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Determination of End-to-End Distances in a
Series of TEMPO Diradicals of up to 2.8 nm
Length with a New Four-Pulse Double Electron
Electron Resonance Experiment**

Rainer E. Martin, Matthias Pannier,
Francois Diederich,* Volker Gramlich,
Michael Hubrich, and Hans W. Spiess*

Organic di- and polyradicals with two or more weakly
interacting unpaired electrons have received considerable
attention in recent years as a result of their promising
materials properties for use as organic molecular ferromag-
nets or superconductors.l!! Sterically shielded nitroxide radi-
cals often exhibit a chemical inertness quite uncharacteristic
of other free radicals, thus making them the subject of intense
theoretical and experimental investigations. The use of such
free radicals as reporter groups has rapidly evolved into one of
the most powerful and versatile tools in biophysics for the
study of biological systems.># In particular, the determina-
tion of distances between functional groups and the resulting
topologies in biological systems®! and amorphous solids, or
the size and shape of ionic multiplets in ionomers,[*®l is of
fundamental interest and continues to attract attention as a
challenging yet rewarding field of research. Unfortunately,
the lack of periodic structures often severely restricts or
simply prohibits the application of classical scattering techni-
ques in such systems.

Free radicals can, however, be studied conveniently by
electron paramagnetic resonance (EPR) spectroscopy.l”) This
technique allows for the determination of interatomic dis-
tances of dipolar coupled electrons of up to several nano-
meters by making use of the dipolar coupling between the spin
probes. The coupling leads to shorter longitudinal relaxation
times (7)) and phase memory times (7,,), which have been
used for estimating distances in spin-labeled iron porphyr-
ins.'% Quantitative determination of distances, however,
requires more sophisticated techniques, such as pulsed double
electron electron resonance (DEER) spectroscopy, which was
pioneered by Milov and Tsvetkov!l and Larsen and Singel.[']

To the best of our knowledge, this technique has so far not
been applied for the quantitative determination of unknown
structures. Only first attempts to study end-to-end distances in
a series of aliphatic hydrocarbons have been reported.!'3 This
situation is partly a consequence of technical limitations of
pulsed EPR (dead time),™¥ but also because of the lack of
such measurements for a series of compounds with well-
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defined end-to-end distances ranging up to several nano-
meters. Here we provide such a data set by extending the
three-pulse DEER sequence!® to a four-pulse sequence that
generates an echo and therefore, overcomes the dead-time
problem. The systems studied are the TEMPO diradicals 1a—
e (R=SirBuMe,) in which the two TEMPO moieties are
linked by rigid, conjugated spacers with large, well-defined
end-to-end distances. Such compounds are of particular
interest as precursors (models) for highly conjugated poly-
mers for electronic, photonic, and optical applications.'*]

4 4'-(Butadiyne-1,4-diyl)bis(4-hydroxy-2,2,6,6-tetramethyl-
piperidine-N-oxyl) (BIPO, 1a)l'! was synthesized by a new,
simple, and short route (Scheme 1a). The slow addition of a
solution of lithiated triisopropylsilylacetylene in THF by
syringe pump to a solution of 2,2,6,6-tetramethyl-4-oxopiper-
idine-N-oxyl (2)!7 in THF at 0°C gave 3 in 64% yield.
Interestingly, the X-ray crystal structure analysis of 3 dis-
closed that the triisopropylsilylacetylene residue, rather than
the hydroxyl group, adopts the axial position (Figure 1).081
The analysis of the crystal lattice showed that intermolecular
hydrogen bonding is not at the origin of the observed
conformational preference, since the nitroxyl oxygen atom
and the hydrogen atom of the hydroxyl group of neighboring
molecules are at a distance of 4.57 A. Subsequent removal of
the silyl protecting group of 3 with nBu,NF in wet THF
afforded the free acetylene derivative 4 (96 % yield), which
was oxidatively dimerized under Hay conditions!"! to give
1al'l in 79% yield. In the synthesis of diradicals 1b-e
(Scheme 1B), addition of dilithiated (E)-3,4-bis][ (tert-butyldi-
methylsilyloxy)methyl]hex-3-ene-1,5-diyne  (5)2) or p-di-
ethynylbenzene (6)?! to a solution of 2 (2 equiv) in THF in
the presence of high concentrations of LiBr (up to 10 equiv)?
afforded both mono- and bis-coupled products (7: 28 %, 1b:
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Scheme 1. Preparation of TEMPO diradicals 1a—e. Reagents and conditions: a) iPr;C=CH,
nBuLi, THF, 0°C, 1h, then 20°C, 2 h, 64 %; b) nBu,NF, wet THF, 96 %; c) CuCl, NN.N'.N'-
tetramethylethylenediamine (TMEDA), O,, CH,Cl,, 4-A molecular sieves, 3 h, 1a: 79%, 1d:
55%,1e:86%;d) 5, nBuLi (2 equiv), anhydrous LiBr (10 equiv), 2, THF, 0°C, 1 h then 20°C, 2 h,
7:28%, 1b: 39%; e) 6, nBuLi (2 equiv), anhydrous LiBr (1 equiv), 2, THF, 0°C, 1 h, then 20°C,

2h,8:25%,1¢: 9%.

Cio)

Figure 1. Molecular structure of TEMPO radical 3. The ORTEP drawing
depicts thermal ellipsoids at the 30% probability level. Selected bond
lengths [A] and angles [°]: O(1) - N(1) 1.283(4), N(1) - C(2) 1.494(5), C(2) -
C(3) 1.520(6), C(3)-C(4) 1.516(6), C(4)-C(7) 1.465(7), C(7)-C(8)
1.208(6); O(1)-N(1)-C(2) 115.5(3), N(1)-C(2)-C(3) 109.6(3), C(2)-C(3)-
C(4) 1179(3), C(3)-C(4)-C(7) 113.9(3), C(4)-C(7)-C(8) 176.5(4).

39%, and 8: 25 %, 1¢: 9 %). Oxidative Hay coupling of 7 and
8 led to the diradicals 1d and 1e, respectively (Table 1).

The analysis of the DEER signals closely follows that of the
conventional three-pulse DEER experiment, as described by
the groups of Tsvetkovl!!l and Singel.l'?! The time-domain
signal 1,,(DEER) consists of two exponentials that lie back to
back and are superimposed by a modulation [Egs. (1)—(4)],

L,(DEER)(Af) = cos(wapAt)exp(kCFgAr) (1)

wap = Wpp(3€08°0rp — 1) ()]
8138485 #bga8p 1

= — Wpp = — 3,4

h3 o= (3.4)

where Cis the concentration of the unpaired electron spins, Fy
the fraction of electron spins excited by the microwave pulse
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at frequency v, (Figure?2), ug the Bohr
magneton, g, and gy the g factors of the
respective electron, and r,z the electron—
electron distance. Furthermore, At =15 — 21
(Figure 2), 0,5 is the angle between the
1a magnetic field B, and the dipolar axis that

connects the two electrons, and wpp is the

dipolar coupling constant in angular fre-

N—O- quency units. Equation (1) describes an
HO oscillation with frequency v,5=w,p/27
=A which arises from the superimposition of

S=B

the dipolar coupling between the two un-
paired electrons within the diradical on an
exponential decay, and reflects the much
weaker dipole—dipole coupling between
different diradicals.l?> 24

The information about the end-to-end

=B distance r,z is encoded in w 5. For a powder

an average value over the different orienta-
tions of end-to-end vectors has to be taken,
which results in a spectrum with two singu-
larities that correspond to 6,5 =90°, resem-
bling the well-known Pake spectrum of a
spin pair in nuclear magnetic resonance.?!

The symmetric four-pulse DEER time-
domain signal of the longest diradical (1e)

Table 1. Selected physical data of 1b-e.[a]

1b: M.p. 124-125°C; UV/Vis (EtOH): A, (¢) =270 (25400), 277 nm
(22600, sh); FT-IR (CHCl;): %=3689m, 3589m, 3300m, 3000m, 2958s,
2933s, 2856s, 2356m, 2332m, 1600m, 1494w, 1472m, 1463m, 1433w, 1421w,
1379w, 1361m, 1343m (N-O°), 1261m, 1237w, 1183m, 1100s, 1006m, 939w,
915w, 891w, 839s cm~!'; FAB-MS: m/z: 707.5 (100, [MHZ]), 706.4 (90,
[MH3]), 705.4 (37, [MH*]), 704.4 (33, [M*]), 692.4 (16, [MH; — CH,]*),
691.4 (36, [MH,— CH;]"), 690.4 (53, [MH —CH;]"), 689.4 (84, [M —
CHj;]"); elemental analysis caled for CiHggN,O4Si, (705.15): C 64.73, H
9.72, N 3.97; found: C 64.73, H 9.50, N 3.74.

1c: M.p. 182-183°C; UV/Vis (EtOH): 4, (¢) =212 (18400), 217 (18 100),
270 (42100), 282 nm (41700); FT-IR (CHCL): 7 =3622s, 3467m, 3011s,
2978s, 2889m, 2467w, 1600w, 1483w, 1444w, 1396w, 1373w, 1342w (N—O"),
1250w, 1044s, 878m cm~'; FAB-MS: m/z: 469.3 (100, [MH;]*), 468.3 (28,
[MH,]*), 467.3 (10, [MH]*), 466.3 (5, [M]*); HR-FAB-MS: m/z: found:
469.3077 ([MH,]*, 2C,gH,N,OF); caled: 469.3066; elemental analysis
caled for C,3HyN,0,-0.5H,0 (475.63): C 70.71, H 8.26, N 5.89; found: C
70.30, H 8.04, N 5.70.

1d: M.p. 114°C (decomp); UV/Vis (EtOH): 1, (¢) =267 (26600), 280
(27200), 294 (25600), 314 (21600), 343 (25800), 367 nm (22700); FT-IR
(CHCl,): 7=3689w, 3589m, 3360w, 3000m, 2959s, 2933s, 2856s, 2356m,
2332m, 1600m, 1472m, 1463m, 1379w, 1361m, 1343w (N—O°), 1256m,
1237w, 1100s, 1042w, 1020w, 1006w, 939w, 916w, 891w, 839s cm~'; FAB-MS:
miz: 1053.4 (16, [MH; — O]*), 1052.4 (31, [MH, — O]*), 1051.4 (38, [MH —
0O]%), 10504 (29, [M —O]*), 632.2 (100); HR-FAB-MS: m/z: found:
1051.6842 ([MH — O]+, 2CssH,3N,0,2Siy,), caled: 1051.6842.

le: m.p. 169-170°C (decomp); UV/Vis (EtOH): A, (¢) =224 (17100),
233 (15100), 261 (17000), 277 (18400), 292 (24600), 310 (33400), 332
(41000), 356 nm (35000); FT-IR (CHCL;): ¥ =3622s, 3467m, 3022s, 2974s,
2889m, 1444w, 1389w, 1342w (N—0O-), 1250m, 1044s, 878m cm~'; EI-MS: m/
z:593.2 (3, [MH;]*), 592.2 (6, [MH,]*), 591.1 (10, [MH]*), 590.2 (3, [M]*),
559.2 (92, [M — HNOJ*), 140.0 (100); HR-EI-MS: m/z: found: 590.3136
(M, 2C3H,N,05), caled: 590.3144.

[a] All new compounds described were fully characterized by melting point,
FT-IR and UV/VIS spectroscopy, EI or FAB mass spectrometry, and high-
resolution mass spectrometry and/or correct elemental analysis.
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Figure 2. The newly developed four-pulse DEER sequence consists of a
refocused echo at microwave frequency v, and a & pulse at v,, which is
incremented in time. The time ¢ is the incrementation time which starts at
tgy =t and ends at t5 = 37. 7 is the fixed evolution time of the refocused Hahn
echo pulse sequence. All microwave pulses utilized were of a duration of
32 ns and had a frequency difference of Av =60 MHz.

of the series recorded at 15 K in a polystyrene matrix is shown
in Figure 3a. The exponentials and the superimposed modu-
lation are clearly visible. After subtraction of the exponential
decay and Fourier transformation a Pake-type spectrum is
obtained (Figure 3b). In contrast to the conventional DEER
experiment where only singularities can be observed, broad
contributions to the line shape are observable with the four-
pulse DEER sequence.l'> 131 This substantial advantage and
improvement is a consequence of the absence of dead time in
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Figure 3. a) Four-pulse DEER time-domain signal of diradical 1e mixed
into polystyrene at 15 K. All pulses had a length of #,=32ns and the
evolution time 7 had a duration of 1200 ns. b) Four-pulse DEER spectrum
of 1e as obtained by Fourier transformation of the time-domain data in
a) after subtracting two exponentials and zero filling. The bar indicates the
distance 2vpp between the two singularities of an unbroadened Pake
pattern that fits the experimental spectrum.
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the four-pulse DEER experiment and allows for the first time
to measure broad distributions of dipolar couplings.

In the present study, the singularities that define the dipolar
coupling constant and thus the electron — electron distance are
very narrow and clearly recognizable. Only the “foot” of the
Pake spectrum is not visible, as would be expected from
orientation selection owing to only partial excitation of the
inhomogenously broadened EPR spectrum of “N-labeled
nitroxide.['”! The measured coupling constants and calculated
electron —electron distances for the series 1a—e are given in
Table 2, together with results of molecular dynamics simu-
lations, which revealed averaged end-to-end distances from
1.5 nm (1a) to 2.8 nm (1e).

Table 2. Dipolar coupling constants vy, and interradical distances r,p
obtained for 1a—e by molecular dynamics simulations and experimentally
measured data.

Compd VbD Avppl gl Foplel
[MHz] [MHz] [A] [A]

1a - - 144+1.0 -

1b 14.16 0.49 16.5+1.0 154+0.2

1c 10.25 0.49 18.8+1.0 172+£0.3

1d 4.88 0.49 23.6+1.0 22.0+0.7

le 3.05 0.49 27.7+1.0 257+14

[a] Experimental error of the dipolar coupling constant. [b] Averaged
distances estimated from molecular dynamics simulations, measured from
oxygen to oxygen of the terminal N—OH groups.?® [c] Experimentally
obtained distances.

The uncertainty of about +1 A is not from spectroscopic
limitations, but reflects the conformational freedom of the
nitroxide spin labels, which result from the axial/equatorial
positions of the alkyne substituents on the six-membered rings
as well as from rotations about the C(sp)—C(sp®) bonds. For
the shortest diradical 1a, no experimental coupling constant
could be obtained, since it was not possible to apply micro-
wave s pulses shorter than 32 ns, as would be necessary to
excite the dipolar subspectra. This bandwidth problem leads
to a lower interradical distance limit for the present method of
approximately 1.5 nm. On the other hand, at least five full
oscillations with the frequency corresponding to the singular-
ities in the Pake pattern should be observable in an interval of
length 7 for a precise distance determination (see Figure 3b).
The length of the whole sequence (47) should not exceed the
phase memory time 7, considerably for sensitivity reasons.
Both requirements combined let us expect an upper distance
limit of about 8 nm for the method to be applicable.
Experimental and estimated distances are in good agreement,
considering the fact that the DEER experiments were
performed in a matrix at 15 K, while molecular dynamics
simulations were done in the gas phase at ambient temper-
ature. The experimental distances appear to be systematically
shorter than the calculated ones by about 8 %, but we refrain
from drawing any conclusions from that.

With the diradical series 1a—e, we have demonstrated the
amenability of advanced Fourier transformation electron
electron double resonance spectroscopy for measuring elec-
tron—electron distances in the range of 1.6 to 2.8 nm. This
provides a base for applying this technique to more complex
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systems, where intergroup distances might not be so well
defined. We are currently exploring the practical limits of the
four-pulse DEER experiment for the determination of
distance distributions up to the theoretical limit which is
expected to be about 8 nm.

Experimental Section

Typical procedure for the coupling of lithiated acetylenes and TEMPO
radical 2. Compounds 1b and 7: A solution of nBuLi (0.17 mL, 0.28 mmol,
1.6 M solution in n-hexane) was added slowly to a solution of 5 (0.050 g,
0.138 mmol) and anhydrous LiBr (0.12 g, 1.38 mmol) in dry THF (30 mL)
under N, at 0°C, and the mixture was stirred for 30 min. Subsequently, a
solution of 2 (0.12 g, 0.69 mmol) in dry THF (4 mL, over 4-A molecular
sieves) was introduced by syringe pump within 1 h, and the solution stirred
for an additional 2 h at 20°C. The mixture was diluted with a saturated
solution of aquous NH,Cl (100 mL) and extracted with CH,Cl,, and the
organic phase was dried (MgSO,). Separation by flash chromatography
(SiO,, n-hexane/AcOEt 5/1) furnished 7 (0.021 g, 28 % ) as a slightly orange
solid, and purification of the residue by preparative thin layer chromatog-
raphy (SiO,, n-hexane/AcOEt 1/1) yielded 1b (0.038 g, 39 %) as an orange
solid.

Typical procedure for oxidative Hay couplings. Compound 1d: TMEDA
(0.016 mL, 0.11 mmol) and CuCl (0.003 g, 0.03 mmol) were added over 5
min to a solution of 7 (0.042 g, 0.079 mmol) in dry CH,Cl, (5 mL) over 4-A
molecular sieves at 20 °C. After the mixture had been stirred in air for 3 h, a
solution of EDTA (EDTA = ethylenediaminetetraacetic acid, pH 8) was
added, and the mixture extracted with CH,Cl, until the washings remained
colorless. The organic phase was washed with a saturated aqueous solution
of NaCl and dried (MgSO,). Purification by flash chromatography (SiO,, n-
hexane/AcOEt 3/1) afforded 1d (0.023 g, 55%) as an orange solid.

Distance determination. The four-pulse DEER measurements were
performed on a modified Bruker ESP380E X-band Fourier transformation
spectrometer. One channel of the microwave pulse-forming unit was used
for a second microwave frequency. An HP-86290B RF plug-in module in an
HP-8350B sweep oscillator was employed as the source for the second
frequency. The output microwave of the HP-86290B RF plug-in module
was increased by an amplifier from Miteq (AMF-5S-8012-18). The
probehead used was a commercial electron nuclear double resonance
(ENDOR) resonator from Bruker (EN4118X-MD4), which was over-
coupled for obtaining a broad resonator resonance line. The resolution of
four-pulse DEER experiments depends on the length of the constant time
interval 27. For the precise determination of long distances we used 7=
1200 ns. This in turn necessitated a measurement temperature of 15 K to
ensure that enough signal was left despite phase relaxation for a period of
4.8 ps. The choice of a difference of 60 MHz between the two microwave
frequencies enabled us to work with a single-mode resonator yet still excite
transitions of the two nitroxide moieties selectively.
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CVFF force field, Insight IT (Version 95.0), Biosym Technologies, San

Diego, 1995. Instead of N—O-, the parameter set for the N— OH group

was used for the simulations. Hartman et al. recommended the use of

a C=0 group as a surrogate for the nitroxyl N— O moiety in

performing simulations (D. Hartmann, R. Philipp, K. Schmadel, J. J.
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2782-2790). However, the error introduced in the end-to-end

distance measurements by using N—OH instead of C=O and perform-

ing the simulations in the absence of solvent molecules is more than
outweighted by the conformational freedom of the nitroxide spin
labels arising from the axial/equatorial positions of the alkyne
substituents on the six-membered rings and the rotations about the
C(sp) - C(sp®) bonds.
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