —x and ~y directions in the rotating frame in
order to store the real and imaginary parts of the magnetization,
respectively. Typically the polarity of the electric field is negative
when the real component is stored and positive when the imaginary
part is stored. This yields the correct signs for the mobilities and
prevents mass polarization of the sample. Figure 1b shows
LED-ENMR data for an anion in an aqueous solution containing
2.0 mM tetramethylammonium chloride (TMA) and 2.0 mM
sodium dodecyl sulfate (SDS) stabilized by 0.5% agarose gel. The
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Figure 2. The mobility-ordered 2D-NMR spectrum of a sample con-
taining TMA and mixed micelles.

'H spectra were obtained with a Briikker AC-250 spectrometer
with custom-built probe and ENMR electronics as previously
described.'*? The parameters were K = 770 cm™', A = 0.500
s, T.=25.0ms, A=0.0820 cm?, and « = 0.320 mS-:cm '. The
V¥ values in Figure 1b for SDS protons show that the mobility
is negative.

Figure 2 displays the complete mobility-ordered spectrum
(MOSY) for a sample containing TMA (2.00 mM) with mixed
micelles (1.50 mM SDS and 4.00 mM octaethylene glycol dodecyl
ether (C,E,)). The data were obtained in an STE-ENMR ex-
periment with K = 722cem ', A = 0.400s, 7, = 250 ms, 4 =
0.0986 cm?, and x = 0.273 mS-cm '. Data collection was limited
to currents below 0.75 mA because of heating effects at higher
currents. In this current range the HOD signal (not shown) was
constant and confirmed the absence of electroosmosis and con-
vection. The severely truncated data sets were successfully
transformed by means of the linear prediction (LPZOOM) pro-
cedure,'” but other analysis schemes for limited data sets could
have been used. The mobilities obtained from the peak maxima
reported by LPZOOM are 2.75 X 10 and -1.55 X 107 cm?*
V-ls! for protons in TMA and micelles, respectively. It should
be noted that the peak at 3.51 ppm is entirely associated with C,,Eg
and its position on the mobility axis indicates that this neutral
compound is migrating with the micelle. Also, the mobility of
the TMA cation in the mixture is less than the value of 3.60 X
104 cm?-V-'s ! reported for TMA alone in aqueous solution''
and suggests a possible interaction between the anionic micelle
and (Me),N*. This is a topic for future study. Figure 2 clearly
shows the range and resolution of mobilities that are now accessible
in 2D-ENMR.

We conclude with comments about the line widths. Since the
migration time A is held constant, there can be no diffusional
broadening in the mobility dimension; however, the intensities
depend on the diffusion coefficients as indicated in eq 1. Poly-
dispersity, of course, leads to damped oscillations of intensity versus
current and thus to line broadening, and in favorable cases the
interferograms can be transformed to obtain the mobility dis-
tribution function.” However, no damping was evident in the data
sets used to generate Figure 2, and the line widths resulted from
intensity noise and the LPZOOM procedure. The line widths in
the chemical shift dimension are consistent with the magnetic field
inhomogeneity over the 5-mm nonspinning sample.
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Electrophilic iron carbene complexes are of interest as highly
reactive intermediates for metal-catalyzed cyclopropanation re-
actions, for which there is considerable potential synthetic utility.
Due to lability, these carbene complexes are often generated from
their corresponding precursors prior to use. Several techniques
have already been devised for the generation of electrophilic iron
carbenes from their precursors;' however, each has inherent lim-
itations. We report here a simple, efficient strategy for synthesis
of electrophilic iron carbene precursors from readily available
aldehydes of low toxicity.

The precursors 4 for the electrophilic iron carbene complexes
were prepared in very good to moderate yield by the reaction of
the Fp anion 1 with aldehydes 2. The resulting alkoxides 3 were
trapped with chlorotrimethylsilane? (Scheme I). In a typical
reaction,’ 1.2-4 equiv of aldehyde were added to 1 equiv of the
Fp anion in dried and degassed tetrahydrofuran at =78 °C. The
solution was stirred for 1-3 h at =78 °C, and 1-2 equiv of
chlorotrimethylsilane were added dropwise to the solution. The
mixture was stirred at =78 °C for an additional hour. The crude
product was concentrated under vacuum, and elution from a
low-temperature silica gel or alumina column with a 5% THF-
pentane mixture provided pure (siloxyalkyl)irons 4a,b as red-brown
oils and 4c¢ as a cream-colored solid. Precursor 4d was purified
by extraction with pentane at =78 °C and concentrated under
vacuum due to its thermal instability. The precursors 4 were
characterized by spectroscopic methods.**

The reaction depicted in Scheme I is apparently the first
successful nucleophilic addition of a metal anion to an aldehyde.®
Gladysz’ failed to observe any reaction between the manganese
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