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Simple aminyl radicals, R2N•, are highly reactive species with
lifetimes in the micro- to millisecond range.1 Relatively persistent
aminyls I are obtained when the spin density is delocalized in a
conjugatedπ-system and/or an adjacent donor group Y with a lone
electron pair in aπ-type orbital is bonded to the formally electron-
deficient nitrogen atom. When sufficiently bulky substituents are
introduced, aminyls can be isolated,2 and the 2,2-diphenyl-1-
picrylhydrazyl (DPPH, R) NO2, Y ) NPh2)3 is a prominent
example of this strategy (Chart 1). Electron-rich transition metal
fragments [M] should be likewise efficient as stabilizing groups.
Among those, d8-Rh(I) containing fragments are especially suited
because the metal serves as an electron donor via one of the filled
dxy, dxz, or dyz-type orbitals. In addition, the hyperfine coupling of
the 103Rh nucleus (I ) 1/2, 100% natural abundance) allows the
spin density on the metal center to be easily detected. Limiting
resonance forms to the electronic ground state of an aminyl radical
complex are [M]n+-N•R2 IIa or [M] (n+1)+-N-R2 IIb . In most
cases, the metal amide formIIb is the better description, that is,
the unpaired electron is mainly localized at the metal center.4a,b

Complexes with the spin density predominantly localized at the
nitrogen center as inIIa are rare.4c,d,5

We demonstrated that the cationic complex [Rh(trop2N•)(bipy)]+

(Chart 1) is best described as an aminyl radical complex in which
57% of the spin population is located on the N and 30% on the Rh
center.5 This trigonal bipyramidal complex contains a coordinatively
saturated Rh center with a formal 18-electron configuration. Can
an aminyl radical be stabilized by an adjacent tetracoordinated
formally 16-electron Rh(I) fragment? This question initiated the
experiments reported here.

When the cationic 16-electron Rh(I) diamino complex [Rh(trop2-
dach)]OTf16 [trop2dach) (R,R)-N,N′-bis(5H-dibenzo[a,d]cyclo-
hepten-5-yl)-1,2-diaminocyclohexane] is reacted in THF with
slightly more than 2 equiv of KOtBu, the diamido rhodate2 is
obtained in a clean reaction (Scheme 1). Crystallization in the
presence of 18-crown-6 gave deep green highly air-sensitive crystals
of the composition{[K(18C6)(THF)][Rh(trop2dach-2H)]} which
were investigated by X-ray diffractions (trop2dach-2H denotes the
2-fold deprotonated ligand). The result is presented in Figure 1,
selected bond lengths [Å] and angles [°] are given in the figure
caption.

As in the related complex{[K(18C6)(THF)][Rh(trop2dpen)]}7

[trop2dpen) (S,S)-N,N′-bis(5H-dibenzo[a,d]cyclohepten-5-yl)-1,2-
diphenyl-1,2-ethylenediamine],2 forms a loose ion pair in the solid
state in which the [K(18C6)(THF)]+ cation binds at about 3.2 Å in
a η2-fashion to one benzo group from the inside of the anion (in
{[K(18C6)(THF)][Rh(trop2dpen)]} binding from the outer side is
observed).

The Rh-N bonds (average 1.993 Å) are slightly shorter than
those in the diamino complex1 (2.095 Å), which seems to be a
general feature of amido complexes despite the fact that the
interaction of the lone pairs at the N centers and the filled dxz and
dyz orbitals at the metal center is antibonding. The sum of bond
angles around the N centers (345.7-353.8°) in the diamido complex
{[K(18C6)(THF)][Rh(trop2dach-2H)]} is about 10° larger than that
in the diamino complex1 [∑°(N) ) 340°; H not included].

The deep green color (λmax ) 617 nm) of solutions of{[K(18C6)-
(THF)][Rh(trop2dach-2H)]} or 2 in DMSO indicates the formation
of solvent separated ions, while THF solutions of2 are red (λmax

) 558 nm) which as we believe characterizes intimate host-guest
ion pairs in which a partially solvated [K(THF)x]+ cation is
embedded within the anion.7

A cyclic voltammogram of2 in a DMSO/0.1 M nBu4NPF6

electrolyte shows two reversible redox waves at-1.02 and
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Chart 1. Concepts to Stabilize Aminyl Radicals

Scheme 1. Synthesis and Reactivity of [Rh(trop2dach)] 3a

a The benzo groups of the trop units in the ligand have been omitted for
clarity.
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-0.38 V vs the Fc+/Fc couple (T ) 293 K, scan rate) 100 mV
s-1, Pt-working electrode). Especially the first oxidation step [Rh-
(trop2dach-2H)]- (2) f [Rh(trop2dach-2H)]• (3) + e- at E°1

ox )
-1.02 V occurs at a remarkable low potential compared to related
rhodium monoamido complexes (E°ox ) -0.5 to-0.3 V).5-7 The
stability of the radical [Rh(trop2dach-2H)]• (3) is sufficient to allow
its preparation by oxidation of2 with ferrocenium triflate,
[Fc]+OTf-. The neutral complex3 could be isolated by rapid
workup as a deep red microcrystalline powder, but attempts to grow
larger crystals failed because3 reacts with the solvent, whereby
the amino amido complex46 was formed in high yield.

Like [Rh(trop2N•)(bipy)]+, the complex3 undergoes fast hydro-
gen abstraction reactions withnBu3SnH [BDE(Sn-H) ) 308.5 kJ
mol-1] or PhSH [BDE(S-H) ) 348.7 kJ mol-1] which both have
lower element hydrogen bond dissociation energies (BDE) than the
estimated N-H bond dissociation energy in4 (360 kJ mol-1).5,6

Phenol, with a higher BDE(O-H) ) 376 kJ mol-1, does not react
with 3. The silane, Et3SiH with BDE(Si-H) ) 356 kJ mol-1, does
not react with [Rh(trop2N•)(bipy)]+. However,3 reacts within a
few minutes quantitatively with Et3SiH to give disilane Et3Si-SiEt3
and4, which was obtained in high yield in all reactions reported
here. This shows that the tetracoordinated [Rh(trop2dach-2H)]• (3)
is more reactive than the pentacoordinated aminyl radical complex
[Rh(trop2N•)(bipy)]+.

This reactivity indicated that a significant part of the spin density
in 3 may be localized on the N-centers. This assumption is fully
supported by CW and pulse EPR spectroscopy8 in combination with
DFT calculations.9

The X-band CW-EPR spectrum of3 in diethyl ether measured
at 298 K is shown in Figure 2A. The spectrum is well resolved

and yields after simulation the isotropic hyperfine couplings
attributed to aminyl N, Hâ, and Hbz nuclei (Table 1). Measurements
made on frozen solutions of3 enabled the anisotropic parts of the
EPR parameters to be determined. The principalg values were
obtained from a field-swept EPR spectrum recorded at Q-band
(Figure S1). Pulse ENDOR (electron nuclear double resonance) and
HYSCORE (hyperfine sublevel correlation) spectroscopy were used
to determine the hyperfine parameters of Rh, N (Figures 2B and
S4), and Hâ and Hbz (Figures S2 and S3). The complete set of
experimentally derived parameters is given in Table 1, along with
the data calculated by DFT. Experimental spin populations were
estimated from the hyperfine couplings.10 The experimental and
calculated hyperfine couplings of the aminyl nitrogens are in good
agreement and support the∼50% spin population. The dipolar parts
of the hyperfine interactions,T, of the two hydrogen nuclei are
sensitive to the spin density distribution, and the satisfactory
agreement between experiment and calculation is in support of this
distribution (Figure 3).

In particular, the smallT for the two protons Hâ indicates that
there is negligible spin density on the Câ. The isotropic parts,Aiso,

Figure 1. Structure of one of the two independent molecules in{[K(18C6)-
(THF)][Rh(trop2dach-2H)]}. Hydrogen atoms are omitted for clarity.
Thermal ellipsoids are drawn at 30% probability. Selected bond lengths
[Å] and angles [°] (data for the second molecule are given in italics): Rh1-
N1 1.974(1), Rh1-N2 2.007(2),Rh2-N3 1.993(1), Rh2-N4 1.997(9),
Rh1-C4 2.137(6), Rh1-C5 2.121(1),Rh2-C53 2.126(3), Rh2-C54 2.147-
(3), Rh1-C19 2.148(4), Rh1-C20 2.133(9),Rh2-C68 2.128(7), Rh2-
C69 2.149(3), Rh1-ct1 2.006(6), Rh1-ct2 2.023(6),Rh2-ct4 2.013(3),
Rh2-ct5 2.015(3), C4dC5trop 1.424(8), C19dC20trop 1.401(8),C53d54trop

1.433(3), C68dC69trop 1.435(6), K1-ct3 3.212(5),K2-ct6 3.230(5), K1-
O(18C6) 2.679(2)-2.897(1),K2-O(18C6) 2.740(2)-2.814(1), N1-Rh1-N2
80.9(4),N3-Rh2-N4 81.1(4), N1-Rh1-ct1 90.9(3), N2-Rh1-ct2 91.6(2),
N3-Rh2-ct4 91.5(4), N4-Rh2-ct5 91.8(5), ct1-Rh1-ct2 97.3(7),ct4-
Rh2-ct5 97.5(2); æ ) 9.8°, æ ) 15.1° (ct ) centroids of CdC bonds;æ
is the intersection of the planes spanned by the rhodium atom, the N atom
and ct of each bischelate ligand).

Figure 2. EPR of 3 in diethyl ether. (A) X-band CW-EPR spectrum
measured at 298 K. Experiment (Exp.), simulation (Sim.). (B) Q-band
matched-HYSCORE spectrum measured at 25 K, near to theg2 observer
position (see inset). Cross-peaks from103Rh and14N are labeled.

Table 1. EPR Parameters and Spin Populations, F, of Compound
3. DFT Values are Given in Brackets. The Signs of the
Experimental Hyperfine Interactions Are Assigned According to the
DFT Results

giso ) 1.9963 ± 3, g1 ) 2.005 ± 1, g2 ) 1.992 ± 1, g3 ) 1.991 ± 1

F A1, A2, A3 (MHz) Aiso (MHz)b T1, T2, T3 (MHz)b

103Rh 6.0, 4.6,-13.3c -0.7 6.9, 5.5,-12.6
(41%) (-44.4,-47.0,-79.0) (-56.8) (12.4, 9.7,-22.2)

14Na 24%× 2 -1.9,-1.9, 37.0d 11.1 -12.9,-12.9, 25.9
(28%× 2) (-0.9,-0.8, 37.6) (12.0) (-12.9,-12.7, 25.7)

1Hâ 2.3%× 2 27.1, 29.3, 34.5d 32.6 -3.2,-1.0, 4.2
(2.8%× 2) (52.6, 54.7, 59.6) (55.7) (-3.1,-0.9, 4.0)

1Hbz 1.0%× 2 11.5, 14.5, 19.0c 14.3 -3.5,-0.5, 4.0
(1.0%× 2) (4.0, 4.4, 10.9) (6.4) (-2.4,-2.0, 4.5)

a The nuclear quadrupole parameters areκ ) e2qQ/h ) 2.2 MHz andη
) 1. DFT givesκ ) 2.7 MHz, η ) 0.9. b Isotropic part of the hyperfine
interaction,Aiso ) (A1 + A2 + A3)/3, dipolar part of the hyperfine interaction,
(T1, T2, T3) ) (A1 - Aiso, A2 - Aiso, A3 - Aiso). c Estimated errors(0.5
MHz. d Estimated errors(1 MHz.
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are largely due to spin polarization11 and are not modeled accurately
by the DFT calculation. For rhodium, the calculated dipolar part
of the hyperfine interaction is in reasonable agreement with the
experimental value, whereas the isotropic component is unreliable.
Calculation of transition metal hyperfine couplings is notoriously
inaccurate because of the difficulty to correctly calculate spin
polarization effects.12 The anisotropy of theg values is small in
comparison to that of typical Rh(II) complexes, which may indicate
that the spin population on the rhodium is overestimated by the
calculation.

Figure 2B shows a representative HYSCORE spectrum that
contains both nitrogen and rhodium signals. The long ridges
assigned to nitrogen result from the large anisotropy in the hyperfine
interaction, and their splitting into two sets is the result of the
nuclear quadrupole interaction. Signals from rhodium form part of
a cross, with the splittings at the edges allowing the principal values
of the nearly axial hyperfine interaction to be evaluated.

According to the DFT calculations with the model compound
[Rh(cht2dach)] (cht) cycloheptatrienyl; see Figure 3), the main
part of the spin population is located on the two aminyl nitrogens
(28% × 2) and the rhodium center (41%). This can be seen by
inspection of Figure 3, which shows the singly occupied molecular
orbital and spin density.

In contrast to the well-studied complexesA with “noninnocent”
ligands X∩ Y,13 where the unpaired electron is delocalized in the
conjugated ligand sphere, the situation in3 is different and the
unpaired electron is centrally delocalized over the metal center
(Chart 2). Both concepts allow the synthesis of rather persistent
metal-coordinated radicals.
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Figure 3. Plot of (A) singly occupied molecular orbital, and (B) the spin
density distribution (blue positive, red negative) of [Rh(cht2dach)]. Selected
computed structural data: Rh-N 1.986 Å, Rh-ct 2.075 Å, CdCcht 1.445
Å; N-Rh-N 82.8°, ct-Rh-ct 97.4°, N-Rh-ct 92.4°; ct ) centroid of
the coordinated CdC bond.

Chart 2. Spherically Delocalized Noninnocent Ligand Complex A
and Centrally Metal Delocalized Radical Complex B
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