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¢ Article

We have investigated the spin distribution and determined the magnetic exchange coupling J, (defined according to the
foIIowmg Hamiltonian: Hspm = —2JS.- Sb) for three arylethynyl-bridged organoiron(lll) diradicals containing (o

dppe)(17°>-CsMes)Fe"] ™ fragments. Considering the distance separating the Fe" centers (=11 A), remarkably large
intramolecular magnetic interactions between unpaired spins were found for two of them. Thus an antiferromagnetic
coupling (Jyp) Of ca. —190 cm™" was experimentally determined for the blnuclear Fe'' species featuring a 1,4-
diethynylbenzene bridge 1[PFg],, while a ferromagnetic interaction of over +150 cm™ was evidenced for its 1,3-substitued
analogue 2[PFg],. We also show that a much weaker interaction (0 > Jy, = —1 cm™ ") takes place in the 4,4"-biphenyl
analogue of 1[PFg]> (3[PFgl2), evidencing that insertion of an additional 1,4-phenylene unit in the bridge severely
disrupts the magnetic communication in these diradicals. With the help of NMR and density functional theory, the magnet|c
properties of these compounds were rationalized and compared to those of the corresponding mononuclear Fe" relatives
4[PF¢] and 5[PFg]. Finally, itis shown that, for all of these dinuclear Fe(lll) complexes, the structural changes between singlet
and triplet spin isomers remain very small regarding the carbon-rich bridge. Thus, even for a strongly coupled diradical
such as 1[PFgl,, a dominant diradicaloid character dominates the valence-bond description of the singlet state

y

unpaired electrons.

Introduction

During this past decade, organometallics featuring redox-
active centers o-ligated to a carbon-rich bridging ligand have
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aroused a lot of interest for molecular electronics, mostly
because of their outstanding properties from the electron-
transfer perspective but also, more recently, because of their
remarkable magnetic properties.' Since the seminal con-
tribution of Crutchley and co-workers, who reported the
existence of very strong magnetic interactions taking place
over quite long distances in several o?en -shell representatives
of this peculiar class of compounds,”” the exploration of the
magnetic properties of such organometallic polyradicals has
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been undertaken more systematically by an increasing num-
ber of research teams around the world.”™®

The contribution of our group in this field has been mostly
focused on the synthesis and characterization of several new
Fe'"" polyradicals bearing “(3*-dppe)(3°-CsMes)Fe—" end
groupsas S = '/, spin carriers [dppe = l,2-bis(diphen?/lphos-
phino)ethane] separated by carbon-rich spacers.”” ' In a
recent review, we have rationalized the magnetic properties
of these organometallic polyradicals, which apparently bear
strong analogies with their purely organic relatives."'

gspin = _2Jab*§a'Sb (1)

Some additional work was, however, needed to improve
further our understanding of these fascinating paramagnetic
species, especially those containing aryl groups inserted in the
bridging ligand."*~'® For instance, no magnetic susceptibility
measurements have been performed yet on the most recently
synthesized diradicals of that kind such as 3[PFg],,'” while
previous susceptibility measurements reported for 1[PF],'>"
were indicative of a seemingly too weak exchange coupling
constant (J,,; eq 1) in comparison to values determined
more recently for related compounds.”'*'®2 Also, depend-
ing on the model complexes, on the starting geometry, and on
the starting electronic density used (guess), density functional
theory (DFT) computations [ADF program/generalized
gradient approximation (GGA) exchange-correlation fun-
ctional] always led to much larger gaps between spin states
for 1[PF¢), and 2[PF], than those found experimentally,
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outlining the need to try an alternative DFT method to
accurately model their magnetic properties.

Another important question more specific to compounds
possessing p-phenylene units inserted in the carbon-rich
bridge, such as 1[PF¢], and 3[PFg],, concerns the importance
of the structural rearrangement taking place for the carbon-
rich bridge between their triplet and singlet states.'' This
rearrangement has been shown to be quite important for
several related polyyne-bridged (d°—d’) organometallic
homodinuclear species (Scheme 1a).!*!%?32* Tt is believed
to result from the resonance between the open-shell singlet
valence-bond (VB) mesomer and the closed-shell diamag-
netic VB mesomer possessing one additional bond in the
organic bridge. In this respect, the strong cumulenic/quinoi-
dal character recently evidenced for the carbon-rich bridge in
the diamagnetic (singlet) ground state (GS) of the 9,10-
anthryl analogue (6°"; Chart 1) of 17" suggests that large
structural modifications of the bridge are also likely to take
place when p-arylene units are inserted in it (Scheme 1b).”"!!
However, considering that the importance of this structural
rearrangement is certainly strongly dependent on the nature
and number of the p-arylene units present in the bridge, this
point deserved to be specifically investigated with 1[PF], and
3[PFg]o.

For all of these reasons, we have presently decided to revisit
the magnetic properties of 1[PF¢], and 2[PF¢), and to study
those of 3[PF],, from both the experimental and theoretical
standpoint, in order to arrive at a consistent description of these
aryl-containing diradicals. To this aim, in addition to magnetic
susceptibility measurements (SQUID), variable-temperature
(VT) NMR measurements were envisioned as a means to
obtain information about the singlet—triplet gaps. Indeed, this
spectroscopy had often been successfully used to probe the
intramolecular exchange coupling constants in solution for
specific organic® or organometallic’***~?* diradicals. Then,
as recently shown for the mononuclear Fe'" doublet (S = '/,)
model complexes 4[PF] and 5[PFg],””> NMR also constitutes a
convenient means to obtain experimental estimates of the
atomic spin density delocalized from the metal center on the
arylacetylide ligand. Indeed, since the pioneering works of
Anderson and Kohler on organometallic (poly)radicals,?*"*
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Scheme 1. Effective (a) and Envisioned (b) Structural Rearrangements Taking Place between the Singlet and Triplet States of Carbon-Rich Diradicals

with Various Bridges
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Chart 1. Selected Organoiron(III) Diradicals and Corresponding Model Monoradicals
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this spectroscopy has now become an attractive tool to inves-
tigate the electronic open-shell structures of pol}ynuclear car-
bon-rich paramagnetic compounds.®'6¢>+26-2831.32 with 13-
[PF¢]», this experimental technique should therefore help us in
checking the consistency of any new DFT calculations under-
taken on these diradicals. Moreover, its low sensitivity to the
presence of paramagnetic impurities in the samples constitutes
another particularly attractive feature for working with these
reactive compounds.*

(32) For studies concerned with conformational changes, see also:
(a) Walter, M. D.; Berg, D. J.; Andersen, R. A. Organometallics 2007, 26,
2296-2307. (b) Walter, M. D.; Berg, D. J.; Andersen, R. A. Organometallics
2006, 25,3228-3237. (c) Schultz, M.; Boncella, J. M.; Berg, D. J.; Don Tilley, T.;
Andersen, R. A. Organometallics 2002, 21, 460-472.

Cs. ® é\@a thp/ﬁ
Cre” Fe-—CECC—C ik
Ph{/ﬁph %
2

Thus, in order to achieve a better understanding of the
magnetic properties of the organometallic diradicals 1—3-
[PF¢)> in relation to their electronic structures, we have now
(i) measured their intramolecular exchange coupling con-
stants (J,p), (ii) investigated the specific structural changes
between their singlet and triplet spin states by monitoring
UV—vis—near-IR and related experimental signatures over
relevant temperature ranges, (iii) experimentally determined
the spin distribution on selected carbon atoms of the un-
saturated spacer by NMR, and (iv) modeled the spin dis-
tribution and magnetic interactions in these diradicals by
DEFT using the Gaussian package and the B3LYP functional.
This functional is one of the better-suited functionals to
estimate J,, values when the spin projection cannot be
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Figure 1. ORTEP representation of one dicationic molecule in 1[PFg],- CH,Cl, ata 50% probability level. Hydrogen atoms have been omitted for clarity.

handled.?* In light of these investigations, we subsequently
discuss the relationship between J,;, and the spin distribution
found for 1—3[PFg),, as well as the structural changes taking
place between their spin states.

Results

Synthesis of 1—3[PF],. The known Fe'' diradicals
1-3[PF¢], were obtained according to published pro-
cedures.”™!7 We were able to grow single crystals of
1[PF¢],- CH,Cl, by the slow diffusion of n-pentane into
a dichloromethane solution of the corresponding com-
plex, and the solid-state structure of this compound could
be solved by X-ray diffraction (Figure 1). A brief discus-
sion of the structural data of this diradical is given below.

Magnetic Susceptibility Measurements of 1—3[PF],.
The magnetic susceptibilities of 1—3[PF¢], have been
measured between 10 and 300 K using crystalline samples
of 1[PF¢]» and 3[PF¢], and freshly prepared (amorphous)
samples of 2[PFg],. The thermal variation of the yy7T
product of these compounds, with y); being the molar
magnetic susceptibility and 7 the temperature in Kelvin,
is represented in Figure 2. These data were modeled with a
modified Bleaney—Bowers law to take into account
paramagnetic impurities (eq 2).>*** Ineq 2, N, g, k, and
p are the Avogadro number, the Zeeman factor, the
Boltzmann constant, and the Bohr magneton, respec-
tively. The amount x is calculated assuming that the
paramagnetic impurities possess a spin of S = '/,.

2Ng* B 1

2Ng*

v = (1=x)

(2)

(33) Ruiz, E.; Alvarez, S.; Cano, J.; Polo, V. J. Chem. Phys. 2005, 123,
164110-164117.

(34) Bleaney, B.; Bowers, K. D. Proc. R. Soc. London, Ser. A 1952, 214,
451-465.

(35) For all of these compounds, a partial decomposition over time into
the known diamagnetic carbonyl complex [(37>-dppe)(7°-CsMes)Fe(CO)J-
[PFg] was often stated.*® This reaction, which involves paramagnetic inter-
mediates, most likely originates from short (but presently unavoidableg
exposures of the solid samples to air (oxygen) during handling and transfer.’
In this respect, powderish samples of 2[PFg], proved to be much more
reactive than crystalline samples of 1[PF¢], and 3[PF],.

+x S(S+1)

1.6 T T T T
— 2[PFl, .
— —
— 12} 4
[e]
E -
X 3[PFg),
e 0.8 [g= =
[$]
= L |
=
X 04} .

0 100 200 300

Temperature / K

Figure 2. Thermal variation of y\7 for powdered samples of 1—3-
[PF¢lo, with the best-fitted curves obtained using the modified Blea-
ney—Bowers equation (eq 2).

For 1[PFg),, the curve is characteristic of a diamagnetic
GS with a thermally accessible paramagnetic triplet state.
In contrast to the previous attempts using powderish
samples,'>!? the fit provided a unique value for the
exchange coupling constant (J,;,) defined according to
eq 1."" A g value of 2.04 + 0.01 and a J,;, value of —191 +
3cm™ ! are given by the fitting procedure with x = 11%.%°
For 2[PF¢],, ¥m7T remains constant in the investigated
temperature range and corresponds to a value of 1.4 cm?
K mol ™! (Figure 2), which fits with a triplet GS (S = 1). In
this case, the singlet—triplet gap cannot be determined
using eq 2 but must be larger than 300 cm~'. Indeed,
fitting with a Curie—Weiss law gives a Curie constant
of 1.394 + 0.01 cm® K mol~! and a 6 value of —0.73 +
0.04 K, which is only compatible with a triplet state
possessing a g value of 2.37. A ferromagnetic exchange
coupling (J,p) of 150 cm™' was thus considered in the
following for this radical based on eq 1. It should,
however, be kept in mind that this value constitutes a
lower bound of J,, in 2[PF¢],, with the preeminent feature
of this diradical being that its triplet spin state is quite
exclusively thermally populated at room temperature.
Finally, the thermal variation of the y\ 7 product of
3[PF], is also almost constant (~0.82 cm® K mol ') in
the investigated temperature range and coincides with the
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spin-only value expected for two uncoupled spins S = /5.
At temperatures lower than 20 K, y\ 7T decreases slightly
on cooling, which is characteristic of a small antiferro-
magnetic interaction between unpaired spins, but its
amplitude is dramatically reduced in comparison to that
operative in 1[PF¢),. Fitting these data with eq 2 (in fixing
x = 0%) gives J,p, values of around —0.940.1cm™ 'and g
values of around 2.099 + 0.002, with a value of 1 cm™!
constituting an upper bound of |J,| for this antiferro-
magnetic interaction in 3[PF¢],. Notably, with regard to
the limited stability of the samples of 1—3[PFg],,”” the g
values issued from the various fitting procedures remain
in an acceptable range when compared to those indepen-
dently measured by electron spin resonance (ESR) or
measured for related Fe! complexes.'”

Solid-State Structure of 1[PF], - CH,Cl,. The 1[PF¢],-
CH,Cl, compound crystallizes in the P2;/c space group
with two half-molecules in the asymmetric unit and two
half-molecules of the dichloromethane solvate (see the
Experimental Section and Figure 1). To investigate any
structural change correlated to a change in the population
of the singlet versus triplet spin states, the present data
were recorded at low temperature (100 K) and at ambient
temperature (293 K). The structure could be solved with
fair accuracy in both cases (final R = 5.0 = 0.2%). At
293K, a s1%n1ficant expansion of the unit cell (from 7483
to 7736 A°) is observed along with a decrease in the
calculated density (1.490 vs 1.441). Bond lengths and
angles around the metal centers are unexceptional in
comparison with published data for similar compounds.
They compare quite well with bond distances previously
reported for 3[PFg], or for the mononuclear Fe'"' com-
pounds 4[PF4] and 5[PFg].!”** Concerning the carbon-
rich bridge, the data would be consistent with a slight
quinoidal deformation of the phenyl ring at low tempera-
ture accompanied by a slight lengthening of the acetylide
spacer (C38—C39) and concomitant shortening of the
Fe—C37 and C38—C39 bonds (Supporting Information),
in line with expectations based in Scheme 1b. However,
these changes are weak and remain within experimental
uncertainty [3 estimated standard deviations (esd’s)] for
most atoms of the bridge.

VT Spectroscopic Study of 1[PF¢], and 2[PF¢],. In order
to gain some insight in the electronic/bonding modifica-
tions accompanying the change in spin-state populations
(Scheme 1b), the UV —vis—near-IR spectra of 1[PF], and
2[PF¢], were monitored between 10 and 300 K in the solid
state (KBr pellets). According to its J,p, value, 1[PFg¢),
should present large changes in its spm state population
in the temperature range investigated.* Similar VT mea-
surements were also performed on 4[PFg] (Chart 1), used
as reference compound.

(36) Paul, F.; Toupet, L.; Roisnel, T.; Hamon, P.; Lapinte, C. Compt.
Rend. Chim. 2005, 8, 1174-1185.

(37) Paul, F.; Toupet, L.; Roisnel, T.; Hamon, P.; Lapinte, C. C. R. Chim.
2005, 8, 1174-1185.

(38) Paul, F.; Toupet, L.; Thépot, J.-Y.; Costuas, K.; Halet, J.-F.;
Lapinte, C. Organometallics 2005, 24, 5464-5478.

(39) Considering a Boltzmann distribution, with a singlet—triplet gap of
ca. 380 cm™!, the singlet state of 1[PFg], should be quite exclusively
populated below 70 K (>99.8%), whereas ca. 33% of the corresponding
triplet state should be present at ambient temperatures (300 K) and ca. 42%
at 380 K.
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Figure 3. UV—vis—near-IR of the dications of 1[PF¢],, 2[PFg],, and
4[PF¢] in KBr pellets at 10 and 297 K (blue and red lines, respectively)
compared to corresponding solution spectra recorded in dichloromethane
(black line) at 297 K (peak values for these spectra are given in the
Supporting Information). The near-IR transitions of these compounds
are indicated by arrows.

The UV-—vis spectra obtained at 297 K for these
compounds in KBr matrixes resemble those obtained in
dichloromethane solutions (Figure 3). Thus, 1[PFg], 2-
[PF¢]», and 4[PF¢] are characterized by intense and over-
lapping bands in the visible range, previously attributed
to ligand-to-metal charge-transfer (LMCT) transitions,
and by a much weaker absorption in the near-IR range,
corresponding to a forbidden d — d transition.'®'” While
the spectra of 1[PF¢], and 2[PFg], are clearly distinct, an
overall similar thermal behavior is observed that resem-
bles that observed for the mononuclear model complex
4[PF¢]. This reversible change principally consists of a
very slight increase of the low-energy (LMCT) absorption
in the visible range upon a decrease of the temperature to
10 K. Notably, at this temperature, both 1[PF¢], and
2[PF¢], should be quasi-completely present under their
singlet and triplet states, respectively. Thus, it is difficult
to relate the thermal changes to an increase in the
population of a given spin state. These observations,
nevertheless, indicate that no large structural changes
take place between the different spin states of these
compounds.

The IR spectra of these compounds were subsequently
examined in KBr between 70 and 400 K (Figure 4). For
2[PF¢], and 4[PF], the spectra obtained at 70 K were
virtually identical with those at room temperature, with
any shift remaining below the spectral resolution of the
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Figure 4. VT-IR spectra of the dication of 1[PF], in KBr pellets.

spectrometer (£2 cm™'). In contrast, more significant
changes were observed for 1[PF],. Thus, upon a decrease
in the temperature, the shoulder on the main peak at
1980cm ™', near 1970 cm ™', develops into a peak, whereas
the former peak becomes a shoulder at 70 K.* Decreasing
the temperature therefore produces in a slight overall
decrease of the most intense vc—c stretching mode (Av ~
10 cm™'). This shift can be related to the increased
cumulenic character observed in the solid-state structure
of 1[PF¢], at 100 K, in line with a weakening of the vc—c
stretches in the singlet state relative to the triplet state
(Scheme 1b). Also, two new absorptions near 1872 and
3210 cm™ ! appear at low temperatures. At present, these
two weak absorptions could not be assigned to definite
vibrational modes. Notably, all of these changes remain
reversible with temperature,* unless the sample is heated
above 380 K.

NMR Characterization of 1—3[PF4],. The 'H and *C
NMR spectra of 1—3[PF¢], have then been recorded at
room temperature in dichloromethane-¢* (Figure 5).*
The observation of a single set of signals for each com-
pound reveals that the thermal interconversion between
the singlet and triplet states of these diradicals takes place
faster than the NMR acquisition time, resulting in aver-
aged signals for solutions containing these diradicals
under different spin states. Notably, the 'H and '*C
NMR signals for 1[PF¢], were significantly “sharper”
than those obtained for 2[PF¢], and 3[PFq),, a feature
that significantly contributes to the attribution of the
various NMR signals detected. However, the most ob-
vious feature of the "H NMR spectrum of 1[PF], is that
the detected siignals are markedly less shifted than those
for typical Fe''" complexes, such as 4[PF] and 5[PFg]
previously studied. For instance, the four equivalent

(40) Apart from confirming the proposed structures for 1[PFg],, 2[PF],,
and 3[PFg,, the '>C NMR spectra do not bring any additional information
regarding the electronic structure of these species and are therefore reported
as Supporting Information along with the proposed assignments for the
detected signals.
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nuclei (H,) of the arylacetylide bridge of 1[PFg], were
observed at —4.6 ppm, whereas the corresponding nuclei
(H, and Hy) of 4[PFg4] showed up either below —41 or
above 29 ppm.* The unambiguous assignment of all
signals of 1[PFg], proved possible using 'H—"H polariza-
tion transfer (Supporting Information). The improved
resolution of the spectrum also allowed for observation of
the nuclear spin—spin couplings for the p-phenyl protons,
providing thereby a means to further confirm the attribu-
tion of these nuclei. Thus, the Hy and Hg signals of the
dppe ligand come out as triplets with a *Jyy of ca. 6.6 and
6.9 Hz, respectively.

The '"H NMR signals for the diradicals 2[PFg], and
3[PF¢], were detected in more usual ranges in comparison
to 4[PF¢] and 5[PF¢] and were therefore assigned by
analogy (Table 3). Thus, rather specific '"H NMR shifts
were observed for the “(5*-dppe)(n°-CsMes)Fe” frag-
ment. The CsMes protons (Hy) give each time rise to the
most intense peak of the spectrum near —10 ppm, while
the endo- and exo-phenyl protons (H;/H»/H; and H4/Hs/
Hy) of the dppe ligand appear in the diamagnetic range as
two characteristic sets of signals in a rough 2:2:1 ratio,
and the methylene protons (H; and Hg) come out slightly
above 7 ppm and below 2 ppm, respectively. Among
these, only Hg was detected, with H; being presumably
hidden below the aromatic dppe protons. As for 4[PF]
and S5[PF¢], the aromatic protons of 2[PFg], and 3[PFg]»
correspond to the most shifted signals and were detected
at —87.4 ppm (H, and H.) and 49.8 ppm (Hy,) for 2[PF¢]»
and at —36.8 and 21.9 ppm (H, and Hy,) for 3[PF¢],. In the
case of 2[PF¢],, the H, and H. signals overlap near
—87 ppm. This was definitively evidenced by the VT
study (Supporting Information) because these signals
are differently shifted with temperature. The arylethynyl
protons H,—H, are much more shifted for 2[PFg], than
they are for 4[PFg] or even for 3[PF¢]s.

Temperature Dependence of the '"H NMR Signals. We
have next examined the temperature dependence of the
"H NMR shifts of 1—3[PFg),. For these symmetric di-
nuclear complexes, this dependence should be similar to
that of the corresponding mononuclear Fe'"' complexes
in the case of weak or negligible intramolecular exchange
coupling.*'** Thus, a 1/T dependence converging toward
zero for T reaching infinity (Curie behavior) should be
observed for the isotropic shift of nuclei remote from the
metal center (>5 A).?’ However, in the case of a sizable
intramolecular coupling, these dinuclear complexes will
exist in two nondegenerate spin states (singlet and triplet),
with only one among them being paramagnetic (i.e., the
triplet state). Depending on the magnitude and nature of
the coupling, the population of this paramagnetic state
might be significantly modified by any temperature
change. Thus, deviations to the Curie behavior might be
observed. In such instances, the expected 1/7 dependence
for a fixed concentration of paramagnetic species needs to
be corrected for the change in the spin-state popula-
tion (using a Boltzmann law) to accurately model the

(41) (a) Bertini, I.; Galas, O.; Luchinat, C.; Parigi, G.; Spina, G. J. Magn.
Reson. 1998, 130, 33-44. (b) Golding, R. M.; Pascual, R. O.; Vrbancich, J. Mol.
Phys. 1976, 31, 731-744.

(42) Bertini, I.; Luchinat, C. NMR of Paramagnetic Molecules in Biolo-
gical Systems; The Benjamin/Cummings Publishing C., Inc.: Menlo Park, CA,
1986.
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Figure 5. "H NMR spectra of 1[PF¢], (a) and 3[PFg]> (b) in CD,Cl, at 298 K with proposed assignments for selected protons according to Chart 2.

Chart 2. 'H Nuclei Numeration Corresponding to the Proposed Assignments for 1—5[PFg]

'"H NMR shifts. Accordingly,® the isotropic shifts of
strongly exchange-coupled systems for which the entropy
can be reduced to its electronic term follow eq 3 rather
than a typical Curie law, as previously observed for
organic* or inorganic** diradicals featuring magnetically
coupled doublets (S = '/,). In this equation, d;s,, which
stands for the paramagnetic shift (in ppm), is propor-
tional to the Boltzmann population of the triplet state,
while a and b stand for adjustable fitting parameters.

1
3+exp<—%)

This behavior is precisely what is stated for the 'H
NMR isotropic shifts of 1[PF], between 300 and 180 K
(Figure 6a). The temperature dependence of the most
shifted "H NMR signals such as those of the aromatic
protons (H,), of the CsMes protons (Hy), and of the exo-
methylene protons of dppe (Hg) could be fitted using eq 3.
By this means, J,;, values around —170 + 2 and —171 +
3 cm™ !, in good agreement with the solid-state value
obtained by SQUID measurements (191 + 3 cm ™ '), were
found for 1[PFg), in a dichloromethane-d* or acetone-d®
solution, respectively. The extrapolated shifts at 0 K
(singlet state) fall ca. 3 ppm above those of the parent
Fe'' diamagnetic complex 1. Such slight deviations to

5150 =a +b (3)

(43) Kopf, P.; Kreilick, R. J. Am. Chem. Soc. 1969, 91, 6569-6573.
(44) Kriley, C. E.; Fanwick, P. E.; Rothwell, I. P. J. Am. Chem. Soc. 1994,
116, 5225-5232.

O
%
5O

G Hai  Ho
He 4
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2 Ha HoHe  Ha
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32+

“ideal” values were, however, expected because eq 3
applies only to isotropic shifts taken as pure contact
shifts, whereas a small pseudocontact contribution was
previously demonstrated for the signals presently fitted
(H,, Hg, and Hy).?’ Note that the significantly lower 'H
and '>C NMR shifts exhibited by that compound at 298 K
relative to those of 4[PF¢] already pointed toward the
existence of a strong antiferromagnetic interaction for
this organometallic Fe'" diradical.

For corresponding protons of 2[PFg),, in spite of the
strong ferromagnetic coupling evidenced by SQUID
measurements, an apparently linear plot against 1/7T
was obtained with very good regression coefficients
(R* > 98%) in the same temperature range (Figure 6b).
While perhaps surprising at first sight in comparison to
the plot previously obtained for 1[PFg],, this Curie de-
pendence of the isotropic shifts was actually expected.
Indeed, given the very large ferromagnetic J,, coupling
(+150 cm ") measured for this diradical, it behaves as a
quasi-pure triplet state in the temperature range investi-
gated because only a small change in the triplet popula-
tion (ca. 4%) takes place between 300 and 180 K. The
latter cannot induce any detectable curvature of the ¢ vs
1/T plot with regard to the experimental uncertainties on
the shifts (0.3 ppm).*>4¢

Finally, 3[PF¢], also exhibits a perfect Curie behavior
in dichloromethane-d* (Figure 6¢). Again, such a linear
dependence on 1/7 indicates a fairly constant concentra-
tion of the paramagnetic Fe'"" species over the temp-
erature range investigated. This time, in line with the
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Table 1. Detected (6) and Isotropic (d;,) 'H NMR Shifts Recorded for 1-5[PFg], and Extrapolated Isotropic Shifts (d;s)r for 1-3[PFg], in the Triplet State at 298 K in
CD,CL,"
—C=C—Ar dppe CsMes
Compd 6 (ppll’l) H‘, Hb HC Hd He H] Hz H3 H4 H5 H6 H7 Hg H9
1> ) —4.5 6.4 7.0 6.8 3.4 53 7.6 7.8 0.8 —4.9
Oiso” —11.7 -1.7  —02 —04 -39 -18 04 50 —1.1 —6.4
(Oiso)T —34.8 =5.1 —0.6 —-1.2 —11.6 —5.4 1.2 14.9 -33 —-19.0
2%F ) —87.4 498 —87.4 6.5 6.9 6.2 1.6 36 80 nd.  —29 -10.8
6i50b —94.6 42.6 —94.3 —-1.6 —-0.3 -1 —=5.7 —-3.5 0.8 n.d. —4.8 —12.3
(Oiso)t’ -101.3 456 —101.0 -1.7  -03 —1.1 -61 =37 09 nd  -51 -13.2
3 ) -36.8 219 6.9 6.9 6.4 2.0 39 79 779 23 -9.7
6i50b —44.1 15.1 -1 —0.4 —-0.9 —=5.3 —34 0.6 5.0 —4.3 —114
(Viso)r’ —58.8  20.1 -13  -05 —12 -71 —45 08 6.7 —5.7 -15.2
4+d ) —41.7 292 —41.7 nd 6.8 6.2 1.8 37 79  nd. 28 -10.5
Oiso —489 220 —48.8 nd —-04 -1 -55 =35 03 48 —46 -11.9
5+ ) —448 309 —047 118 —08¢ nd 6.8 6.3 1.6 37 80 nd.  —28 —103
Oiso —=51.6 23.5 —=7.8 3.8 —8.0 —0.6 —0.6 —1.1 —5.8 —=3.7 0.6 n.d. —4.8 —11.7

“Proposed attribution according to Chart 2 (CHDCl, at 5.35 ppm, 0 # 0.2 ppm); “nd” and “n.d.” both stand for “not detected”. ? This isotropic shift

corresponds to the fraction of the triplet dinuclear Fe!!!

298 K; (dis0)T = Oiso/ Pr- dTentative assignment.29
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Figure 6. Temperature dependence of selected '"H NMR shifts for
1[PF¢]> (a), 2[PF¢), (b), and 3[PF¢], (c) in CD,Cl, with proposed assign-
ments according to Chart 2 and corresponding fits (see the text).

solid-state SQUID measurements,”® the Curie depen-
dence evidences a very weak intramolecular exchange
coupling. Indeed, an exchange coupling such as that mea-
sured in the solid state for this compound (=—1 cm™ ")
should not induce any detectable change from the statis-
tical population of the triplet state between 310 and 190 K
for 3[PFg].

Derivation of Hyperfine Coupling Constants and Spin
Densities for Selected CH Carbon Atoms of the Bridge of
1—3[PFg),. Similar to what had been previously done for
S = '/, mononuclear Fe"" radical cations such as 4[PF]
and 5[PF¢],”’ the '"H NMR shifts of 1—3[PFg], were used
to derive the proton isotropic hyperfine coupling con-

compound present in solution at 298 K. ¢ Isotropic shift derived for the “pure” triplet diradical at

Table 2. Isotropic Hyperfine Coupling Constants for Selected Protons of
1-5[PFg], at 295 K and 7-Spin Densities on the Neighboring Carbon Derived
from This Quantity

bridging aryl(s) CsMes

compd H., Hy H. Hy H. Ho

1[PF,  A4np* —0.15 —0.08
pcan” 0.016

2[PFsl, A’ —0.44 020 —0.44 —0.06
pcan”  0.042  —0.017 0.043

3[PFg, A4y —026 0.09 —0.07
pcan”  0.025  —0.007

4[PFs]  Ay® —0.57 0.26 —0.57 —0.14
pcay’ 0.028  —0.011 0.027

5[PFs]  d4n” —0.60 0.27 —-0.09 0.04  —0.09 —0.14
pcay’ 0.029  —0.012 0.004 —0.001 0.004 ¢

“Hyperfine coupling constants (G) for selected protons (obtained
with the g value of the corresponding monomer model, i.e., 4[PFg4] or
5[PF¢]). ? 7-Spin () densities on the neighboring carbon derived using
the McConnell relationship (eq 5). ¢ Tentative value (i.e., based on a
tentative assignment).

stants (Ay;) as well as the atomic spin densities (p™)c in the
st manifold for the carbon atoms of the bridging ligand
that carry a proton. This is interesting because these data

(45) Attempts to fit the VT data using eq 3 reveal a poor sensitivity of the
fitting procedure to J,p, in contrast to what had been observed for 1[PFg)s.
Data exhibiting a clear curvature above the experimental uncertainty in the
probed temperature range are required for extracting a unique and sensible
(a, b, J ) set by fitting of the data with eq 3.*® The ferromagnetic coupling of
2[PF], is obviously too strong for that between 300 and 180 K, while the
solubility and high sensitivity of this diradical precluded us to explore higher
temperatures than 300 K. Actually, it is a well-known fact that extracting J,y,
values from VT studies constitutes a more challenging task for ferromagne-
tically&)gchange—coupled diradicals than for antiferromagnetically coupled
ones.””

(46) Paul, F.; Cador, O. Work in progress.

(47) Platz, M. S. In Diradicals; Borden, W. T., Ed.; Wiley-Interscience: New
York, 1982; pp 195—258.

(48) Moreover, the facile rotation around the central bond of the biphenyl
unit in solution also certainly contributes to the further reduction of the
magnitude of the intramolecular exchange coupling relative to that in the
solid state. Indeed, according to previous studies on biphenyl-bridged
diradicals,* the quasi-planar conformation of the biphenyl unit previously
evidenced in the solid state'” should be optimal for transmitting any
antiferromagnetic interaction.
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Table 3. Calculated Spin Densities (in electrons) on Selected Fragments or Atoms for {(dpe)(17°-CsHs)Fe(C=C)}»(Ar) Complexes (1-H>*, 2-H?*, and 3-H>*) under the T or
BS State [Atom Numbering According to Chart 3; Ar = 1,4-C4H, (a); 1,3-CgHy (b); 4,4'-C,H; (c)]

CsHs  dpe CsHs  dpe C=C(CgH.) AE“(cm™ ")
compd Fe c? p’ Fe' c’b Pt C, Cy C)/ Cy C. Cq C. Cy
1-H*(T) 1.000 —0.018 —0.030 1.009 —0.018 —0.030 —0.088 0.190 —0.086 0.188  0.007°¢ 0.022°¢ 510
1-H>" (BS) 0.952 —0.017 —0.028 —0.948 0.012 0.028 —0.147 0.228  0.146 —0.228 —0.113¢ 0.092 ¢
2-H2Y(T) 0984 —0.017 —0.028 0.984 —0.017 —0.028 —0.121 0.219 —0.121  0.219 —0.071¢ 0.120 —0.071 0.120°¢ 512
2-H>* (BS) 0.990 —0.017 —0.029 —0.990 0.018  0.028 —0.103 0.204 0.102 —0.207 —0.017¢ 0.001  —0.006 0.000 ¢
3-H>Y(T) 0933 —0.016 —0.026 0.93¢ —0.016 —0.027 —0.091 0.213 —0.091  0.213 —0.033¢ 0.055¢ —0.022°¢ 0.059 ¢ 158
3-H>" (BS) 0916 —0.016 —0.026 —0.914 0.016 0.026 —0.102 0.220 0.102 —0.220 —0.060¢ 0.072¢ —0.051 ¢ 0.088 ¢
4-H** 0.871 —0.014 —0.024 —0.074 0.223 —0.038  0.072  —0.040 0.092
5.H*¢ 0.780 —0.012 —0.020 —0.044 0.211 —0.029/ 0.070/ —0.038/ 0.098/
—0.0147 0.025 —0.013 0.031f

“ The spin densities of the carbon and phosphorus atoms of respectively the CsHs and dpe llgands are averaged. ? J,, computed according to eq 7

(em™"). © Average value between chemically equivalent nuclei.
the aryl ring linked to the acetylide spacer. *°/ C./C,, Cy/Cy,

Chart 3. Labels of the Model Compounds 1

2+
= 5= S|
Fe C,=Cs—C c\ ff Cy=C, _F\e
HZP\_/PHZ HP\ P'H,
2+
1-H
Cd_C
Fe C _Cb ffOCb:C —F\e
HR  PH; H,PY  P'H,
\_/ 3-H2+ \_/
+
@ Cd=Ce—|
\ / \
F‘-.e_CaECb_Cc\ /Cf
HR_PH, N/
4-H*

provide important experimental insight regarding the
spin distribution within these organometallic diradicals.
These data cannot be obtained from ESR measurements
because of the fast electronic relaxation of these com-
pounds.!!"!”

As previously discussed (eq 4a), the NMR shift (d) of a
paramagnetic compound is the sum of a diamagnetic
contribution (d4;,) and of an isotropic contribution
(0is0), Which actually originates from the presence of the
electronic spin of the unpaired electron(s).** The latter
contribution (eq 4b) is itself the sum of a contact (d.) and
pseudocontact term (J,.), with the contact term being
proportional to the local atomic spin density (Supporting
Information).

0 = Odia + Oiso (4a)

(3150 = (3 +5PC (4b)

6 = (3d1a + PT(élSO) (40)
3

- - 4d

3 +exp(— 21"”) (4d)

However, for exchange-coupled Fe'' diradicals posses-

sing spin states in rapid interconversion, such as 1—3-

4Same value of opposite sign for C’
C./C;, and Cy/C; indicated for 5- H+

Sl

. “Computed for the perpendicular conformation of

-H*", 2-H*" and 3-H" used in the DFT Computations

+
Cyq—C, Ci—C;
@\ /T A

Fe—C,=Cs—C —C C;
VA N/ARE N/
H,R  PH,
5-H"

[PF¢l,, the situation is slightly more complex than that for
Fe"! monoradicals because the isotropic shift computed
using eq 4b originates only from the fraction of the
diradical in the (paramagnetic) triplet state and not from
the totality of diradicals present in solution, with the
singlet state being presumed to exhibit the same NMR
shifts as the neutral Fe'' parent of 1. The observed NMR
shift is therefore the sum of a diamagnetic contribution
and of what we could call an “apparent” isotropic con-
tribution (eq 4c). Indeed, a simple analysis (see the
Supporting Information) reveals that this “apparent”
contribution actually corresponds to the hypothetical
isotropic shift (d;s,) that a given diradical in its “pure”
triplet state would exhibit, multiplied by the partition
function Pt (eq 4d) of the triplet state at the temperature
of the NMR measurement.”® Isotropic shifts of the
“pure” triplet diradical at ambient temperatures (J;s,)T,
which are actually the quantities required to derive spin
densities for the paramagnetic state of the diradical, can
thus be simply obtained by dividing the isotropic shift
(0is0) of a given proton by the partition function of the
triplet state at 298 K (Tables 3 and 4).°° These isotropic
shifts of the triplet state [(d;so)1; Table 3] were thus

(49) (a) McConnell, H. M. J. Chem. Phys. 1960, 33, 1868-1869.

(b) McConnell, H. M. J. Chem. Phys. 1960, 33, 115-121.

(50) For example, ca. 33% for 1[PFg),,
3[PFg)».

93% for 2[PFg),, and 75% for
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Table 4. Crystal Data, Data Collection, and Refinement Parameters for 1[PF¢],- CH,Cl,
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100(1) K 2932) K

formula F62P4C82H32 . ZPF(, . CH2C12
fw 1677.92
cryst syst monoclinic
space group P2,/c
a(A) 12.9884(3) 13.1083(5)
b (A) 19.6249(5) 19.9390(6)
c(A) 29.3740(8) 29.6231(9)
o (deg) 90.00 90.00
B (deg) 92.145(2) 92.210(3)

y (deg) 90.00 90.00
V(A% 7482.1(3) 7736.7(4)
zZ 4

D(caled) (g cm™3) 1.490 1.441

cryst size (mm) 0.22 x 0.20 x 0.15

F(000) 3464

radiation Mo Ka

abs coeff (mm ") 0.664 0.642

data collection: 6,,,, (deg), Q2 rotation (deg), seconds/frame 54,0.7, 20

© range 2.76—29.91 2.73—32.29
h,k, 1 —15/18, —27/21, —40/41 —18/18, —19/29, —41/42
no. of total reflns 60939 66973

no. of unique reflns 19371 23909

no. of obs reflns [ > 20(])] 12671 9165
restraints/param 0/937 0/937

w = 1/[0°(F,)* + (aP)* + bP] (where P = [F,>+ 2F.*]/3) a = 0.0873, b = 0.0000 a = 0.1459, b = 0.0000
final R 0.049 0.052

Ry, 0.139 0.147

R indices (all data) 0.084 0.144

Ry, (all data) 0.149 0.176
GOF/F* (Sy) 1.050 0.611
Apmax (€ A7) 1.747 0.606

—1.781 —0.476

A/‘)min (e A73)
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Figure 7. Energy diagram of the frontier spin orbitals of the optimized
systems 1-H>", 2-H?", and 3-H>" in their triplet spin states. The two
highest-occupied o-spin orbitals are plotted (isocontour 0.05 [e bohr>]'/?).

determined for the aromatic protons of the arylacetylide
spacer of 1—3[PF]».

An = (0iso)rh x 3yukT/[gupS(S +1)] (5)

Values of the hyperfine coupling constants (A4y) for the
corresponding protons were next derived using eq 5,
as was previously done for 4[PF¢] or 5[PF¢].? In this

(51) Bertini, I.; Luchinat, C.; Parigi, G. Solution NMR of Paramagnetic
Molecules. Application to Metallobiomolecules and Models; Elsevier: Amster-
dam, The Netherlands, 2001.

equation, yy is the proton magnetogyric ratio, ug is the
Bohr magneton, k is the Boltzmann constant, A is the
reduced Planck constant, g is the electron g value, and S'is
the spin of the diradical. Unlike what happens for organic
radicals, Ay values for inorganic complexes are not
proportional to the corresponding atomic spin densities
because of the pseudocontact contribution to (d;s,)t from
the spin density located on the nearby metal center. Some
Ay values are, nevertheless, given for selected protons
remote from the metal center in Table 2.

(Am), = (0c)7h x 3y ykT /[gupS(S+1)]  (6a)
(An)/h = (Ocu)™ (p7) /28 (6b)

However, when contact shifts of the pure triplet state
[(O¢)1; see Supporting Information] are used instead of the
isotropic shifts in eq 5, “contact” proton hyperfine cou-
pling constants are obtained [(Ay).; eq 6a]. These con-
stants are now proportional to the spin density present on
the corresponding protons. From these (4y). values, the
spin density (p”™)c present in the ;z manifold on the nearby
carbon atom can then be deduced using the McConnell
equation (eq 6b). In this equation, (Agy)./h values were
expressed in megahertz and g%CH)H is a constant
presently taken as —66 MHz.**> As was previously

(52) (a) McConnell, H. M.; Chesnut, D. B. J. Chem. Phys. 1958, 27, 984~
985. (b) McConnell, H. M.; Chesnut, D. B. J. Chem. Phys. 1958, 28, 107-117.
(c) McConnell, H. A. J. Chem. Phys. 1958, 28, 1188-1192.

(53) For the aromatic protons of the bridging ligands in 1[PF],, 2[PF],,
and 3[PFg),, we have checked that when the hyperfine constants (A4y) are
directly used in eq 6b, very close values for the corresponding spin densities
can be obtained (Supporting Information). This amounts to neglect of the
pseudocontact contribution from metal center to these values.
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Figure 8. Plots of the total spin densities for {(3°-dpe)(;>-CsHs)Fe-
(C=C)}»(Ar) complexes (1-H>*, 2-H>*, and 3-H>") in the T and BS
States. The contour values are £0.005 [e bohr ).

discussed,? such an approach will be correct only for
radicals possessing an axial or pseudoaxial symmetry
(i.e., with a slight rhombic deformation) of their g tensors
and negligible nonlocal dipolar effects on the 'H NMR
isotropic shifts. An additional assumption for dinuclear
Fe'" complexes is that the zero-field-splitting effects are
negligible.>* These assumptions are overall sensible and
should lead to fair estimates for the spin densities on the
primary carbon atoms of the bridging ligand (Table 2).

DFT Computations on Model Compounds 1-H>*, 2-
H>*, and 3-H>". DFT investigations were performed on
the dinuclear Fe""" model complexes 1-H>", 2-H>", and 3-
H?>* and on the mononuclear models 4-H" and 5-H"
[with the extension “-H” meaning that dppe and CsMes
ligands have been replaced by 1,2-diphosphinoethane
(dpe) and CsHs, respectively, in 177, 2*7, 3", 47, and
5]. The dinuclear complexes 1-H*", 2-H>", and 3-H*"
were optimized in their broken-symmetry singlet (BS) and
triplet (T) spin states without any symmetry constraint
(see the Computational Details section). It has to be noted
that the singlet closed-shell states were calculated much
higher in energy than the T and BS states in all cases (> 1
eV) and were thus not considered thereafter. The bond
lengths and angles around the metal centers in 1-H>" and
3-H?" are in good agreement with the X-ray structures
available for 1[PF¢],-CH,Cl, and 3[PF4],-2CH,CL'’
(see the Supporting Information). The conformations of
the arylethynyl ring and the metallic end groups in 1-H*"
and 3-H”", calculated in vacuum, are different from those
found in the solid-state experimental structures.” The
mononuclear complexes 4-H" and 5-H" were also inves-
tigated for the sake of comparison.

(54) (a) Wicholas, M.; Mustacich, R.; Jayne, D. J. Am. Chem. Soc. 1972,
94,4518-4522. (b) La Mar, G. N.; Eaton, G. R.; Holm, R. H.; Walker, F. A. J. Am.
Chem. Soc. 1973, 95, 63-75.

(55) A complete study of the potential energy surface associated with the
geometrical parameters of these compounds was not possible because of an
unaffordable computational cost, but several starting conformations of the
metallic end groups (i7°-dpe)(;>-CsHs)Fe relative to the bridging ligand were
considered. Even though our conformational study was not exhaustive, each
system always reorganized itself into to a unique geometry regardless of the
starting geometry considered. It has to be noted that NMR indicates the
fluxionality of the metallic end groups in solution.
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Figure 9. Spin densities determined by "H NMR for selected carbon
atoms of the bridge for 1—3[PFg], versus spin densities computed for the
same atoms by DFT for 1-H>", 2-H*>", and 3-H>*.

The spin contamination of the triplet (T) states of
1-H>", 2-H?*, and 3-H?" is negligible ((S* = 2.05,
2.07,and 2.08 for 1-H?>*, 2-H*", and 3-H>", respectively).
On the contrary, the BS state is by definition not a pure
singlet spin state and contains a large admixture of the
triplet wave function (($*) = 0.79, 0.65, and 0.75 for
1-H>", 2-H*", and 3-H*", respectively).”® The energy
diagrams of 1-H*", 2-H*", and 3-H®" in their triplet
states are given in Figure 7. Their frontier spin orbitals
show a large metallic and acetylide character (see
Figure 7), as was found previouslgf in studies on similar
or closely related compounds.®'®*° It has to be empha-
sized that the nodal properties of the frontier spin orbitals
of 1-H?>" and 3-H>" are really similar to those calculated
for the mononuclear Fe'" species, 4-H * and 5-H".?’ The
atomic spin densities are given in Table 3 for all studied
compounds in their T and BS spin states.

2 = EBS —ET (7)

The magnetic couplings in 1-H>*, 2-H**, and 3-H>*"
have then been evaluated using eq 7, independentl;/
proposed by Yamaguchi et al.’® and by Ruiz et al.>*>
(see Table 3). Antiferromagnetic interactions of —255 and
—79 cm™ " were calculated for 1-H>" and 3-H>", respec-
tively, while a ferromagnetic interaction of +256 cm™!
was found for 2-H*".

Discussion

The present investigation provides a better picture of the
electronic structures of 1—3[PF¢],. We will now discuss step-
by-step every point made by this work before coming to the
magnetic properties of these organometallic Fe'"" diradicals
in connection with geometrical/structural issues.

Spin Distribution in the Triplet States of 1—3[PFy],. 'H
NMR allowed for the derivation of isotropic hyperfine
couplings (Ay) for selected protons of 1—3[PFq),

(56) The BS states are useful for energetic considerations.’” Given that
their geometries do not correspond to those of the authentic singlet states,
more pronounced differences can be expected between the structural
arrangement of the triplet and the “true” singlet states.

(57) (a) Noodleman, L. Chem. Phys. 1986, 109, 131. (b) Noodleman, L.
J. Chem. Phys. 1981, 74, 5737-5743.

(58) (a) Nishino, M.; Yamanaka, S.; Yoshioka, Y.; Yamaguchi, K.
J. Phys. Chem. A 1997, 101, 705-712. (b) Yamaguchi, K.; Fukui, H.; Fueno,
T. Chem. Lett. 1986, 625-628.

(59) Ruiz, E.; Alvarez, S.; Cano, J.; Polo, V. J. Chem. Phys. 2006, 124,
107102.



Article

(Table 2). Although the values for CsMes protons contain
a potentially sizable pseudocontact contribution,” a
comparison between the values found for the penta-
methylcyclopentadienyl protons and those for the most
shifted protons of the arylethynyl linker (Table 2) sug-
gests that a significantly larger spin density is present on
the bridging arylethynyl ligand in these diradicals.®® The
DFT computations on 1-H**, 2-H*", and 3-H>" sub-
stantiate this picture by evidencing that the spin density
for the paramagnetic diradicals is strongly located on the
metal centers (Figure 8). Furthermore, the spin density on
the organometallic (17°-dpe)(5°-CsHs)Fe fragments re-
mains roughly constant for 1-H**, 2-H*", and 3-H*" in
the triplet state (Table 3), in spite of the different central
spacers present in these three diradicals. In line with these
calculations, the relative constancy of the extrapolated
(0iso)T values for the dppe and CsMes protons and carbon
atoms of 1—3[PF], at ambient temperature (Table 3 and
Supporting Information) reveals that a similar statement
certainly holds for the “(37°-dppe)(n°-CsMes)Fe” frag-
ments in these compounds.

In contrast to what precedes, large differences in the
spin distribution take place between corresponding aro-
matic carbon atoms of the bridging ligands in 1—3[PFg],,
as evidenced by the markedly different 4y values found
(Table 2). For instance, compared to 3[PF¢],, NMR
reveals that the spin density on each o-carbon atom is
roughly twice as important in 2[PF¢], and halved in
1[PF¢],. As was anticipated, the atom-by-atom spin alter-
nation previously observed for the arylethynyl ligand in
Fe'"" monoradicals can hardly be preserved in the short p-
phenylene bridge of 1[PF¢], for obvious symmetry rea-
sons. According to NMR, only a positive spin density is
present on the bridging aromatic unit of 1[PFg], in the
triplet state. In contrast, NMR reveals that spin alterna-
tion is still present on the phenylene rings of the bridge in
the triplet state of 2[PF¢], and 3[PFg], (Table 2). These
features are well reproduced by the DFT computations
(Figure 8 and Table 3), and actually a good linear
correlation (R? = 0.98) is found between the spin den-
sities computed for these carbon atoms in 1-H*" to 2-H*"
and 3-H”" in the triplet state and those experimentally
determined for 1—3[PF¢], (Figure 9).°' The nonunity
slope of the fit (3.0) reveals, however, that spin delocali-
zation is somewhat overestimated by DFT in comparison
to that determined by '"H NMR, a statement already
made previously.?*-¢?

Comparison between the Paramagnetic Dinuclear and
Corresponding Mononuclear Fe'"' Compounds. The DFT
computations on 1-H>", 2-H>*, 3-H% 4-H', and 5-H"

(60) Because of the different spin states of the di- and mononuclear
paramagnetic Fe'! species (triplet vs doublet), halved 4y values are found
for a similar atomic spin density in the dinuclear complexes.

(61) The regression coefficient of the fit becomes 0.97 and the slope 2.9
when the data for the monoradicals 4[PF¢] and 5[PFg] are included in the

lot.

P (62) This certainly originates from the use of simplified compounds in the
calculation,® from the tendency of DFT calculations to overemphasize spin
delocalization,** and perhaps also from neglect of the local dipolar effect in
our treatment of the experimental 'H NMR data. ** Moreover, the DET
calculations were presently conducted on a single conformation in a vacuum,
without any counterion, whereas the experimental data were gathered on
interconverting conformers in solution, which constitutes another potential
source of discrepancy.
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also indicate that the geometry within each “(n*-dpe)-
(7°>-CsHs)Fe” fragment remains very close in the dinuc-
lear and mononuclear complexes, with a slight decrease
regarding the spin density delocalized on the Fe' centers
being stated for the mononuclear complexes. Further, the
highest-occupied spin orbital of the triplet states of 1-H**
and 3-H*" closely resembles those of the corresponding
mononuclear Fe'" radicals 4-H' and 5-H", suggesting
that the magnetic coupling does only induce a small
perturbation of the electronic structure of the spin-carry-
ing units in the dinuclear Fe""' complexes relative to the
mononuclear ones.

Under such circumstances, Bertini and co-workers have
shown that the isotropic NMR shifts exhibited by poly-
nuclear paramagnetic assemblies are related to those of the
correspondinsg mononuclear (model) complexes at any
temperature.”’ On the basis of their work, eq 8 can be
derived (Supporting Information). This equation, which
relates the apparent '"H NMR isotropic shifts of dinuclear
compounds to those of the corresponding mononuclear
models, provides therefore a convenient experimental
means to check if any detectable changes are induced by
the magnetic exchange coupling in the electronic structure of
the interacting organoiron fragments. In this equation, the
summation (>_,) takes place over the paramagnetic Fe'!
centers “sensed” by a given nucleus belonging to the inor-
ganic triplet diradical, where (d;s,)p represents the apparent
isotropic shift of this nucleus for this diradical (i.e., dj, in
Table 1), (diso)mx Stands for the isotropic shift of the same
nucleus in the corresponding (doublet) mononuclear com-
plex used as a reference, and Py is the partition coefficient of
the triplet state (eq 4d). This equation has often been used
with weakly coupled organic diradicals gPT = 3/,), in which
case an even simpler expression results.”

Bso)o = 313 Gl Pr 0

X

It can be easily stated that the "H NMR isotropic shifts
of the dppe and CsMes ligands for 1[PFg],, 2[PF¢],, and
4[PF¢] and those of 3[PF¢], and 5[PF¢] (Table 1) reason-
ably conform to eq 8. An excellent match cannot be
expected for these poorly shifted signals, which only
“sense” the electronic spin located on the nearby metal
center. However, regarding the more shifted protons of
the carbon-rich bridge, which sense the spin density
located on the two Fe''" centers, things are more con-
trasted. Indeed, a satisfactory agreement with eq 8 is
obtained for protons of 1[PF¢], and 3[PF],, but signifi-
cant deviations are stated for 2[PFg],. Thus, an apparent
isotropic shift of —12.1 ppm is predicted for the four
equivalent H, protons (Chart 2) in 1[PFg],, using the
isotropic shifts recorded for H, and H, in 4[PFq], to
compare with the experimental shift of —11.7 ppm. The
apparent 'H NMR isotropic shifts of H, or Hy, of 3[PF¢],
(—44.1 and 15.1 ppm, respectively) are also fairly well
approached by respectively summing the shifts of H, and
Hq4 and of Hy, and H. for 5[PF¢] (—47.8 and 15.5 ppm,
respectively). In contrast, the shifts of —121.6, 58.4, and
121.8 ppm predicted by this equation for 2[PFg],, using

(63) Adamo, C.; Subra, R.; Di Matteo, A.; Barone, V. J. Chem. Phys.
1998, 109, 10244-10254.
(64) Ciofini, L.; Illas, F.; Adamo, C. J. Chem. Phys. 2004, 120, 3811-3816.
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Chart 4. J,;, Values for Selected Organic Diradicals Related to 1—3[PF], and the VB Structure of the Thiele Diradical (S-7) in Its Singlet GS

L] L] °
thc@cphz Q—Cth
Ph,C
L ]

7 8
(Jap << -250 cm™) (Jap > 450 cm™)

the isotropic shifts of 4[PFg], compare poorly with
the shifts of —94.6, 42.6, and —94.3 ppm, respectively,
experimentally observed. This clear discrepancy with eq 8
indicates that the spin distribution in each magnetic
orbital that extends on the arylethynyl spacer in 2[PF¢],
is not properly modeled by that of 4[PF]. In contrast, for
1[PF¢], or 3[PF¢]», the good agreement obtained confirms
that the magnetic coupling does not induce a large
perturbation of the electronic structure of the spin-carry-
ing units in these dinuclear complexes relative to 4[PFg]
and 5[PF], respectively.

Exchange Coupling in 1—3[PF],. The 1,4-phenylene
and 4,4'-biphenylene units are well-known antiferromag-
netic couplers, while the 1,3-phenylene unit is a ferro-
magnetic one.®> In accordance with these simple
considerations,®® antiferromagnetic interactions were ex-
perimentally evidenced for 1[{PF¢], and 3[PFq],, while a
ferromagnetic interaction was evidenced for 2[PF¢]».

In the case of 1[PF¢],, as was anticipated, the antifer-
romagnetic interaction is strong (J,, &~ —190 cm™ ') and
much larger than was previously found.'*!'? In the case
of for 2[PF¢],, the ferromagnetic coupling (Ju, =
+150 cm™ ') is also significantly larger than was pre-
viously found.'"'® The reasonably close J,;, values de-
rived by DFT for the computationally simpler complexes
1-H*" (=255 cm ™ ") and 2-H?*" (+256 cm ™) give further
support to the existence of large exchange couplings in
these dinuclear Fe'"' compounds. The very weak anti-
ferromagnetic coupling experimentally evidenced for
3[PF¢)» (Jup ~ —1 cm™ ') indicates that the large exchange
interaction present in 1[PF], is severely depressed by the
insertion of an additional 1,4-phenylene unit in the car-
bon-rich bridge. This is also qualitatively confirmed by
DFT because a significantly smaller |J,,| value is com-
puted for 3-H>" (J,, = —79 cm™ '), although this com-
puted value largely overestimates the experimental value
obtained for 3[PFg),.%’

The good match found for the singlet—triplet gaps
(2J,) of 1[PFg], in the solid state (SQUID) and in
solution (VT-NMR) also reveals that the exchange cou-
pling is only marginally affected by random molecular
motions of this compound in solution, a remarkable
feature in light of DFT computations recentl?/ conducted
by Berke and co-workers on a related Mn" diradicals,

(65) Rajca, A. Chem. Rev. 1994, 94, 871-893.

(66) (a) Ovchinnikov, A. O. Theor. Chim. Acta (Berlin) 1978, 47,297-304.
(b) Borden, W. T.; Iwamura, H.; Berson, J. A. Acc. Chem. Res. 1994, 27, 109—
116.

(67) We tentatively relate this discrepancy to the overestimation of the
spin density delocalized on the spacer in 3-H>" relative to that of the real
compound, as suggested by the comparison of the theoretical versus
experimental spin densities found on the second ring for 5-H™ and 5[PF]
(compare Table 3 and Chart 5).

L] L]
Ph,C 5CPhz

PhZC:©:CPh2

9 S-7
(op ~ -275 cm™)

which evidenced a large sensitivity of the exchange cou-
pling to conformational changes.® While establishing the
essentially intramolecular origin of J,,, these VI-NMR
studies in solvents of different polarity also show that the
exchange coupling is independent (within experimental
error) of the dielectric medium surrounding 1[PF¢],. This
constitutes another noticeable feature of this dinuclear
Fe"" complex,**® which might explain the good corre-
spondence stated between the experimental J,, values
detezrinined for this compound and that computed for
1-H™".

When compared to J,, values classically derived for
dinuclear polyradicals featuring two paramagnetic tran-
sition-metal ions, the values obtained for 1[PF¢], and
2[PF¢], are remarkable for their magnitude, even among
carbon-rich diradicals,?” and especially more for dinuc-
lear compounds having metal centers more than 11 A
apart.?® In line with previous findings,*® 138 this con-
firms that carbon-rich bridges are particularly suited to
convey magnetic interactions between inorganic spin
carriers over fairly large distances in organometallic
diradicals involving group 8 transition metals.!! Notably,
although possessing large exchange cou]}l)hngs for orga-
nometallic diradicals, the dinuclear Fe'! complexes 1-
[PF¢]» and 2[PF¢], are apparently less coupled than their
famous organic analogues, which are the Thiele (7) and
Schlenk (8) hydrocarbons (Chart 4).47-¢

Spin Delocalization and Magnetic Interactions for 1—3-
[PF¢],. As was already shown in Scheme 1, the antiferro-
magnetic exchange coupling taking place for 1[PFg], and
3[PF¢], can be rationalized considering that the “bond-
ing” interaction between the unpaired spins is at the
origin of stabilization of the singlet state. This interaction
can take place only in the singlet state and is related to

(68) (a) Pardo, E.; Carrasco, R.; Ruiz-Garcia, R.; Julve, M.; Lloret, F.;
Munoz, M. C.; Journaux, Y.; Ruiz, E.; Cano, J. J. Am. Chem. Soc. 2008, 130,
576-585. (b) Cotton, F. A.; Murillo, C. A.; Young, M. D.; Yu, R.; Zhao, Q. Inorg.
Chem. 2008, 47,219-229. (c) Gao, L.-B.; Khan, J.; Fan, Y.; Zhang, L.-Y.; Liu, S.-
H.; Chen, Z.-N. Inorg. Chem. 2007, 46, 5651-5664. (d) Min, K. S.; Reingold, A.
L.; DiPasquale, A.; Miller, J. S. Inorg. Chem. 2006, 45, 6135-6137.

(69) The singlet—triplet gap [2J,,| could never be determined for 7
because of its high reactivity but is believed to be much larger than 500
em™", 7 while that for 9 was too large to be experimentally derived.”! Recent
computational estimates suggest that it lies around 900 cm™".®> Although
some controversy has arisen about the magnitude of this value,*””>™ the
singlet—triplet gap of the Tschibtschibabin hydrocarbon 9 was experimen-
tally estimated to be around 750 + 100 cm™1.7°

(70) Brauer, H.-D.; Stieger, H.; Hartmann, H. Z. Phys. Chem. Neue Folge
1969, 63, 50-65.

(71) (a) Luckhurst, G. R.; Pedulli, G. F. J. Chem. Soc. B 1971, 329-334.
(b) Kothe, G.; Denkel, K.-H.; Summermann, W. Angew. Chem., Int. Ed. Engl.
1970, 9, 906-907.

(72) Montgomery, L. K.; Huffman, J. C.; Jurczak, E. A.; Grendze, M. P.
J. Am. Chem. Soc. 1986, 108, 6004—6011.

(73) Popp, F.; Bickelhaupt, F.; Maclean, C. Chem. Phys. Lett. 1978, 55,
327-330.
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Scheme 2. Singlet—Triplet Gaps generated by Antiferromagnetic Coupling between Unpaired Spins in 1[PF], and 3[PF], and by Ferromagnetic

Coupling in 2[PFg],
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Scheme 3. (a) VB Representation of 1[PF¢], and 3[PFg4], Allowing
One To Understand the Possible Origin of the Antiferromagnetic
Coupling Operative in These Diradicals and (b) Equivalent VB Repre-
sentation To Describe the Spin Delocalization in Functional Analogues
of 4[PF6]2 and 5[PF6]2
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delocalization of the unpaired spins on the bridging 1,4-
phenylene unit(s).”* As is presently observed with 2[PF]s,
such an interaction cannot happen with a 1,3-phenylene
spacer because of the symmetry of the frontier molecular
orbitals of this fragment.”” In a VB formalism, this
interaction results in an increasing weight of the cumu-
lenic/quinoidal mesomer B in the description of the
singlet state (Scheme 3). Such a description is well in line
with the work previously done on mononuclear Fe'!!
compounds, for which the spin delocalization on the
arylethynyl ligand has been related to the increasing
weight of the cumulene-based structure D.**’® However,
while the pairing interaction corresponds to the forma-
tion of the new bond in B and constitutes a stabilizing
interaction, the energetic gain resulting from this interac-
tion is balanced by the energetic cost of breaking the

(74) Kahn, O. Molecular Magnetism; VCH Publisher Inc.: New York, 1993.

(75) Hiberty, P. C.; Karafiloglou, P. Theor. Chim. Acta (Berlin) 1982, 61,
171-177.

(76) For related Ru"™-based examples, see: (a) Paul, F.; Ellis, B. J.; Bruce,
M. L; Toupet, L.; Roisnel, T.; Costuas, K.; Halet, J.-F.; Lapinte, C.
Organometallics 2006, 25, 649—665. (b) Gauthier, N.; Tchouar, N.; Justaud, F.;
Argouarch, G.; Cifuentes, M. P.; Toupet, L.; Touchard, D.; Halet, J.-F.; Rigaut, S.;
Humphrey, M. G.; Costuas, K.; Paul, F. Organometallics 2009, 28, 2253-2266.

ro-osc{ )l cmc-ra
2

. r
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aromaticity of the phenyl ring(s), a cost improving with
the number of 1,4-phenylene rings in the polyynediyl
bridge. This type of competition between two limiting
VB mesomers is a recurrent question for rationalizing the
electronic properties of diradicals featuring polypheny-
lene bridges.”>”>"7 In this respect, it has been established
that longer polyphenylene-based diradicals will usually
present a dominant diradicalar structure, while shorter
ones will present a dominant quinoidal structure, with the
“turning” point being usually around two of three aryl
rings depending on the nature of the terminal radical
units.”® Thus, terminal units X favoring spin delocaliza-
tion will favor stronger quinoidal weights and maintain
such a character over longer poly(1,4-phenylene) bridges.

Considering that the spin delocalization in the mono-
nuclear complexes 4[PF¢] and 5[PF] reasonably models
that taking place from each Fe"" center in the correspond-
ing dinuclear complexes 1[PFg], and 3[PF¢),, respectively,
it was interesting to have a closer look at the isotropic
hyperfine coupling constants of the aromatic arylethynyl
protons for these compounds.””>* These indicate that
comparable spin densities are delocalized on the phenyl
ring directly linked to the acetylide spacer in 4[PF¢] and
5[PF¢], while a more than 6-fold decrease in the spin
density is experimentally evidenced on the second phenyl
ring in 5[PF¢] relative to the first one (Table 2). Thus, the
overlap between the delocalized spin densities of opposite
signs per phenylene unit of the bridge should be more
limited for 3[PF¢], than for 1[PF¢],. The stabilizing pair-
ing interaction, represented by mesomer B in Scheme 3,
should therefore take place to a more limited extent for
3[PF¢),, explaining in a qualitative way why the anti-
ferromagnetic coupling for this diradical is strongly

(77) (a) Karafiloglou, P. Int. J. Quantum Chem. 1984, 25, 293-308.
(b) Jacobs, S. J.; Schultz, D. A.; Jain, R.; Novak, J.; Dougherty, D. A. J. Am.
Chem. Soc. 1993, 115, 1744-1753. (¢) Silverman, S. K.; Dougherty, D. A.
J. Phys. Chem. 1993, 97, 13273-13283.

(78) Guihery, N.; Maynau, D.; Malrieu, J.-P. Chem. Phys. Lett. 1996, 248,
199-206.
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Chart 5. Isotropic Hyperfine Coupling Constants of Hydrogen Atoms (A4y) for the Organometallic Radicals 4" and 5% Compared to Those of Related

Organic Radicals, Such as 10 and 11 (in G)

-0.57 G -0.14 G 0.27G -0.60G

Oromeria (O Dome

026G -0.57G 0.04 G -0.09G

4 5
decreased relative to that operative in 1[PF¢],. Along the
same lines, the comparison of these data with the hyper-
fine couplings determined for the organic radicals 10
and 11 can be traced back to the comparably stronger
exchange couplings taking place in the corresponding
organic diradicals 7 and 9 (Chart 5).%%%

On a different footing, according to Anderson,” the
magnitude of the antiferromagnetic exchange in dinuc-
lear diradicals is often supposed to be induced by the
intramolecular electron transfer between the metallic end
groups and can then be related to the electronic coupling
or transfer integral (H,;,) between the magnetic orbitals.
This transfer integral for the diradical is usually supposed
to be similar to that determined for the one-electron-
reduced mixed-valence complex. In that respect, several
relations between J,;, for a given antiferromagnetically
coupled diradical and the electronic coupling in the
corresponding mixed-valence complex have been put
forward,*%* such as eq 9, initially proposed by Ber-
trand.®' According to this expression, the antiferromag-
netic exchange coupling should scale as the squared
electronic coupling (H,,) in the corresponding mixed-
valence complexes and inversely to the energy of the
intervalence charge-transfer (MMCT) band in the dica-
tion.® The former quantities were recently determined
for 1[PF¢] and 3[PFg4] in solution (H,y, 1700 and
145 cm™1),'7 but the energy of the MMCT transition in
the diradicals is currently not known. Nevertheless, on
the basis of the available H,, data, a ca. 150-fold decrease
of the antiferromagnetic exchange coupling (/,;,) between
1[PF¢], and 3[PF¢], can be expected from eq 8 for a
constant MMCT band energy. An even larger decrease
might take place if the MMCT state for 3[PF], is slightly
higher in energy than that for 1[PF],, which constitutes a
possible situation. Thus, the decrease of J,, when pro-
gressing from 1[PF¢], to 3[PF¢], is perhaps also related to
the decrease in the electronic delocalization between the
Fe'" centers, especially when considering the large experi-
mental uncertainties surrounding the J,, value deter-
mined for 3[PFq]».

Jab = (Hav)* /Ter )

Spin Delocalization and Structural Changes between
Spin Isomers for 1—3[PFg],. The possible geometrical
changes taking place on the carbon-rich bridge between
the triplet and singlet states were also of major interest to

(79) Anderson, P. W. Phys. Rev. 1959, 115, 2-13.

(80) (a) Nelsen, S. F.; Ismaglilov, R. F.; Teki, Y. J. Am. Chem. Soc. 1998,
120, 2200-2201. (b) Evans, C. E. B.; Naklicki, M. L.; Rezvani, A. L.; White, C.
A.; Kondratiev, V. V.; Crutchley, R. J. J. Am. Chem. Soc. 1998, 120,
13096—13103 and references cited therein.

(81) Bertrand, P. Chem. Phys. Lett. 1985, 113, 104-107.

286G 056G 126 276G
L] L]
SO OO
116 266 02G -05G
10 11

us. On the basis of Scheme 3, the stabilization of the
singlet state of 1[PFg], or 3[PF¢], results from the reso-
nance with the closed-shell singlet mesomer B. When
large, this interaction might therefore impart some cu-
mulenic/quinoidal character to the bridging spacer speci-
fically in their singlet states. In order to experimentally
check the occurrence of such a phenomenon, we have
closely investigated the temperature-dependent changes
in the spectroscopic signatures of the strongly coupled
diradicals 1[PF4], and 2[PF¢],.¥* No clear evidence for
any structural change could be gained from UV—Vis—
near-IR investigations between 298 and 10 K. However,
in line with the diffraction data gathered on this com-
plex,®® a very weak and reversible rearrangement toward
a more cumulenic/quinoidal structure is suggested by VT-
IR selectively for 1[PFg], upon a decrease in the tempera-
ture.®” Indirect support for a larger cumulenic/quinoidal
character of 1[PF¢], in the singlet state is also provided by
the DFT calculations, which reveal consistent differences
between the optimized geometries computed for the T
and BS states of 1-H*" (Supporting Information).*®
Again, these computed structural changes remain very
slight, even for the strongly coupled diradical 1-H*".
Thus, the expected structural changes of the carbon-rich
spacer in the singlet state based on VB considerations
(Scheme 3) appear to actually take place for 1[PFg], but
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constitute accurate reporters of bonding changes between spin isomers.
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remain close to the limit of experimental detection, even
when |/, is as high as 190 cm” L.

Such a statement is at odds with the situation prevailing
for related d°-based organometallic diradicals containing
polyynediyl spacers (Scheme la)''"!'*'* or featuring a
9,10-anthryl group in place of the 1,4-phenylene unit(s)
(6[PF¢] in Chart 1).” According to the preceding section,
this can be related to the larger spin delocalization taking
place on the carbon-rich spacer and to the larger anti-
ferromagnetic exchange cougling in this diamagnetic
complex (J,p < —500 cm™').*° Also, the Thiele (7) and
Tschtichibabin (9) organic diradicals present a compar-
ably more marked quinoidal character than 1[PF], and
3[PFg¢],, in line with the larger antiferromagnetic interac-
tions evidenced for these compounds.’® Actually, when
compared to purely organic diradicals, 1[PF], and 3-
[PF¢], are more reminiscent of bis(triarylaminium) or
anthryl-bridged verdazyl diradicals,”’ for which very
small structural changes between singlet and triplet spin
isomers have been evidenced, in spite of comparable
intramolecular exchange couplings.

Conclusions

In this contribution, we have used magnetic susceptibility
measurements (SQUID), NMR, and DFT to study the
magnetic properties and electronic structures of the organo-
metallic diradicals 1—3[PFg),.

Upon comparison to other inorganic or organometallic
diradicals, remarkably strong intramolecular exchange inter-
actions were evidenced between the two unpaired electrons of
the two former compounds. Thus, an antiferromagnetic
coupling of ca. —190 cm ™" was found for 1[PF],, while a
ferromagnetic coupling of ca. 150 cm™ ' or larger was evi-
denced for 2[PF],. A much weaker antiferromagnetic inter-
action (0 > J,, > —1 cm™ ") takes place in the solid state for
3[PFg],, which possesses an additional 1,4-phenylene unit
inserted in the bridge. In line with the previous results, this
study confirms the outstanding capability of carbon-rich
bridges containing a single phenylene unit to efficiently
convey magnetic interactions over large distances (=11 A)
as well as is the determining influence of the phenylene
substitution pattern (i.e., 1,4 vs 1,3 substitution) on the
nature of the magnetic interaction (i.e., antiferro- vs ferro-
magnetic coupling, respectively).

We also conclusively show here that the GS structure of
1[PF¢), retains a pronounced diradical character in spite of
the relatively strong antiferromagnetic exchange coupling
evidenced. Likewise, a dominant diradical character is de-
monstrated for 3[PF¢], in the GS. This investigation thereby
definitively establishes that the structural changes between
the singlet and triplet states for organoiron diradicals featur-
ing 1,4-phenylene units in the bridge will remain very slight,
in marked contrast to the results previously reported for the
analogue of 1[PFg], featuring a 9,10-anthryl unit (6[PFg],) or
for the related organic Thiele diradical 7. On the basis of DFT
calculations and NMR measurements, we point out that
these differences likely originate from the lesser delocaliza-
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tion of the unpaired electrons on the bridging ligands in
1[PF¢), and 3[PF], relative to 6[PFg], or 7.

Finally, and in a more general way, we also hope to have
shown that NMR can prove very complementary to SQUID
measurements for investigating magnetic interactions across
various organic bridges, especially when organometallic end
groups featuring metallic centers with fast-relaxing d elec-
trons, such as “[(n>-dppe)(17°-CsMes)Fe] " fragments, act as
spin carriers. Moreover, in contrast to SQUID measure-
ments, NMR is well suited to study samples contaminated
with traces of paramagnetic species. In such instances, this
technique constitutes a rapid and convenient way to extract
important information regarding the spin distribution on
the bridging spacer. The magnitude of the intramolecular
exchange interaction can also be obtained in favorable
cases. We now intend to use this technique in a more syste-
matic way for similar investigations on related compounds in
the future.

Experimental Section

General Data. All manipulations were carried out under inert
atmospheres. Solvents or reagents were used as follows: Et,O
and n-pentane, distilled from Na/benzophenone; CH,Cl,, dis-
tilled from CaH, and purged with argon; HN('Pr),, distilled
from KOH and purged with argon; aryl bromides (Acros,
>99%), opened/stored under argon. The direct-current mag-
netic susceptibility measurements were performed on a solid
polycrystalline sample with a Quantum Design MPMS-XL
SQUID magnetometer between 2 and 300 K. These measure-
ments were all corrected for the diamagnetic contribution as
calculated with Pascal’s constants. Transmittance FTIR spectra
were recorded using a Bruker IFS28 spectrometer (400—4000
cm ). The low-temperature absorption measurements were
performed using a Varian Cary SE double-beam spectrophot-
ometer equipped with an APD Cryogenics closed-cycle helium
cryogenic system including a DMX-1E cryostat and a DE-202
expander. All NMR experiments were made on a Bruker
AVANCE 500 operating at 500.15 MHz for '"H and 125.769
MHz for "*C, with a 5 mm broad band observation probe
equipped with a z-gradient coil (see the Supporting In-
formation).> The complexes 1—5[PF¢]'” were obtained as pre-
viously reported.

Crystallography. Crystals of 1[PF¢], - CH,Cl, were studied on
an Oxford Diffraction Xcalibur Saphir 3 with graphite-mono-
chromatized Mo Ka radiation at 100 and 293 K. The cell
parameters were obtained with Denzo and Scalepack with 10
frames (1 rotation: 1° per frame).”> The data collection®® (20,5,
number of frames, Q rotation, scan rate, and /ik/ range are given
in Table 4) provided reflections for 1[PFg],-CH,Cl,. Subse-
quent data reduction with Denzo and Scalepack® gave inde-
pendent reflections (Table 4). The structures were solved with
SIR-97, which revealed the non-hydrogen atoms.”* After aniso-
tropic refinement, the remaining atoms were found in Fourier
difference maps. The complete structures were then refined with
SHELXL97% by the full-matrix least-squares technique (use of
the F° magnitude; x, y, z, B for iron, phophorus, carbon,
nitrogen, and/or oxygen atoms, X, y, z in riding mode for
hydrogen atoms, with variables “N(var.)”, observations, and
“w” used as defined in Table 4). Atomic scattering factors were
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taken from the literature.”® ORTEP views of 1" were realized
with PLATON98.”

Magnetic Susceptibility Measurements (SQUID). Crushed
crystalline samples of 1[PF¢], and 3[PF], previously sonicated
and washed in diethyl ether were subjected to SQUID measure-
ments. For 2[PF¢],, a freshly prepared (powderish) sample was
used. The data were fitted using a modified Bleaney—Bowers
law as described above (eq 2).

VT-IR and UV—Vis—Near-IR Measurements. Small amounts
of microcrystalline solids were handled under argon (glovebox),
mixed with ground KBr, and used for the preparation of KBr
pellets.

NMR Experiments. The 'H NMR spectra were recorded
between 100 and —150 ppm using ca. (1—5) x 102 M solutions
of the compounds in dichloromethane-d°. The '*C NMR spec-
tra were recorded between 1000 and —300 ppm using similar
solutions.

Computational Details. DFT calculations were performed
with the Gaussian03 program.’® All geometries were optimized
without any symmetry constraint. The functional used is
B3LYP.” The atomic basis set employed is the LANL2DZ
ECP basis set, augmented with a polarization function for all
atoms except hydrogen atoms.'® The guess functions of the BS
systems were generated with the Jaguar 6.0 code.'!
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Supporting Information Available: Additional spectroscopic
(NMR and UV—Vis—near-IR) data on 1—3[PFq],, Cartesian
coordinates of all DFT-optimized geometries for 1-H>*+, 2-H>*,
3-H>", 4-H*, and 5-H", comparison between selected theore-
tical and experimental bonding parameters and angles for 1-H>"
and 3-H>", derivation of spin densities for selected aromatic
protons based on isotropic shifts, derivation of eqs 4c and 8, and
CIF of 1[PF¢], - CH,Cl,. This material is available free of charge
via the Internet at http://pubs.acs.org. Final atomic positional
coordinates, with estimated standard deviations, bond lengths
and angles, and anisotropic thermal parameters, have been
deposited at the Cambridge Crystallographic Data Centre and
allocated the deposition number CCDC 298750. The coordi-
nates can be obtained, upon request, from the Director, Cam-
bridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, U.K.
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