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Scheme 1. One-Pot, Three-Step (Multi)gram-Scale Preparation of [Fe,Cp,(CO),(u-CO){u-CNR(R")}INO; from
[Fe,Cp,(CO),], the Selected Isocyanide (CNR), Alkyl Halide and Silver Nitrate in MeCN?

Mel (8-12 eq)
[Fe,Cpo(CO)] reflux T, 17 h AgNO;4
. (1.1-1.6 eq) (1.3-1.5eq)
R-N=C ——Mm E——
MeCN room T, 1-3 h
reflux T, 3h _ AgBr/AgI
orroom T, 24 h
_co BnBr (5.6 eq)
reflux T, 2.5 h

3Isolated yields in parentheses.

oc_ A CO  NOs

R\
N/

e
NP SeRsales

Fe—Fe

N/ [1b]* Mel* [te]”
8 (80%) (63%) (79 %)

C [1d]NO;
(76 %)

Therefore, the nitrate salts of the target aminocarbyne
complexes were prepared. Compound [Fe,Cp,(CO),(u-
CO)(U-CNMe,)INO;, [1a]NO,, was previously obtained by
a three-step procedure involving methyl isocyanide/carbonyl
exchange on [Fe,Cp,(CO),] followed by isocyanide N-
aIkyIatlon with methyl iodide and ion metathesis with silver
nitrate.”* Herein, a new one-pot procedure was developed for
the gram and multigram scale preparation of the unprece-
dented nitrate salts of [Fe,Cp,(CO),(u-CO){u-CNR(R)}*
(R"=Me, R=Cy, [1b]*,R=Bn, [1c]",R = Xyl, [1e]"; R"=R
= Bn, [1d]") in MeCN as solvent (Scheme 1). The time/
temperature conditions for the isocyanide/carbonyl exchange
on [Fe,Cp,(CO),] in the first step were considerably reduced
with respect to the literature.”*?*® The subsequent reaction
with methyl iodide or benzyl bromide required forced
conditions in terms of molar amount, temperature and
reaction time, reflecting the lower alkylating ability as
compared to methyl triflate (1 equiv, CH,Cl,, room T).**’
However, further excess of Mel decreased the yield of the
desired product and promoted the formation of piano-stool
Fe(I1) compounds. In the third step, a slight excess of AGQNO,
was necessary to achieve a quantitative anion exchange.
Compounds [1b-e]NO; were purified by alumina chromatog-
raphy and isolated as air-stable bright red solids in 63—80%
yield.

Compounds [1b-e]NO; were characterized by CHNS
analyses, IR (solid state and CH,Cl,) and NMR spectroscopy
(CDCl;, CD4CN or acetone-dg); IR and NMR spectra are
shown in Figures S1—S16. IR absorptions, *H and **C NMR
signals arising from the organodiiron cations are in agreement
with those of the previously reported triflate salts.®’ In
addition, a relatively broad IR absorption around 1350 cm™
accounts for the nitrate anion. The water solubility of [1a-
e]NO; was determined by *H NMR on saturated D,0O
solutions at ambient temperature (ca., 22 °C) using Me,SO, as
internal standard (Table S2). Solubility values increase in the
series [1d]* (=4 mM) < [1le]* < [1c]* (=15—-16 mM) <
[1b]" (=40 mM) < [1a]" (=0.10 M), depending on the type
of N-substituents on the aminocarbyne ligand. Compounds
[1la-e]NO; are 5- to 16-fold more water soluble than the
corresponding triflates (Figure $17).%

The crystal structures of [1a]NO;, [1b]NO; and [1e]NO4
were ascertained by X-ray di raction (Figures 2, 3, and 4).
Comparison with [1a,b]CF,50,°*?* and [1b]CI23 shows that
di erent anions do not appreciably a ect the structural

14252

Figure 2. View of the structure of [1a]* in [1a]NO;. Displacement
ellipsoids are at the 30% probability level. H-atoms have been omitted
for clarity. Main bond distances (A) and angles (°): Fel—Fe2
2.5146(5), Fel—C1 1.772(3), Fe2—C2 1.763(3), Fe1—C3 1.937(3),
Fe2—C3 1.933(3), Fel—C4 1.880(3), Fe2—C4 1.873(3), C1-01
1.144(4), C2—02 1.142(4), C3—03 1.175(4), N1-C4 1.294(4),
N1-C5 1.468(4), N1-C6 1.472(4), Fel—C1-01 179.0(3), Fe2—
C2-02 179.7(3), Fel—-C3—Fe2 81.05(11), Fel—C4—Fe2
84.15(11), C4—N1-C5 123.4(2), C4—N1-C6 123.2(3), C5—N1-
C6 113.3(2).

parameters of the organodiiron cations. Complexes [1a]®,
[1b]* and [1e]* display a cis-arrangement of the Fe,Cp,(CO),
core and the p-CNMe(R)* ligand may be described as an
almost perfect aminocarbyne-iminium hybrid structure.

2.2. Overview of the Investigation of Reactivity in
Aqueous Media

The activation process of diiron(l) bis-cyclopentadienyl
aminocarbyne complexes [1]* in aqueous media involves a
variety of compounds di ering in physical state (gaseous,
soluble in water, solid) and chemical nature (organic,
inorganic, organometallic) (Introduction). The study of the
kinetics/mechanism and the identification and quantitation of
the products of this process is complicated by its slow rate,
resulting in low conversion of the starting material even after
72 h. Based on a prior general knowledge of the system,
di erent protocols were developed for the characterization
and/or quantitation of each component using di erent
techniques (Figure 5), with the aim of minimizing the
consumption of materials/solvents. All procedures begin with
the preparation of solutions of [1]" in water or cell culture
medium (DMEM) (using deuterated versions for NMR
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Figure 3. View of the structure of [1b]* in [1b]JNO3-0.5CH,Cl,.
Displacement ellipsoids are at the 30% probability level. H-atoms have
been omitted for clarity. Main bond distances (A) and angles (°):
Fel—Fe2 2.4979(12), Fel—C1 1.772(6), Fe2—C2 1.758(6), Fe1—C3
1.918(7), Fe2—C3 1.938(7), Fel—C4 1.878(5), Fe2—C4 1.878(5),
C1-01 1.133(7), C2—02 1.138(6), C3—03 1.171(7), N1-C4
1.280(6), N1—-C5 1.484(7), N1-C6 1.492(6), Fel—-C1-01
179.1(6), Fe2—C2—-02 178.4(5), Fe1—C3—Fe2 80.8(2), Fel—C4—
Fe2 83.35(19), C4—N1-C5 1215(5), C4—N1-C6 122.7(4), C5—
N1-C6 115.8(4).

Figure 4. View of the structure of [1e]" in [1e]NO;. Displacement
ellipsoids are at the 30% probability level. H-atoms have been omitted
for clarity. Main bond distances (A) and angles (°): Fel—Fe2
2.5183(13), Fel—C1 1.774(8), Fe2—C2 1.766(8), Fe1—C3 1.929(8),
Fe2—C3 1.933(8), Fel—C4 1.878(8), Fe2—C4 1.894(8), C1-01
1.133(9), C2—02 1.143(10), C3—03 1.173(10), N1—-C4 1.269(10),
N1-C5 1.480(10), N1-C6 1.482(10), Fe1—C1-01 178.5(7), Fe2—
C2—-02 179.6(8), Fel—C3—Fe2 81.4(3), Fel—C4—Fe2 83.8(3),
C4—N1—-C5124.2(7), C4—N1-C6 122.8(7), C5—N1—-C6 113.0(6).

experiments) which were kept at 37 °C for 72 h (or other
temperature/time) and then analyzed.

Bicarbonate was preferred to the commonly used phosphate
bu er for regulating the pH of the cell culture medium because
it is more relevant for cell cultures (bicarbonate/phosphate
molar ratio =48 in DMEM formulations)™® and in biological
systems.®® Except where otherwise noted (Section 2.6), all
experiments were carried out in closed systems (NMR or test

tubes) exposed to ambient light/air. The main technique used
for assessing the consumption of the starting material and
analyzing some of the products is *H NMR, which was
optimized in terms of selection of internal standards,
acquisition parameters and spectral processing (Section 4
and Figures S18—S20 for details). This method has a threshold
concentration of ca 1 mM, below which the final spectra su er
from an insu cient S/N ratio and/or a disproportionate
intensity of the HDO/H,O signal. Hence, UV—vis was
adopted for monitoring the process in the 1.0-0.1 mM
range, the latter representing the lower limit of this technique
considering the absorption of [1]* at 340 nm (¢ = 5-10° M.
cm™).

2.3. Extent and Kinetics of the Process in Water and Cell
Culture Medium

First, the reactivity of the tricarbonyl complexes [la-€]* in
aqueous solution was examined by 'H NMR and UV-vis.
Most experiments were conducted with the nitrate salts,
covering a wider concentration range (from ca. 1-107* to 1—6-
1072 mol/L) than the corresponding triflates, thanks to their
higher water solubility. The % residual amount of the starting
organometallic cation after 72 h at 37 °C, compared to the
freshly prepared solution, is reported in Tables S3-S7;
representative NMR and UV—vis spectra are shown in Figures
S21-S26.

The initial concentration (ce,") has a remarkable influence
on the extent of decomposition of the diiron complex. For
instance, a 22 mM solution of [1a]NO; undergoes negligible
changes over 72 h at 37 °C (=95% starting material) while the
same compound is much less inert in a hundred-fold more
dilute solution (=58% starting material at cg,,° = 0.15 mM).
The % residual amount of [1a]* shows an approximately
exponential decrease when plotted against the decreasing
initial concentration (increasing dilution, —cg,%), which
corresponds to a linear trend on a logarithmic scale (pFe® =
—Log ¢re,’; Figure 6).

Complexes [1b—e]" exhibited a qualitatively similar trend of
increased extent of decomposition after 72 h at 37 °C upon
dilution of the initial solution in the concentration range
explored. Log plots of the % residual amount vs cg,,° data and
the associated linear fittings (R? = 0.91—0.96) are shown in
Figures 7 and S27—S31. All complexes are remarkably inert in
=4 mM solutions as indicated by =85% starting material at the
end of the experiments. At the lowest concentration range
tested (Cre,’ = 1—2:107% mol/L), the residual amount of [1a—
d]* varies between 64 and 54%. However, the scattering (and
associated uncertainty) of the data prevents to appreciate any
significant di erence related to the substituent(s) of the
aminocarbyne ligand. The similar reactivity of [la—d]" is
substantiated by an almost identical slope of the linear fitting
(Figure 7). Conversely, [1e]* shows an increasing deviation
from the other compounds below 2 mM, highlighting a higher
reactivity. The residual amount of [1e]* is ca. 30% at the
lowest concentration tested (ca. 1:10~* mol/L).

A zero-order kinetic model*® with a rate constant of 7 uM/h
provides a good fit of the data for c,° > 2.5 mM solutions
(Figures 6 and S32). On the other hand, experimental data
show an increasing deviation from the calculated values below
2 mM due to a lower consumption rate of [1]*. Collectively,
results in the 2.0—0.1 mM range no longer follow a zero-order
kinetics, regardless of the rate constant (Figure S33). This
change in kinetic behavior limits the predictive ability of the
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Figure 5. Techniques employed to analyze the speciation of diiron(l) tris-carbonyl aminocarbyne complexes in aqueous media.

Figure 6. Blue squares: % residual amount of [1a]* after 72 h at 37 °C vs decreasing initial molar concentration (—cg,) of the aqueous solution.
Data refer to Table S3. Dashed orange squares and line: calculated values according to zero-order kinetics with rate constant k = 7 uM/h. Inset
shows a logarithmic plot (—Log ¢’ = pFe®); the dotted blue line represents a linear fitting of the experimental data.

regression of residual amount vs. initial concentration data to
the millimolar range.

Subsequently, experiments were carried out on solutions of
[la—c]® and [1le]* in deuterated cell culture medium
(DMEM-d) spiked with NaHCO5 to reach a near-physio-
logical pH (pH = 7.7 for the analogous nondeuterated
solution). Di erent initial concentrations (cg.,") Were tested,
ranging from the solubility limit of each compound to the
quantitation limit of *H NMR (=1 mM). The reactivity at
lower concentrations could not be explored since the UV—vis

technique proved unsuitable with the final solution (Exper-
imental). Data are collected in Tables S3—S5, S7 and refer to
37 °C, 72 h. The behavior of all tested compounds at high
concentrations (Cre,’ = 1—2:1072 mol/L) is characterized by a
marked inertness (85—90% starting material). Then, as
observed in pure water, the % residual amount progressively
decreases upon dilution. Data were plotted against a decreasing
logarithmic initial concentration (pFe®) and were fitted with a
linear regression (Figures S27—S29 and S31). For each
complex, the % residual amount values are significantly lower
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Figure 7. % Residual amount of [1a—e]* after 72 h at 37 °C vs decreasing initial molar concentration of the aqueous solution (logarithmic scale,
—Log e’ = pFe). Data refer to Tables S3—S7. Dotted lines represent a linear fitting of the data.

than those collected in aqueous solution at similar concen-
tration and the linear fitting is steeper, indicating a modest
acceleration of the decomposition process in cell culture
medium. However, compared to pure water, the greater data
scattering (Figure S34), combined with the lack of information
in the submillimolar range, prevents a clear reactivity order of
the complexes from being established.

Overall, the experiments carried out with the triflate salts
gave results in accordance with the general behavior of the
nitrate analogues in both water and cell culture medium. Any
possible influence of the counteranion (CF;SO5;™ or NO3™) in
the conditions explored is within the experimental error.

Solutions of [1b,c,e]NO; in D,O or in DMEM-d (cge,’ =
4—6 mM) at 37 °C were also analyzed at 24 h time points up
to 72 h (Tables S8—S10). In each case, the concentration of
the starting cation [1]* showed an approximately linear
decrease over time (Figures S35, S37, and S39). Despite the
limited concentration range explored (i.e., the low conversion
of the process within the investigated time frame), these data
are consistent with zero-order kinetics. Kinetic constants of 7—
11 yM/h and 13—18 pyM/h in D,O or DMEM-d, respectively,
were calculated by linear regression (Figures S36, S38, and
S40), confirming a higher reactivity in cell culture medium.

2.4. |dentification and Quantitation of Water-Soluble
Products

The *H NMR spectra recorded after 72 h at 37 °C (Section
2.3) were carefully examined in search of species deriving from
the cyclopentadienyl or aminocarbyne ligands of [1a—e]*. The
analysis was assisted by *H—'3C HMBC experiments and a
collection of 'H NMR data in D,0O of possible target

compounds (SI). Results are included in Tables S3—S7. The
secondary amine/ammonium ion arising from the hydrolysis of
the N-carbyne bond in [1]* (ie, Me,NH,* for [l1a]*,
CyMeNH,* for [1b]*, BnMeNH," for [1c]*, Bn,NH," for
[1d]*, XyIMeNH," for [1e]*) was identified for each diiron
complex in both water and cell culture medium. Their
formation is also evident from the *H NMR spectra of D,O
solutions of [la—e]* stored at room temperature for two
months (Figures S41—S45). Primary amines/ammonium ions
potentially deriving from the heterolytic cleavage of the other
N—C bonds of [1]* (i, MeNH;"* for [1a—c,e]*, CyNH;* for
[1b]* BnNH;* for [1c,d]®, XyINH;" for [1e]*) were not
detected except in two isolated cases (from [1c]* and [1e]").
Cyclopentadiene (CpH) was often observed in the final
solutions of [1a—e]* in both water and cell culture medium
(Figure S46). The secondary amine, cyclopentadiene and
carbon monoxide (Table S1) are the products of the total
disruption of the coordination sphere of [1]*, leading to iron
(hydr)oxides (eq 1, Introduction). Considering the involve-
ment of water and oxygen, the overall reaction can be
described by eq 2 or by variants with one or more CO
converted into CO,. The process comprises: (i) protonation of
cyclopentadienyl ligands, (ii) hydrolysis of the N-carbyne bond
with release of the ammonium ion, (iii) dissociation of
carbonyl ligands, (iv) formal 4-electron reduction of one
molecule of O, coupled to the oxidation of Fe(l) centers to
Fe(ll).

[Fe,Cp,(CO)3(CNR)Iig) + Osgraqy + (2 + NH,Og

— 2CpH + 4COx/aq) *+ [R ZNHZ]Zaq) + Fe,03:nH, Oy 0)

(9/20)
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However, the picture needs to be complemented by
quantitative data. The *H NMR yield of the secondary amines
is rather variable and shows no correlation with the initial
concentration of the solution (cr,"), and hence with the extent
of decomposition of [1]" after 72 h (Figure S47a). Specifically,
formation of the secondary amine accounts for 10—40% of the
consumed [1a—d]* and less than 15% for [1e]* (Figure S46b).
Cyclopentadiene, when present, represents 0.5—2.5% of the
starting organodiiron cation, corresponding to 3—15% of the
conversion of [1]" (Figure S46¢). These figures are much
lower than expected if the decomposition of [1]* took place
only via eq 2 (1:1 and 1:2 ratio between [1]* and amine or
CpH, respectively). While the yield of CpH is a ected by its
volatility (T, ca., 41 °C), loss of the secondary amines in the
gas phase should be minimal given their high boiling point
and/or pK, of the ammonium ions.*” In fact, experiments
carried out with [1a]* at higher temperature (50 and 70 °C,
Section 2.6) actually recorded the highest yield of Me,NH,*
(50—75%; T, = 8 °C for Me,NH). Overall, these data
indicate that the total decomposition pathway (eq 2) accounts
for a fraction of the observed decrease of [1]".

The behavior in solution was integrated by monitoring the
conductivity, pH and UV-vis spectra of [1b,c,e,fJCF;SO;
(Crex® = 1.2:107% mol/L) at 37 °C at 24 h intervals up to 72
h. Data are compiled in Table S11 together with [RMeNH,]X
(R=Meor Xyl, X =1; R = Cy or Bn, X = Cl) and NaCF;SO,
as reference compounds. At these concentration levels, the
conversion of [1]* is still approximately linear over time.
Kinetic constants of 5 and 9 pM/h were determined for
[1b,c,f]" and [1e]", respectively (Figure S48), which are lower
than those measured for 4—6 mM solutions (Section 2.3). The
freshly prepared solutions of [1]CF;SO; are characterized by a
near-neutral pH and a molar conductivity around 75—80 S
cm?mol ™, as expected from a 1:1 electrolyte lacking Brgnsted
acid/base properties.”* A modest acidification and an increase
in conductivity were observed over time (Figure S49), with the
pH of the final solutions (72 h) ranging from 5.5 to 5.9. The
partial [1]* - [R,NH,]" conversion described by eq 2 could
in part explain these aspects, especially for aromatic amines.
Nevertheless, a pH around 3.2—3.4 would be expected if the
decomposition process was accompanied by the net release of
one equivalent of H* (calculated based on the conversion of
[1]" after 72 h assessed by UV—vis Table S11).

In previously reported investigations, no evidence of FeCp
complexes other than the starting material was found in the *H
NMR spectra of aqueous solutions of di- and tricarbonyl
diiron(l) aminocarbyne complexes [1]* and [2]* (Introduc-
tion). The *H NMR spectra analyzed in this work make no
exception. Raman spectroscopy could provide useful informa-
tion in this respect, directly monitoring carbonyl or isocyanide
species in solution,*? including [1]*, but relatively high
concentrations are required (see the spectrum of 2-1072
mol/L [1a]NO; in Figure S50). Moreover, soluble iron
species may form that escape detection by H NMR, eg,
paramagnetic and/or inorganic Fe(ll)/Fe(lll) complexes.
Therefore, an indirect assessment of their relative amount
was carried out. Specifically, solutions of [1c]NO; or [1e]X (X
= NO,, CF;S05) in water or cell culture medium (g, = 2.4—
5.8 mM) were incubated at 37 °C for 72 h, then filtered and
analyzed by ICP-OES (Table S12). The fraction of soluble
iron was calculated with respect to the starting material and
was found to be in good agreement with the % residual [1]*
determined by 'H NMR analyses at similar concentrations

(based on Figures S29 and S31). If water-soluble Fe products
were formed, the total iron content of the solution would
remain constant regardless of the extent of decomposition of
[1]*. Therefore, the tricarbonyl complexes [1]" are the largely
predominant Fe species in solution at these concentration
levels, and most of the iron-containing products of the
degradation process are expected to be found in the brown
precipitate.

2.5. Characterization of Water-Insoluble Products

The next goal was the characterization of the insoluble
products of the investigated process. Solutions of [la—
c,e,f]CF;S0; or [1b,c,e]NO; (2—8-107° mol/L initial
concentration) in water or DMEM were filtered and kept at
37 °C. The pH of the culture medium was regulated either via
the traditional phosphate bu er (DMEM-P; 100 mM
H,PO,~/HPO,>", pH = 7.2) or with sodium bicarbonate.
The latter medium was tested at the standard concentration
(DMEM-C; 44 mM NaHCO,; pH = 8.3)* and 10-fold
diluted (DMEM-C-dil). The decomposition of [1]* is higher
at lower concentration but the amount of precipitate decreases
accordingly, making its isolation more di cult. To collect a
larger amount of material, the incubation time was increased to
7 days or more, compared to the standard 3 days (72 h). The
resulting brown solids were separated by centrifugation,
washed thoroughly with water and dried under vacuum.
Related experiments were carried out with FeSO, and
(NH,),Fe(S0,),-6H,0 (Mohr’s salt) as benchmark inorganic
iron(I) compounds. The collected solids, together with
reference Fe compounds, were analyzed by IR, Raman and
for the CHNS content (Figures S51—S63 and Table S13).

Inorganic components predominate in all samples, regard-
less of the starting material and incubation conditions, as
elements other than CHNS—mostly Fe and O—account for
75—95% by mass. All samples show broad IR absorptions in
the 3200—3400 and 1590—1630 cm™ regions, corresponding
to vibrations of H,O and OH™ ligands of iron(lll) oxy-
hydroxides.”*** Additional Fe—OH bands are sometimes
present in the 750—1000 cm™* range. Samples of FeO(OH)-
nH,O obtained by treating aqueous solutions of FeSO, or
Fe,(SO,); with NaOH*® show a strong IR absorption at 905
cm™%, which is not observed in the solids collected from [1]*
(Figure 8a). Raman spectra of selected solids obtained from
the incubation of [1a—c]CF3;SO; in water or DMEM-C-dil are
relatively similar in the 175—1250 cm™ region, resembling a-
Fe,0;*" while the Raman profile of solids precipitated from
Mohr's salt in DMEM-C-dil or Fe,(SO,); + NaOH are
comparable to ferrihydrite, a type of iron(l11) oxyhydroxide
(Figure S54).%

Solids collected from DMEM-P are characterized by a strong
IR absorption around 985—1020 cm™ matching that of
iron(111) phosphate (Figure 8b).*” Reference samples of
FePO,-nH,O were obtained by addition of either FeSO, or
Fe,(SO,); to a phosphate bu er (NaH,PO,/Na,HPO,)
solution. A similar medium-strong IR band around 21000
cm™L is also observed in the products of incubation of FeSO,,
Mohr’s salt and some of the tested [1]* in DMEM-C (0.77
mM phosphate).'® The precipitation of iron(IIl) phosphate
represents a direct intervention of pH-controlling species in the
speciation of a transition metal, which can be mitigated by
avoiding the use of phosphate bu er.

On the other hand, solids obtained from bicarbonate-treated
DMEM do not contain carbonate as indicated by the absence
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Figure 8. Comparison of IR spectra of solids precipitated from aqueous solutions. (2) Incubation of [1c]NO; in water (brown line) vs FeO(OH)-
nH,O obtained from Fe,(SO,); + NaOH (pink line). (b) Incubation of [1a]CF;SO5 in DMEM-P (red line) vs FePO,-nH,O (cyan line) obtained
from Fe,(SO,); + phosphate bu er. (c) Incubation of [1b]NO; in DMEM-C (orange line) vs FeO(OH)-nH,0O-Fe(CO;) obtained from FeSO, +
NaHCO;. (d) Incubation of [1e]NO; in water (olive green line) vs incubation of [1c]CF;SO5; in DMEM-C-dil (violet line).

of the characteristic IR bands at 1360 and 853 cm™ (Figure
8c).“® IR spectra and carbon content of the solids obtained
from FeSO,/NaHCO; FeSO,/Na,CO; and Fe,(SO,)s/
Na,CO; confirm that iron carbonate species are neither
kinetically nor thermodynamically favored over iron(lll)
oxyhydroxides in aerobic aqueous solution.

In addition to these aspects, samples obtained from [1]*
feature a variable carbon and nitrogen content (C + N 6—33%
by mass) and peculiar IR absorptions, which are mainly
determined by the starting aminocarbyne complex. Changing
the counteranion (CF;SO;~ vs. NO3;™) or the incubation
medium gave relatively similar results in this context, with few
exceptions. Specifically, solids derived from [1e,f]* feature a
relatively high C (18—30%), H (2.5—4.0%) and N (1.1—3.0%)
content, often associated with a pattern of five IR bands in the
1700—2200 cm™* region attributed to carbonyl and isocyanide
ligands (e.g., Figure 8d). On the other hand, the precipitates
derived from [1a,b]* contain lower amounts of C (typically 7—
13%) and N (typically 0.2—1.5%), and show no IR bands in
the same region. The N-benzyl derivative [1c]* is peculiar as it
behaves like the dialkyl aminocarbyne analogues [1ab]* in
water and like the N-aryl counterparts [1e,f]* in DMEM. Save
for the above-mentioned iron(111) phosphate precipitation, this
is the only case - at the investigated concentration levels
where the incubation medium a ects, at least indirectly, the
insoluble decomposition products.

Interesting considerations emerge after comparative experi-
ments with FeSO, and Mohr's salt. First, no appreciable
amount of precipitate was formed when these Fe(ll)
compounds were incubated in water. The oxidation of

Fe(aq)2+ to Fe(OH); by O, is thermodynamically favored at
25 °C except in highly acidic solution,”>*° meaning that the
reaction is kinetically hampered. Therefore, the decomposition
process of [1]* does not generate significant amounts of
Fe(aq)2+ ions. Second, the brown solids formed from DMEM-C
solutions of both FeSO, and Mohr’s salt at 37 °C also contain
a substantial fraction of C (11—13%) and N (1.3—2.3%). Such
organic content probably arises from components of the
culture medium that are absorbed or trapped in the
precipitate,>* since it decreases upon dilution (from DMEM-
C to DMEM-C-dil). This phenomenon appears to be less
important for [1]*, as a certain amount of C and N is already
present in the precipitates collected from water, and is often
comparable to that in cell culture media (DMEM-C, DMEM-P
or DMEM-C-dil). Moreover, organometallic species are
present in the solids obtained from [1c,e,f]*. The hypothesis
that most of the CN content of the precipitates derives from
[1]" is consistent with the observation that only a fraction of
the aminocarbyne complexes undergoes full decomposition
(eq 2) releasing inorganic iron species, the corresponding
amine and CpH (Section 2.4). A test carried out with [1e]NO;
in DMEM-C at 60 °C led to a reduction of ca.,, 30% of the
CHN content of the resulting solid, in agreement with the
higher yield of Me,NH," obtained from [1a]" upon increasing
the temperature (vide supra).

In order to have more insights on their organometallic
components, the samples obtained from [1c.ef]* were
extracted with CH,Cl, and analyzed by IR and ESI-MS
(Figures S64—S70). The IR spectra show the same five-band
pattern as observed in the solid state, with changes in the
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Figure 9. % Residual amount of [1e]* after 72 h at 37 °C vs decreasing initial molar concentration of the aqueous solution (logarithmic scale,
—Log ¢’ = pFe®) in di erent conditions, compared to the standard system (H,O, air/ambient light, 37 °C; blue points and linear fit). Data refer

to Tables S16 and S19.

relative intensities depending on the starting material and the
conditions. The most intense MS peaks correspond to tris-
isocyanide piano stool iron(11) complexes [CpFe(CNR)3] ™
and monoisocyanide aminocarbyne diiron(l) complexes
[FeZsz(CO)gCNRQ(u-CO){p-CNMe(R)}]+ (R = Bn, Xyl,
4-C¢H,0OMe).2"*%>% Minor pattern of peaks account for other
Fe,, Fe;”* and possibly Fe, species.

In summary, the complexity of the water-insoluble products
indicates that multiple pathways are operative during the
breakup of [1]" in water or cell culture medium. lron(lll)
oxyhydroxides, resulting from the total disruption of the
coordination sphere, are unlikely to have direct biological
implications, as their formation in a cellular environment at
MM concentration would be negligible. The inorganic Fe
species released from the organodiiron sca old would instead
be intercepted by the biological milieu and may play an
important role in the cytotoxic mechanism and other biolosgical
e ects. It has been demonstrated that ferrocene (in vivo)™° as
well as ferrocenium salts (in aqueous or organic solution)*° are
metabolized by O, to ferrocenol (hydroxyferrocene) which
then decomposes to inorganic Fe. Similarly, ferrocene
derivatives are decomposed by H,O, with liberation of
Fe(aq)z+ ions.”” The formation of poorly soluble organometallic
species from the rearrangement of [1]* in aqueous media may
represent an alternative process relevant to biological
applications, which will be the subject of a future investigation.

2.6. Mechanistic Experiments

The decomposition of aminocarbyne complexes in aqueous
solution was further investigated in the presence of di erent
species and applying di erent conditions, such as oxidizing or
decarbonylating agents, temperature, pH, light. UV—vis and
!H NMR experiments with [lac,e]" as representative

complexes were carried out as previously described (Sections
2.3—2.4). Results are expressed in terms of % residual starting
material after 72 h (Tables S14—S16; plotted vs pFe° in
Figures 9 and S71-S72) and are compared with the
established reactivity trend in water (or DMEM) in standard
conditions (ambient air, light, 37 °C).

Tests under N, or Ar atmosphere were carried out using an
alkaline pyrogallol solution as a visual sensor to check for the
complete exclusion of air in the system.”® Complexes [1a,c,e]*
were found to be remarkably inert under anaerobic conditions
at 37 °C over a wide concentration range (1.1:1072—4.4.107*
mol/L), in both water and DMEM (generally =93%),
providing a strong indirect evidence of the role of O, as
oxidizing agent. It should be noted that the change in the
kinetic behavior of the decomposition process (Figures 6 and
S32) occurs as the diiron complex approaches the concen-
tration of dissolved oxygen (e’ < 1.5 mM; Co, = 0.20 mM at

37 °C with po, = 0.21 atm).*®

For comparison, silver nitrate, cerium(lV) sulfate and
hydrogen peroxide were tested as alternative oxidizing agents.
While AgNO; (E°g7/ag = +0.79 V vs SHE) had no remarkable
e ect on the extent of decomposition of [1e]* after 72 h at 37
°C in the sub mM range, Ce(SO,), (E°ce*/ce® = +1.61 V vs
SHE) caused an immediate and quantitative decomposition.
These outcomes agree with the potential for the irreversible
monoelectron oxidation of [1b,f]* in aqueous solution (E,, =
+1.3 V vs SHE)?® as well as the first oxidation potential of
[1a.e]" in MeCN (E, = +15-1.6 V vs SHE).%°

The addition of H,O, (1.0—2.5 equiv) resulted in a 1.5- to
3.5-fold increase in the consumption of [1a.c.e]* after 72 h.
The e ect appears to be concentrated within the first 24 h
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Scheme 2. Formation of the PTA Complexes [2]* from [1]" and PTA upon Slow Decarbonylation in Aqueous or DMEM
Solution at 37 °C (Path a, NO3‘ as Anion) or with Me;NO via a Two-Step Process (Path b, CF;SO;™ as Anion)®
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(Figures S73—S74, with [1e]NO;), presumably due to the
progressive decomposition of H,O, promoted by temperature
and catalyzed by traces of inorganic iron species formed during
the process.®*

Temperature variation in the 25—70 °C range at di erent
initial concentrations (¢r,’ = 2.0-107% 55.107° and 3.7-107°
mol/L) had a marginal e ect on the % residual amount of
[1a]* after 72 h, as compared to data obtained at 37 °C. The
lack of acceleration with increasing temperature could also be
related to the decreasing solubility of O, in water (ca. 0.26 mM
at 25 °C vs. 0.17 mM at 70 °C with pe, = 0.21 atm).*

The e ect of pH was checked on aqueous (H,O or D,0)
solutions of [1a,c,e]NO; treated with hydrochloric acid (1.6),
potassium hydrogen sulfate (2.4), acetic acid (3.0), acetate
bu er (4.8), sodium bicarbonate (8.3), triethylammonium
bu er (10.8), triethylamine (11.7) or potassium carbonate
(11.1) (approximate pH in H,O in parentheses). The residual
starting material after 72 h at 37 °C in acidic or near-neutral
solutions is comparable to that assessed in water. Conversely,
the decomposition process of [1]* is greatly accelerated in
basic solution (pH = 11). In these conditions, the hydroxide
ion (OH™/0D") has a similar concentration (1—5 mM) to the
diiron complex, and their interaction is kinetically favored by
electrostatic reasons. Moreover, on thermodynamic grounds,
the equilibrium concentration of soluble Fe(lll) species
decreases with increasing pH due to the limiting solubility of
the corresponding hydroxide.*

The robustness of the diiron sca old in acidic aqueous
solution was also verified on solutions of [1d—f]CF;SO; and
HCI (ca,, 10 mM and 0.1 mol/L, respectively) kept at 80 °C
for 48 h. It is noteworthy that neutral, water-insoluble chloride
complexes [Fe,Cp,CI(CO)(u-CO){p-CNR(R)}], 3% were
not detected, either in this case or in the solids precipitated
from DMEM solutions (0.12 mol/L CI~,*® Section 2.5). These
results indicate that direct CO/CI™ exchange on [1]* (eq 3) is
not a viable pathway.

[Fe,Cp,(CO), (u-CO) (u-CNRR) Iy + Cliagy
— [Fe,Cp,CI(CO) (u-CO) (u-CNRR)] ;) + COy
®3

Addition of trimethylamine N-oxide (Me;NO; 1—12 equi 2
a well-known decarbonylating agent for metal complexes,
resulted in an increased consumption of [1a,c,e]” after 72 h at
37 °C as compared to the same initial concentration in pure
water. These results uphold the dissociation of carbonyl
ligand(s) as a key step in the decomposition mechanism of
[1]* in aqueous media. However, the process remains relatively

slow despite the large excess of Me;NO in solution, resulting in
a significant fraction of [1]* at the end of the experiment (e.g.,
ca,, 55% [1a]* with cg.,° = 4 mM and 3 equiv of MesNO). In
other words, Me;NO is not particularly e ective for carbonyl
removal in neat aqueous solution. Conversely, reactions of
[1]*, MesNO and monodentate ligands such as pyridines,
phosphanes, isocyanides and nitriles are usually rapid and
quantitative at room temperature under near-stoichiometric
conditions (typically 1.2—1.3 equiv Me;NO),?"?62%30 suggest-
ing that attack of MesNO on a terminal carbonyl is assisted by
the entering ligand.

Overall, the collected data (Table S17) indicate that the
contribution of Me;NO to the process depends on the specific
aminocarbyne complex and the experimental conditions. The
% residual amount of [1a,c]* decreases with increasing initial
amount of Me;NO, while [1e]* is relatively less influenced.
The ratio of Me;NH* to decomposed [1]* ranges from 0.5 to
2.0, most often between 0.7 and 1.2, without any clear
correlation with the initial concentration of [1]* or the initial
Me;NO/[1]" molar ratio. Since Me;NO-free and Me;NO-
promoted decomposition processes occur simultaneously,
these values do not define a reaction stoichiometry. Selected
experiments were monitored at 24 h time points, showing a
linear decrease of [la]® and formation of Me;NH*, thus
indicating a constant ratio of Me;NH* to decomposed [1a]*
over time (Figure S75).

In order to confirm that Fe—CO dissociation is pivotal in the
activation process of diiron aminocarbyne complexes in
aqueous solution, as well as to trap the intermediate(s)
generated, targeted experiments were carried out with
[1a,c,e]NO; and 1,3,5-triaza-7-phosphadamantane (PTA) in
D,0 or DMEM-d. PTA is water-soluble, air stable and imparts
water-solubility to related metal complexes.®* Thus, D,O or
DMEM solutions of [1a,c,e]NO; and PTA (3—4 equiv) were
incubated at 37 °C up to 144 h (6 days) and analyzed by *H
and 3P NMR (Table S18 and Figures S76—S78). The
consumption of [1a,c,e]” was accompanied by the rise of new
'H and 3P signals belonging to the corresponding mono-PTA
derivative of formula [Fe,Cp,(CO)(PTA)(u- CO)gu -CNMe-
(R)}* (R = Me, [2a]*, Bn, [2c]*, Xyl, [2e]").?***° The
formation of [2]* from [1]* and PTA is the result of carbonyl/
phosphane ligand substitution (Scheme 2a). The sum of
residual [1]" and [2]* after 72 h accounts for 95—99% of the
starting material, decreasing slightly in the successive 72 h
(90—95% after 144 h). The higher inertness of the PTA
derivatives [2]" in aqueous solution with respect to the
tricarbonyl complexes®>*° is essential to demonstrate that the
monodecarbonylated species generated from [1]* is almost
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quantitatively trapped by PTA coordination. The residual
amount of [1]* in solution after 72 h is only slightly lower than
expected in the absence of PTA. A modest acceleration upon
introduction of a good entering ligand (PTA in place of H,0O)
is consistent with a dissociative mechanism.®

Compounds [2a,e]CF;SO5; were previously synthesized
from [la,e]CF;SO; by a two-step procedure involving
Me;NO-assisted CO/MeCN replacement followed by
MeCN/PTA exchange in refluxing acetone.”**° The unprece-
dented [2c]CF;SO; was prepared from [1c]CF;SO; according
to the same method (Scheme 2b). Following alumina
chromatography, the compound was isolated as a green-
brown solid in 80% yield and characterized by IR (solid state,
CH,CH,) and 'H, *C and 3P NMR (acetone-dg); spectra are
shown in Figures S79—S84. Two major sets of NMR signals of
[2c]* correspond to isomers featuring a cis arrangement of the
cyclopentadienyl ligands and an E or Z stereochemistry of the
carbyne-nitrogen partial double bond, with the former slightly
prevalent. Minor (<10%) amounts of trans isomers were later
removed through a more careful chromatography. The crystal
structure of cis-E-[2c]CF;SO; was ascertained by X-ray
di raction (Figure 10). The introduction of a stronger o-

Figure 10. View of the structure of cis-E-[2c]" in [2c]CF;SOs.
Displacement ellipsoids are at the 30% probability level. H atoms have
been omitted for clarity. Main bond distances (A) and angles (°):
Fel—Fe2 2.5156(8), Fel—C1 1.764(5), Fe2—P1 2.2140(12), Fel—
C2 2.001(4), Fe2—C2 1.888(4), Fel—C3 1.892(4), Fe2—C3
1.859(4), C1-01 1.113(6), C2—02 1.158(5), N1-C3 1.301(5),
N1-C4 1.472(6), N1-C5 1.496(5), Fe1-C1—0O(1) 177.2(4), Fel—
C2-Fe2 80.54(16), Fel—C3—Fe2 84.23(17), C3—N1—C4 122.6(4),
C3—N1-C5 122.9(4), C4—N1-C5 114.2(3).

donor/weaker m-acceptor PTA ligand generates a marked
asymmetry of the p-CO ligand [Fe1—C2 2.001(4) A, Fe2—C2
1.888(4) A] and a less pronounced one for the bridging
aminocarbyne [Fel—C3 1.892(4) A, Fe2—C2 1.859(4) A].
Similar bonding parameters have been found in related
[Fe,Cp,(CO)(PTA)(u-CO){U-CNR(R)}]* complexes.>?+2°
The PTA ligand of [2c]® and the aminocarbyne substituents
display E stereochemistry, as in the related [Fe,Cp,(2-
thienylcarbonyl) (CO) (u-CO){u-CNMe(Bn)}].%

Based on the collected data, the dissociation of one carbonyl
ligand represents the first step as well as the rate-determining
step of the activation process for diiron aminocarbyne
complexes [1]*. Coordination of water to the vacant site
should provide an elusive aqua-complex of the type
[Fe,Cp,(H,0)(CO) (u-CO)Mp-CNRR}T*, [17:°]" (eq 4),

which then interacts with O, Otherwise, this reactive
intermediate is trapped by coordinating species such as PTA
(Scheme 2a).

[FeZsz(CO)z(/4—CO)(,u—CNRR’)]+ + H,0

- {Feszz(CO)(H20)(/4—CO)(/4—CNRR’)}+ + CO
O

Such simple ligand substitutions have been rarely reported
for this class of compounds, as the carbonyl ligands are tightly
bound to the iron(l) centers. Prior examg)les include a CO/
CNBn exchange in refluxing benzene>® and CO/solvent
exchange in MeCN or DMSO promoted by UV irradiation
(all monosubstitutions).”*®” In this regard, the role of ambient
light in the process was assessed by keeping aqueous solutions
of [1la—f]* (NO;~ or CF;SO;~ salts) in the dark at 37 °C
(Table S19). A remarkable (89—96%) amount of starting
material was detected after 72 h across the entire concentration
range investigated (Cq,’ from 0.13 to 4.2 mM). The stark
di erence with respect to the extent of the decomposition
under ambient light (Figures 9 and S70—S71) clearly indicates
that the carbonyl removal step is photoactivated. The
photodissociation of a Fe—CO bond and the subsequent
coordination of a solvent molecule is a known phenomenon.®®
In this regard, piano-stool Fe(ll) complexes of the type
[FeCp(CO),X] (X = ClI, Br, I, maleimidato/succinimidato,
CH,CONH,) undergo CO release upon visible light
illumination in aqueous solution, followed by decomposition.®®

Interestingly, a significant decomposition after 72 h at 37 °C
was observed for [1c,e]* in the presence of H,O, and/or
Me;NO under Ar as well as in the dark (Tables S16 and S17).
Therefore, H,O, and Me;NO do not only accelerate the
process under ambient conditions but also enable alternative
decomposition pathways in the absence of O, or light.

2.7. DFT Investigation

The fragmentation pattern leading to the formation of
secondary amines and iron(I11) (oxy)hydroxides (eq 2) is a
fundamental component of the activation process of [1]" in
aqueous media. This complex transformation begins with
dissociation of a CO ligand, promoted by ambient light,
followed by the interaction with O,. The remainder of the
mechanism is largely unknown, as no intermediate Fe species
has ever been detected in solution.

In order to gain insights on this process, a DFT study was
carried out using the dimethylaminocarbyne complex [1a]* as
representative compound. Results are summarized in Figure 11
and Tables S20—S21. The DFT-optimized transition state for
the substitution of a terminal carbonyl of [1a]* with O, reveals
that the associated activation energy (TS1alt) is too high to be
a viable option (AG = 53.9 kcal/mol). Likewise, the
substitution of a terminal carbonyl of [la]® with a water
molecule is kinetically hindered (TS1_ s, AG = 48.9 kcal/
mol). An alternative possibility is that the diiron complex
absorbs a photon, changing its spin state from a singlet to a
high energy triplet (MeMe_t, AG = 29.1 kcal/mol). In
MeMe_t, the spin density is distributed asymmetrically over
the two iron centers. One iron atom exhibits a spin population
of 0.70 and an Fe—CO bond length of 1.76 A, while the other
shows a higher spin population of 1.31, accompanied by an
elongation of the Fe—CO bond to 1.85 A. This asymmetry
weakens the strong-field character of the CO ligand, thereby
stabilizing higher-spin electronic configurations. Furthermore,
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Figure 11. Optimized geometries and relative Gibbs free energies for the light-induced decomposition of [1a]* (MeMe) with O, and H,0.

the Cp ring is no longer planar, as evidenced by the unequal
Fe—C bond distances. This distortion further lowers the local
symmetry around the metal center, facilitating the stabilization
of the triplet state. Using MeMe_t as the new energy reference,
the activation barrier of the CO/H,O substitution becomes
smaller and reasonable for a slow reaction (TS1 t, AG =21.0
kcal/mol). Also TS1 t was optimized as a triplet state, as well
as the aqua-complex A t (AG = 6.1 kcal/moal), which then
relaxes to the more stable singlet state A s (AG = —2.5 kcal/
mol). At this stage, water can be substituted by a dioxygen
molecule through TS2_t (AG = 25.5 kcal/mol), leading to the
Fe—0O, intermediate B_t (AG = 1.0 kcal/mol). The spin of the
transition state is dictated by the presence of dioxygen, which
is stable in the triplet state. The coordinated dioxygen forms a
reactive peroxide moiety, which attacks the aminocarbyne
carbon (TS3_t, AG = 20.6 kcal/mol), yielding intermediate
C_t (AG = -41.3 kcal/mol) containing a bridging
dimethylaminoacyl ligand. A similar sequence of steps (O,
coordination and intramolecular attack of a Fe—O, moiety on
a cyclopentadienyl ligand) has been proposed for the
decomposition of [FeCp,]*.>® The bridging ligand can then
be readily hydrolyzed (TS4_t, AG = —29.0), liberating
dimethylcarbamic acid and generating the diiron intermediate
D_t (AG = —44.4 kcal/mol), which contains a terminal
carbonyl, a bridging carbonyl and a bridging oxide.
Dimethylcarbamic acid is expected to decompose into CO,
and dimethylamine. The remaining steps likely involve further
oxidation of the diiron residue and hydrolysis of the
cyclopentadienyl ligands.

Overall, these results align with previous DFT investigations
in indicating an intrinsic stability of aminocarbyne complexes,
and particularly of the Fe—Fe core, in the ground state.**"°

2.8. Decomposition of Chloro-Complexes

The first step of the decomposition process of [1]" in aqueous
solution is the dissociation of a carbonyl ligand with
presumable concomitant formation of an aqua-complex
[17°]* (Scheme 3a). This elusive species is substantially less
stable than the tricarbonyl precursor (ca. +27 kcal/mol for R =
R’ = Me, Section 2.7). Very few FeCp complexes containing a
carbonyl and an aqua ligand have been reported, among which
[Fe(ns-CfRs)(CO)z(HZO)]* (R = H, Me, Ph and Rs =
Me,Et).”* Chloride displacement from dicarbonyl compounds
[FeZCfZCI(CO)(u-CO){p-CNR(R')}], 3, promoted by silver
salts,”* may represent an alternative pathway to generate the
same reactive species (Scheme 3b).

In order to test this hypothesis, complexes [Fe,Cp,CI(CO)-
(U-CO){u-CNR(R)}] (R =Me, R" = Bn, 3¢c; R" = Xyl, 3¢; R’
= 4-C¢H,OMe, 3f; R = R" = Bn, 3d) were prepared from the
respective tricarbonyl precursors, an excess of trimethylamine
N-oxide and LiCl in refluxing acetone (Scheme 4).
Compounds 3c—f were purified by alumina chromatography
and isolated as brown solids in 50—76% yield. This one-pot
method is novel for 3c,fe, which were previously prepared
using two-step procedures.®””>’* On the other hand, the bis-
benzyl complex 3d is unprecedented.

Compounds 3d—f were characterized by *H NMR (acetone-
dg) and IR (solid state and CH,Cl,) while 3d was further
characterized by CHN analyses and *C NMR. IR and NMR
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