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Synthesis of Bis(trityl)iron(ll) and Formation of the Iron(o)-Stabilized

o,0-isomer of Gomberg's Dimer

Alexander ]. Touchton, Guang Wu, Trevor W. Hayton"

Department of Chemistry and Biochemistry, University of California, Santa Barbara, California 93106, United States

ABSTRACT: Treatment of Fe(OAc)2 in THF with 2 equiv of
Li(CPhs) at -25 °C results in formation of [Fe(n5-CPhs)z] (1) in
22% yield. Complex 1 was characterized by X-ray crystallog-
raphy, NMR spectroscopy, and 57Fe Mdssbauer spectroscopy,
and features an 15 binding mode of its trityl ligands. Complex 1
functions as an effective Fe(0) synthon. For example, reaction
of 1 with excess CO results in formation of [Fe(CO)s] and Gom-
berg’s dimer. Additionally, thermolysis of 1 with 5 equiv of
P(OMe)s3 results in formation of the Fe(0) complex, [(p,n*n*-
Ph2CCeHsCsHsCPh2){Fe(P(OMe)s)s}2] (2), which features the
novel o,0-isomer of Gomberg’s dimer bound by two
[FeO(P(OMe)3)3] fragments via an n* interaction.

Since Gomberg’s seminal report in 1900,! the triphenylmethyl
(i.e., trityl) radical has enjoyed enduring interest as the first
persistent organic radical. In the solid state, trityl exists as a di-
mer, which was initially formulated as the hexaphenylethane
isomer.2 3 However, this a,a-isomer proved controversial, and
in 1905 Jacobson suggested that a,p-quinoid isomer was more
likley.2 4 5 Lankamp and co-workers subsequently confirmed
the a,p-structure of Gomberg’s dimer by 1H NMR spectroscopy
in 1968 — an early demonstration of the power of NMR spec-
troscopy for structure elucidation.2 5 Gomberg’s dimer has also
been crystallographically characterized.6 More recently, para
substitution or aryl ring annulation of the triphenylmethyl
fragments has allowed access to the a,a-isomer.7-10 Aryl ring
annulation has also allowed access to the a,0-isomer.? Despite
these advances, however, the higher energy o,0-, p,p-, and o,p-
isomers have remained elusive.10.11

Recently, ~we completed the characterization of
bis(trityl)nickel(Il), [Ni!'(n3-CPhs)2], which we subsequently
employed as an Ni(0) synthon for the synthesis of atomically-
precise nanoclusters (APNCs).12 During the course of this work,
we realized that the analogous Fe complex, [Fel!l(CPh3)z], was
unknown. Given the paucity of Fe(0) synthons,13-17 we pursued
its synthesis to evaluate its utility as a APNC precursor. Herein,
we report the synthesis and characterization of [Fel(n5-
CPhs)2)]. This complex reacts with excess P(OMe)s to form the
[Fe0(P(OMe)s)s]-stabilized o,0-isomer of Gomberg’s dimer.

Reaction of Fe(OAc)z with 2 equiv of in situ generated
[Li][CPh3]12 18,19 in THF at —25 °C results in the formation of
[Fe(n5-CPhs)z2] (1), which can be isolated as a deep red crystal-
line solid in 22% yield after work-up (Scheme 1). We ascribe
the low yield of 1 to the unwanted reduction of Fe(OAc): by
[Li][CPhs], which results in formation of low valent Fe-contain-
ing products. Consistent with this hypothesis, we observe the
formation of an insoluble black solid during the reaction. Sev-
eral attempts were made to improve the yield of 1. For exam-
ple, reaction of FeBr: or [FeBrz(THF)z] with 2 equiv of MCPhs
(M = K, Li) also results in formation of 1, but in comparable
yields. In contrast, reaction of Felz or FeClz with MCPh3 (M = K,
Li) only results in formation of intractable mixtures, whereas
treatment of [Fe(Mes)z]2 with Ph3CH in C¢Ds at room tempera-
ture did not result in any apparent reaction.

Scheme 1. Synthesis of 1.
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Figure 1. ORTEP drawing of 1-CH2Cl2 shown with 50% proba-
bility thermal ellipsoids. All hydrogen atoms and methylene
chloride solvate are omitted for clarity. Selected bond lengths
(A): Fe1-C1 =2.121(3), Fe1-C2 = 2.057(3), Fe1-C3 = 2.066(3),
Fel-C4 = 2.047(3), Fe1-C5 = 2.116(3), Fe1-C20 = 2.141(3),
Fe1l-C21 =2.056(3), Fel-C22 = 2.066(3), Fel-C23 = 2.046(3),
Fel-C24 =2.112(3), C6-C7 = 1.366(4), C25-C26 = 1.368(4).

Complex 1 crystallizes in the monoclinic space group P21/n as
the methylene chloride solvate, 1-CH2Clz (Figure 1). Each trityl
ligand in 1 adopts an n5-cyclohexadienyl binding mode, result-
ing in a ferrocene-like, 18-electron sandwich complex. This
binding mode has also been observed in [Ti(CO)4(n5-CPh3)] and
the closely-related [Fe{n5-C(SiMes)Phz)2}],20. 21 but stands in
contrast to the n!-CPhs binding mode found in [LMeFe(n!-
CPhs)] (LMe = {(2,6-iPr2CeH3)NC(Me)}2CH).22 The nS-bound



rings are folded along the C1-C5 and C20-C24 vectors, with fold
angles of 26 and 21° respectively. For comparison,
[Ti(CO)4(n5-CPhs)]- features a fold angle of 16°. The average Fe-
C distance is 2.083(9) A (range = 2.046(3) to 2.141(3) A),
whereas the C-C bonds within the Fe-bound portion of cyclo-
hexadienyl unit range from 1.397(4) to 1.414(4) A. These val-
ues are similar to those reported for other edge-bridged, open
ferrocene complexes, such as [Fe{n3-C(SiMe3)Phz)2}] and
[Fe(n5-6,6’-CeHsMez)2].20.23 The C-C distances within the exocy-
clic alkene groups (C6-C7 = 1.366(4), C25-C26 = 1.368(4) A)
are consistent with those expected for a double bond. In addi-
tion, the sum of angles around C6 (359.24°), C7 (359.99°), C25
(359.54), and C26 (359.82°) are consistent with the expected
sp? hybridization at those atoms.

As a solid, 1 is stable under an inert atmosphere at —25 °C for
several months. However, it quickly decomposes when ex-
posed to air, both in the solid-state and solution. Complex 1 is
soluble in THF, toluene, benzene, methylene chloride, and chlo-
roform, butis insoluble in pentane, hexanes, and methanol. It is
very sparingly soluble in diethyl ether and acetonitrile. The
room temperature 1H NMR spectrum of 1 in CsDs exhibits res-
onances at 4.59, 4.24, and 4.17 ppm, in a 4:2:4 ratio, respec-
tively (Figure S2). These resonances are assignable to the
C2/C6, C3/C5, and C4 proton environments of n5-cyclohexadi-
enyl fragment (see SI for atom numbering scheme). A similar
pattern of resonances was reported for [Fe(ns5-6,6'-
CsHsMez)2].24 The 13C{tH} NMR spectrum of 1 features reso-
nances at 143.72 and 112.59 ppm, which are assignable to the
exo and endo alkene environments, respectively. The ESI mass
spectrum of 1 in THF, in positive ion mode, displays a single
peak at 543.12 m/z (calcd 543.17 m/z) assignable to [1 + H]+,
consistent with our proposed formulation of 1 (Figures S14-
S$15). Additionally, the zero-field 57Fe Mdssbauer spectrum of 1
at 90 K features a symmetric doublet with § = 0.38 mm/s and
|AEg| = 0.49 mm/s (Figure S13). For comparison, Fc has § =
0.531(3) mm/s and |AEp| = 2.419(1) mm/s, whereas [Fe(n5-
6,6’-CéHsMez)2] has § = 0.488(1) and |AEp| = 1.143(1) mm/s.25
Finally, the cyclic voltammogram of 1 in CHzClz reveals a re-
versible oxidation feature at -0.58 V (vs. Fc/Fc*; Figure S20),
which we attribute to the Fe(II/III) couple. The more negative
potential of this feature vs. that of Fc is consistent with the
greater electron density at the Fe center suggested by the 57Fe
Mdossbauer results. For further comparison, [Fe(n5-6,6'-
CeHsMez2)2] features a reversible Fe(II/III) couple at -0.46 V
(vs. Fc/Fc+).23

To evaluate the suitability of 1 as an Fe(0) synthon, we moni-
tored the reaction of 1 with CO (1 atm) in CD2Clz (Figure S4).
The 1H NMR spectrum of the reaction mixture after 4 d at room
temperature reveals the complete consumption of 1, along
with formation of Gomberg’s dimer and triphenylmethane in
20% and 37% spectroscopic yields, respectively (Scheme 2).5.
12,2627 The solution-phase IR spectrum of this mixture displays
two strong bands at 2023 and 1990 cm-!, which are assignable
to the E’ and A2" stretching modes of [Fe(CO)s] (Figure $12).28
In addition, the 13C{H} NMR spectrum of this mixture displays
aresonance at 211 ppm, which matches the 13C NMR chemical
shift reported for [Fe(CO)s] (Figure S5).29 Similarly, the reac-
tion of [Ni!l(n3-CPhs)z] with CO forms [Ni(CO)4], although in
this case the reaction is essentially instantaneous.!2

Scheme 2. Reactivity of 1.
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We also screened the reactivity of 1 with excess P(OMe)s. Thus,
heating a toluene solution of 1 and P(OMe)s (5 equiv) for sev-
eral days resulted in the complete consumption of 1 along with
the generation of Gomberg’s dimer and two new P(OMe)3-con-
taining complexes, as assayed by 1H and 31P{1H} NMR spectros-
copy (Figure S8-S9). After work-up, we obtained [(wn*m*-
Ph2CCeHsCeHsCPh2){Fe(P(OMe)s)s}z2] (2) and [{(n>-CPhs)Fe(p-
P,0-P(OMe)s(u-P,0-P(0)(OMe)2)z2}2Fe] (3) as a mixture of crys-
talline solids in an 19:1 ratio, respectively (Scheme 2). Com-
plexes 2 and 3 are sparingly soluble in pentane and hexanes
and are soluble in diethyl ether, benzene, toluene, and tetrahy-
drofuran. Their similar solubilities precluded their separation
by selective crystallization. Because they were isolated as a
mixture, we were unable to completely characterize either
complex.

Complex 2 crystallizes in the monoclinic space group P21/n
(Figure 2). It consists of the o0,0-isomer of Gomberg’s Dimer,
wherein each cyclohexadiene ring binds an the Fe(P(OMe)3)3
fragment in the n# fashion. The C-C bond connecting the two
cyclohexadiene rings (C7-C26 = 1.599(7) A) is somewhat
longer than a typical C-C single bond (1.54 A),9 10,30 as well as
the analogous C-C bond in [(un*m*-CsHsCsHs){Fe(CO)s3}z2]
(1.542(7) A)31 consistent with higher energy of this isomer.
For comparison the o, C-C distance in [{(4-Ph-3,5-
tBuzCsH2)3C)2] is 1.47(2) A and the a,p C-C distance in Gom-
berg’s dimer is 1.589(6) A6 The Fe-C distances range from
2.031(6) to 2.148(6) A (avg. 2.09(2) A). Similar values are ob-
served for [(n*-CeHs)Fe(CO)2L] (L = CO, PPhs, EtNC, P(o-
tolyl)3).32-37 The C-C bond lengths in the Fe-bound portion of
the cyclohexadiene ring range from 1.402(8) to 1.435(8) A.
Within this unit, the shortest bonds are observed for C4-C5
(1.402(8) A) and C23-C24 (1.403(8) A). This pattern is typical
of n*-cylohexadiene complexes.32 The dearomatization of the
cyclohexadiene ring is further evidenced by the cyclohexadiene
fold angles (38.6° and 37.9°) and by the long C2-C7 and C21-
€26 distances (1.525(7) and 1.518(7) A, respectively). The C-C



distances within the exocyclic alkene groups (C1-C2 = 1.343(8),
€20-C21 = 1.363(7) A) are similar to those observed for 1. Fi-
nally, the average Fe-P distance (2.13(5) A) is similar to those
seen in other Fe(0) phosphite complexes.38-40 Complex 3 was
also characterized by X-ray crystallography (Figure S1), con-
firming its formulation as a trimetallic complex. Complete crys-
tallographic details can be found in the Supporting Infor-
mation.

Figure 2. ORTEP drawing of 2 shown with 50% probability
thermal ellipsoids. Hydrogen atoms are omitted for clarity. Se-
lected bond lengths (A): C7-C26 = 1.599(7), C2-C7 = 1.525(7),
C21-C26 = 1.518(7), C1-C2 = 1.343(8), C20-C21 = 1.363(7),
C4-C5 = 1.402(8) A, C23-C24 = 1.403(8), Fel1-C22 = 2.148(6),
Fe1l-C23 =2.031(6), Fel-C24 = 2.040(6), Fe1-C25 = 2.124(5),
Fe2-C3 = 2.128(6), Fe2-C4 = 2.037(6), Fe2-C5 = 2.045(5), Fe2-
C6 =2.140(5), Fel-P1 = 2.1204(18), Fe1-P2 = 2.1353(19),
Fel-P3 =2.1241(18), Fe2-P4 = 2.1252(19), Fe2-P5 =
2.1429(19), Fe2-P6 = 2.1214(19).

The 31P{1H} NMR spectrum of the mixture in C¢Ds consists of a
singlet at 185 ppm (Figure S9), which we have assigned to 2,
along with resonances at 176 (d, 4P, Jer = 143 Hz) and 124 ppm
(t, 2P, Jer = 143 Hz), which are assignable to 3. The 'H NMR
spectrum of this solution features a singlet at 3.47 ppm assign-
able to the methoxy resonances of the P(OMe)s ligands of 2
(Figure S8). Additionally, the spectrum features resonances at
2.92, 3.41, 3.60, and 5.36, which are assignable to five unique
proton environments of the Fe-bound n#*-cyclohexadienyl frag-
ment of 2. The most downfield of these consists of two overlap-
ping multiplets, whereas the most upfield of these is assignable
to the protons attached to the carbon atoms involved in the C-
C bond connecting the two cyclohexadiene rings. This tH NMR
spectrum also features resonances at 5.69 and 4.37 ppm, which
are assignable to the C4 and C2/C6 environments of the Fe-
bound n5-cyclohexadienyl fragment of 3, respectively (see SI
for atom numbering scheme). Finally, the ESI-MS spectrum of
the mixture in THF, in positive ion mode, displays a principal
peak at 671.14 m/z, which is assignable to
[Fe(CPhs3)(P(OMe)s)s]* (calcd 671.14 m/z) and is in good agree-
ment with the simulated spectrum (Figures S16-S18). No peak

for the parent ion of [3]* was observed in the spectrum, sug-
gesting its gas-phase decomposition.

To account for the formation of 2, we suggest that thermolysis
of 1 in the presence of P(OMe)s results in loss of trityl radical
and formation of the Fe(I) piano-stool complex, [(n5-
CPh3)Fel(P(OMe)s)s]. This intermediate can then dimerize to
form complex 2, a transformation that is driven by formation
of an energetically favorable Fe(0)-n*-butadiene interaction.31.
41-45 We propose that this Fe(I) intermediate can also lose Me
radical, forming an  Fe(Il) phosphonate, [(m3-
CPh3)Fell(P(OMe)3)2(P(0)(OMe)2)], which serves as a precur-
sor to 3. Similar reactivity has been reported for [CpCr(C0O)3]2
and [CpRu(CO)z]2,46-49 although in our case we do not know the
fate of the Me group. Interestingly, the Klaui ligand analog of 3,
[{CpCo(P(0)(OEt)2)3}2Fe] features a high spin Fe2+ center,50
whereas the central Fe2+in complex 3 is low spin. We attribute
this difference to the tetragonal crystal field imposed by the
{(n5-CPh3)Fe(P(OMe)3(P(0)(OMe)2)2} fragment, which con-
trast with the octahedral crystal field imposed by the Klaui lig-
and.

In summary, we have synthesized bis(trityl)iron(II), [Fe(n5-
CPhs3)2] (1). Complex 1 has proven to be a good source of Fe(0),
as evidenced by its reactions with CO or P(OMe)s, which result
in the formation of [Fe(CO)s] and [(wn%m*-
Ph2CCeHsCeHsCPh2){Fe(P(OMe)3)s}z], respectively. The latter
complex represents the first example of the 0,0-isomer of Gom-
berg’s dimer, which differs from the usual o,p-isomer observed
in solution and the solid-state, and provides further under-
standing of this historically-important system. Additionally,
given our preliminary results, we suggest that 1 could function
as a precursor to low-valent Fe APNCs, a class of materials that
has resisted isolation thus far.12 51,52
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Thermolysis of bis(trityl)iron(II) in the presence of excess P(OMe)s results in formation of the [Fe?(P(OMe)3)3]-stabi-
lized o0,0-isomer of Gomberg’s dimer.
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