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Abstract: The reaction behavior of [Cp*Fe(n’-Ass)] (I)\
(Cp*=CsMe;) towards carbenes and their heavier
analogs was investigated. The reaction of I with NHCs
(NHCs=N-heterocyclic carbenes) results in the first
substitution products of polyarsenic ligand complexes by
NHCs [Cp*Fe(n*-AssNHC)] (1a: NHC=IMe=1,34,5-
tetramethylimidazolin-2-ylidene, 1b: NHC=IMes=1,3-
bis(2,4,6-trimethylphenyl)-imidazolin-2-ylidene). In con-
trast, the reaction of I with ®CAAC (®*CAAC=2,6-
diisopropylphenyl)-4,4-diethyl-2,2-dimethyl-pyrrolidin-
5-ylidene) leads to a fragmentation and the formation of
an unprecedented Asg-sawhorse-type compound [As,-
(As®'CAACQ),] (2). The reaction of (LE), (L=PhC-
(N'Bu),; E=Si, Ge) with I resulted in a rearrangement
and an insertion of LE fragments, forming unique
silicon- (4: [Cp*Fe(n'-As,SiL)], Sa: [Cp*Fe(n*-AscSiL))
and germanium-containing (5b: [Cp*Fe(n*-As,GeL))
cyclic polyarsenic ligand complexes. )
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Introduction

In 1991, Arduengo synthesized the first stable NHC.M" This
breakthrough in carbene chemistry opened the way for a
multitude of further preparative milestones, combining
inorganic and organic chemistry interests as well as provid-
ing numerous classes of new compounds, e.g. ligands in
(a)symmetric catalysis.”! Bertrand et al. advanced this re-
search and synthesized a novel type of carbenes in 2005, the
so-called CAACs (cyclic alkyl amino carbenes).’! This
further advancement influences the properties of carbenes
in general, since CAACs reveal a smaller HOMO/LUMO
gap in comparison to NHCs.” Based on their electronic
properties, they are stronger c-donors and m-acceptors.**"!
Over the last three decades, a plethora of different NHCs
and CAACs were prepared, featuring different substituents
in order to tune their steric and electronic properties.*®!

Scientific interest has also focused on the heavier
homologs of carbenes. Their stabilization is generally more
difficult and they often require special substituents such as
amidinate substituents L (L=PhC(N'Bu),). One class of
such low-valent compounds of silicon and germanium are
amidinate-stabilized  chloro- or dimeric silylenes/-
germylenes.! In contrast to NHCs or CAACs, these
compounds can also react as electrophiles (depending on the
substrates).’! Since the activation of white phosphorus, P,,
by main group element compounds is an active topic in
research,® it was obvious to combine both areas and
investigate the reactivity of P, towards carbenes and
(chloro-)silylenes or germylenes. Interesting results were
reported inter alia by G. Bertrand,"" H. W. Roesky,® M.
Driess,” and R. West et al.l"]

As for the heavier homolog arsenic, the reactivity of
yellow arsenic, As,, towards carbenes and their analogs has
only been very rarely studied. Solely very few examples of
arsenic-silicon or -germanium compounds, such as [As;y
(LSiN(TMS),);]™  (TMS =SiMe;), [Asy(SiL),],'¥ [As;-
(SiL);]™ (L=PhC(N'Bu),) by our group, [As,(SiMes,),]!'"!
by R West as well as [As,(GeL"),|™ (L"=CH-
[CMeNDipp],) by H. Griitzmacher and M. Driess, have
been reported so far (Scheme 1). Especially concerning the
activation of As, by NHCs and CAACs as well as by
germylenes, there is a significant scientific gap, although we
could recently report some first results of the reaction
between As, and CAACs." This discrepancy is based on
the difficult handling of yellow arsenic and to the lack of a
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Scheme 1. Reactivity of yellow arsenic (As,) (top) as well as [Cp*Fe(n’-
As;)] (1) (bottom) towards carbenes and their analogs.

convenient NMR-active nucleus to monitor reactions in the
case of As, conversions in comparison to P, reactions. An
interesting transition metal derivative of As, is pentaarsa-
ferrocene [Cp*Fe(n>-Ass)] (I, Cp* = CsMes), which is a light-
stable compound and much easier to handle than As,.
Interestingly, its reactivity towards low-valent group 14-
containing compounds has not been investigated yet.
[Cp*Fe(n>-Ass)] (I) can be prepared with little effort and
represents one of the very few end-deck As, ligand
complexes, featuring a versatile and sterically accessible
cyclo-Ass moiety.

Inspired by the reactivity of [Cp*Fe(n>-Ps)] (II) towards
carbenes,™ LECI and (LE), (E=Si, Ge; L=PhC-
(N'Bu),)!'®1"! the question arises if the reaction behavior of
the As derivative (I) would be similar or different in
comparison to its lighter P-homolog (II).

Herein we report the reactivity of I towards selected
NHCs and CAACs as well as low-valent dimeric silylenes
and germylenes leading to unprecedented polyarsenic-
silicon and -germanium complexes as well as a unique
CAAC-stabilized As, sawhorse-type molecule.

Results and Discussion

By mixing an equimolar solution of I with the NHC IMe
(1,3,4,5-tetramethylimidazolin-2-ylidene) in THF at room
temperature, an immediate change in color from green to
red/brownish occurred. After workup (cf. SI), brown crystals
of [Cp*Fe(n'-AssIMe)] (1a) are obtained in 89 % yield
(Scheme 2). Single crystal X-ray structure analysis of 1a
reveals an n*-AssIMe moiety, featuring an envelope geome-
try with four arsenic atoms in the plane coordinating
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Scheme 2. Reactivity of [Cp*Fe(n’*-As;)] (I) towards IMe, IMes and
B'CAAC. Yields are given in parentheses.

towards the Cp*Fe fragment, with the arsenic atom bearing
the NHC that is out of the plane (Figure 1). The newly
formed As—C bond is with 1.982(3) A in accordance with an
arsenic-carbon single bond.'¥ The As—As bond lengths of
2.3623(6) — 2.4376(3) A are within the range of a single and
a double bond."*"! In contrast to previous investigations on
the reactivity of [Cp*Fe(n’-Ps)] towards IMe!" for which an
equilibrium is observed in solution, here, the equilibrium is
exclusively shifted towards the formation of [Cp*Fe(n’-
AssIMe)] (1a), since no starting material I can be monitored
in the '"H NMR spectrum of the reaction solution (Fig-
ure S1). The same applies when using the weaker donating
IMes (1,3-bis(2.,4,6-trimethylphenyl)-imidazolin-2-ylidene).
The color of the reaction solution changes drastically and
crystals of [Cp*Fe(n*-AssIMes)] (1b) can be obtained at
—80°C, losing crystallinity at higher temperatures. Quantum

:Fe1 ' Fe1
% c—/—ﬁ
1a 1b

Figure 1. Molecular structures of 1a and 1b in the solid state.
Hydrogen atoms are omitted for clarity. The Cp* ligands are drawn in a
wire frame model. Thermal ellipsoids are drawn at 50% probability.
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chemical computations at the B3LYP/6-31G** level of
theory indicate that the reaction of I with both NHCs is
exothermic and exergonic at room temperature (Table 1);
interaction with IMes is by 33 kJmol™' more energetically
favorable than with IMe. The standard Gibbs energies for
both processes are exergonic at 298.15 K. The equilibrium is
shifted to the formation of 1a and 1b (the respective values
of the equilibrium constants are 3.6-10° and 2.8-107), which
is in qualitative agreement with experimental observations.

XRD reveals isostructural complexes such as the
phosphorus analogs!" with similar bond lengths in 1ab
(Table S3 and S5). A minor difference in the solid-state
structure is given in the envelope structure of the Ass unit
(Figure 1). Whereas in 1la the arsenic atom bearing the
NHC is bent out of the plane with an angle of 56.59(2)°, the
corresponding angle in 1b is with 41.59(3)° smaller. Notably,
complexes 1a and 1b represent the first NHC-functionalized
polyarsenide ligand complexes.

Replacing the NHCs with *'CAAC (2,6-diisopropylphen-
y1)-4,4-diethyl-2,2-dimethyl-pyrrolidin-5-ylidene) in the reac-
tion setup leads to an intensive bright green color of the
reaction mixture at —80°C in THF (Scheme 2). While
warming the reaction mixture to room temperature, the
color changed from green to red. NMR spectroscopy and
mass spectrometry of the reaction solution indicate the
presence of the starting material I and one additional
Cp*Fe- as well as one ®CAAC-containing species, respec-
tively. Using two equivalents of ®CAAC leads to the
disappearance of complex I. After consecutive workup and
crystallization (cf. SI), the two compounds Asy(*'CAAC),
(2) and [(Cp*Fe),{un**-As,}] (3) are isolated in 40 and 37 %
yields, respectively (Scheme 2).

According to DFT computations, the process of the
interaction of I with two equivalents of ®CAAC under
formation of 2 and 3 is energetically favorable and highly
exergonic at room temperature (Table 1). The analogous
process with the formation of two As(As®'CAAC), radicals
instead of 2 by the reaction of I with two equivalents of
ECAAC is exergonic by 30 kJmol ™', and the dimerization of

Table 1: Standard gas phase reaction enthalpies AH®,gs Gibbs ener-
gies AG° in k) mol™, and reaction entropies AS°, ) mol™ K™ of
selected reactions. B3LYP/6-31G** level of theory.

Reaction AH®,05 AS° 8 AG°yq
1+IMe=1a —83.9 —174.8 —31.7
1+IMes=1b -116.8 —249.1 —42.5
1+5CAAC=1c —96.5 —2215 —30.4
2144 #CAAC=2+3 —517.9 —918.2 —244.1
2144 IMe=2IMe+3 —114.7 —682.6 88.8

2 144 IMes=2IMes +3 —146.8 —1005.2 152.9
2=2 As(*AsCAAQ), 312.7 332.8 213.5
I14+1Me=1aP —39.2 —170.3 11.6
114 IMes=1bP —27.9 —192.1 29.4
+5CAAC=T —49 —202.6 55.5

2 I14+4"CAAC=2P+3P —202.3 —779.2 30.0

2 1144 IMe=2PIMe+3 —63.4 —617.1 120.6
2 1144 IMes=2IMes +3 87.7 —840.4 338.2
2P =2 P(P®CAACQ), 28.2 292.7 —59.1
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two radicals As(As®CAAC), with the formation of 2 is
highly exergonic. Thus, the in situ generation of the radical
is thermodynamically allowed, but the recombination of the
radicals is much more favorable.

Single crystal X-ray structure analysis of 2 reveals a
unique *CAAC-stabilized As, sawhorse type molecule (Fig-
ure 2). All As—As bond lengths in 2 of 2.4313(3) -
2.4418(3) A are very close to a single bond."® The As1—As2
bond length is 2.4418(3) A, showing no significant elonga-
tion in comparison to the other As—As bond lengths. The
corresponding As—C distances of 1.865(2)/1.869(2) A are in
between a single and double bond.''*) The wingtip arsenic
atoms As4 and As3/As5 and As6 are almost at right angles
to each other with 96.76(2)°/95.93(2)° and are linked via
Asl/As 2, respectively. With a torsion angle of 57.49(1)°
(Asl—As3—As4 towards As2—As5—As6 plane), a gauche
arrangement is present within the sawhorse-type structure in
the solid state. Compound 2 is obtained as yellow plates and
is soluble in n-hexane, toluene, diethyl-ether as well as THF
and shows decomposition to grey arsenic when exposed to
light in solution, but can be stored under inert gas
atmosphere as a solid at room temperature. 'H NMR
spectroscopic investigations of 2 exhibit signals for four
F'CAAC-substituents (Figure S3), suggesting a gauche-like
arrangement of the CAAC groups in solution, making them
chemically inequivalent and inhibiting a rotation. Mass
spectrometric measurements of 2 reveal a peak correspond-
ing to the cation [As;*CAAG,]" suggesting the formation
of 2 via the dimerization of two [As;"CAAG,] radicals,
which might also be an explanation for the intense bright
color when mixing I with ®*CAAC at —80°C. Notably,
related but anionic species of the type [(R,C=P),Pn]” (Pn=
N, P, As, Sb; R=H, Me, CF;, SiHj;, SiMe;, SiF;) are known
in literature.” Interestingly, an EPR investigation of the
reaction mixture at —80°C shows no signals and, regardless
of numerous attempts, no intermediate could be isolated at
the work-up at that low temperature. The dissociation of 2
into two radicals by breaking the As—As bond is endother-
mic by 313 kJmol™! (per mol of 2). Thus, this process is not
thermodynamically favorable at room temperature. The
equilibrium constant for the dissociation is only 10~ at
298.15 K which implies a very low concentration of radicals

Cc4

c2 )
% As1  As2

— 2]  astl_bass
7 As6 T
As4 / | \_bet
P >0 As4 \ ¥
c1 7RSS ass C3 car2, As
As5

2

Figure 2. Molecular structure of 2 in the solid state (left: side view;
right: view along the As1—As2 bond). Hydrogen atoms are omitted for
clarity. The ®CAAC molecules are drawn in a wire frame model and the
translucent is set to 20% for clarity. Thermal ellipsoids are drawn at
50% probability.
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in the gas phase equilibrium, in agreement with the absence
of signals in the EPR spectrum in solution.

Compound 3 represents an As, triple decker complex.
Similar complexes with bulkier substituted Cp ligands are
reported in literature.”” However, the synthetic route given
in Scheme 2 offers a way to its Cp* derivative, which was
not accessible so far.

Unfortunately, crystals of 3 were of limited quality due
to twinning and, independent of many attempts, it was not
possible to obtain suitable crystals for better measurements.
Therefore, the bond features are not discussed in detail.
However, the atomic connectivity of 3 could be unequiv-
ocally determined and the unit cell parameters are given
(Figure S16, Table S2).

In contrast, the reaction of the phosphorus complex
[Cp*Fe(’-Ps)] (II) with F'CAAC does not lead to a
fragmentation. Instead, the carbene adduct [Cp*Fe(n’-
PF'CAAC)] (1) (Figure S20) is formed. Similar to a
previous report on NHC interactions with IL™! an equili-
brium between II and ®CAAC is observed. VT *'P{'H}
NMR investigations in toluene-dg show a ratio of II to 1’ of
1:5 (193K) to 1:7 (313K) (Figure S20) (decomposition
above 313 K). However, a phosphorus analog of 2 cannot be
detected. DFT computations indicate that the process of 2P
and 3P formation is endergonic (Table 1).

Next, we compared the reaction behavior of I and II
towards dimeric tetrylenes.'®”! Therefore, the reactivity of I
towards (LE),*! respectively, (L=PhC(N'Bu),; E=Si,
Ge) was investigated (Scheme 3). The reaction of I with
(LSi), (and LSiClI; cf. SI) at —-80°C leads to an immediate
change in color from green to red. After warming the
mixture to room temperature overnight and consecutive
workup (cf. SI), the complexes [Cp*Fe(n'-As,SiL)] (4) and
[Cp*Fe(n*-AscSiL)] (5a) were isolated as dark green blocks
(4) and plates (5a), respectively (Scheme 3).

Ph
Ph (N/tB“ ’Bu-NéN—'Bu
1
. tR,{ \T PV
(Lsi),  Bd i;' *\ N 7
—> 1
L = PhC(N'Bu), ie;\ &
- ~ 4
) :l— Y (38 %) 5a (36 %)
Fe ]
® Ph
k;\ Bu-N. )N-Bu
Ge
I Lce) VRN
€)2 \As=AY
_ t \ 1l /
L = PhC(N'Bu), T
bod
5b (17 %)

Scheme 3. Reactivity of [Cp*Fe(n’>-As;)] (I) towards (LSi), and (LGe),
(L=PhC(N’Bu),). Yields are given in parentheses.
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The solid-state structure of 4 (Figure3) shows the
formation of a unique envelope [As,SiL] moiety, coordinat-
ing in an n* fashion by four arsenic atoms to the [Cp*Fe]
fragment (Figure 3). The silicon arsenic bond lengths of
2.2855(7) A (As1-Sil) to 2.2792(7) A (As4-Sil) are in
between a single and a double bond."®”) The As—As bond
lengths (2.3579(4) A to 2.3866(4) A) exhibit double bond
character.') The molecular structure 5a in the solid state of
(Figure S18) exhibits an unprecedented norbornadiene-like
As¢SiL ligand composed by two arsenic dumbbells (d-
(As2—As3)=2.3751(9) A) coordinating to the Cp*Fe moiety
and bridged by an As,SiL fragment (Figure S17). The
arsenic-silicon distance of 2.3055(15)/2.3047(17) A is compa-
rable to that in 4, representing a shortened single bond.!""

#Si{'H} NMR investigations of the reaction mixture
show a selective reaction and solely two silicon-containing
species, 4 and 5a (Figure S21). The singlet at =45.9 ppm
can be attributed to 4 with a similar NMR shift to the
analogous phosphorus complex." The signal at o=
859 ppm in the *Si{'H} NMR spectrum (Figure S12)
represents compound Sa. The latter complex can be
selectively isolated after crystallization from THF/n-pentane
and storage at 8°C as dark green plates in 36 % yield. 'H
and *Si{'H} NMR investigations of the isolated crystals
confirm the previous assignment of complex Sa. Due to the
slightly different solubility of 4 and Sa, complex 4 can be
separated from 5a by consecutive workup (cf. SI). *Si{'H}
NMR spectroscopy of the obtained crystals of 4 reveals
solely one singlet at §=46.1 ppm (Figure S11). However, 'H
and “C NMR spectra of 4 indicate the presence of a second
Cp*-containing species, which can be attributed to the
starting material I, as a presumable decomposition product
(Figure S5 and S9). Due to the similar solubility of 4 and I
as well as the light sensitivity of 4 in solution, the latter can
unfortunately not be obtained in an analytically pure form.

To the best of our knowledge, both complexes 4a and 5a
represent the first five-membered As,SiLP?! as well as the

Figure 3. Molecular structure of 4 and 5b in the solid state. Hydrogen
atoms are omitted for clarity. The Cp* ligands are drawn in a wire
frame model. Thermal ellipsoids are drawn at 50 % probability.
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first norbornadiene-like AsgSiLL ligand stabilized in the
coordination sphere of transition metals.

The reaction of the dimeric germylene (LGe), (L=
PhC(N'Bu),) with I affords the isostructural (to 5a) Ge
derivative [Cp*Fe(n*-As;GeL)] (5b). However, the resulting
red reaction mixture is highly air-, light- and moisture-
sensitive. '"H NMR spectroscopy of the reaction mixture
reveals the formation of several different species, bearing a
Cp*- or tert-butyl-containing unit (Figure S22). Utilizing the
different solubilities of the given products (cf. Supporting
Information for workup), single crystals of Sb were obtained
from a solution of THF layered with n-pentane and stored
at 8°C under the exclusion of light. Unfortunately, no other
species could be unambiguously identified. Notably, (LIF-
DI) mass spectrometry does not show any peaks, instead the
formation of a solid (presumably germanium or arsenic) was
observed blocking the canula.

Nevertheless, complex 5b was obtained as brown blocks
in 17 % yield after consecutive workup (cf. SI) as the solely
isolatable product. Single crystals X-ray structure analysis of
5b reveals an isostructural motif to 5a, when silicon (5a) is
replaced by germanium (5b) (Figure 3). The respective
Ge—As bond lengths of 2.3775(8) — 2.3876(3) A indicate the
presence of a single to double bond character."®"! Thus,
pentaarsaferrocene I can be used as a polyarsenic source to
form the unprecedented norbornadiene-like germylene-
polyarsanide complex 5h, representing the first compound
of its kind.

Conclusion

In summary, the polyarsenic complex [Cp*Fe(n’-Ass)] (I)
was demonstrated as to be a valuable starting material for
the synthesis of arsenic-rich carbene, silylene, and germylene
ligand complexes. This way, novel neutral polyarsenic-NHC-
adduct complexes were accessible (1a, 1b). Moreover, the
reaction of I with ®CAAC leads to fragmentation, and a
unique CAAC-stabilized As; sawhorse molecule [As,-
(As®CAACQ),] (2) is formed. Furthermore, the reaction of 1
with dimeric silylenes/germylenes (LE), (E=Si, Ge) leads
to unique mixed cyclic polyarsenic-silicon complexes
([Cp*Fe(n*-As,SiL)] 4, [Cp*Fe(n*-AsSiL)] 5a) with unpre-
cedented AssSi six-membered rings and a first polyarsenic-
germanium compound [Cp*Fe(n'-AssGeL)] (5b). All in all,
I paves the way for a variety of novel group 14 arsenic ligand
complexes with rare to novel structural motifs and exhibits a
very different reaction behavior than the one found for the
lighter homolog [Cp*Fe(n’-Ps)] ().

Experimental Section

Experimental procedures, full analytical data® and details regard-
ing quantum chemical calculations are described in the Supporting
Information.
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