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Two ferrocene-based NHCs of the type fc[(NR),C:] (1%; fc=1,1"-
ferrocenylene) containing benzylic N-substituents were synthes-
ised from the corresponding formamidinium compounds 1°H-
[BF,] by reaction with LiN(SiMe;),. In the case of R=CH,Ph (Bn),
the carbene was characterised through trapping reactions with
sulfur and selenium, which afforded fc[(NBn),CS] (1°"S) and
fc[(NBn),CSe] (15"Se), respectively. A thermally stable carbene
was obtained with R=CH,Mes (Bn*). Its reaction with sulfur and
selenium afforded fc[(NBn*),CS] (1%"°S) and fc[(NBn*),CSe]
(1°"Se), respectively. Its reaction with [Rh(u-Cl)(COD)], (COD=
cycloocta-1,5-diene), followed by substitution of the COD ligand
by CO, furnished cis-[RhCI(CO),(1®™)]. In combination with IR

Introduction

1,1"-Ferrocenylene-bridged N-heterocyclic carbenes (fcNHCs) of
the type fc[(NR),C:] (1?, fc=1,1"-ferrocenylene; Figure 1) were
introduced in 2008 by Bielawski, who demonstrated that the fc
backbone of fctNHCs can be utilised for redox-switching of their
electronic ligand properties,” thus allowing applications in
redox-tunable metal complex catalysis.” From a formal point of
view, fcNHCs are expanded-ring N-heterocyclic carbenes
(erNHCs)™ with a six-membered heterocycle. The N-C—N angles
of erNHCs are significantly larger than those of their five-
membered ring counterparts (100-106°)! and, depending on
the ring size, may even come close to values observed for
acyclic diaminocarbenes (ca. 121°).”) As a consequence, erNHCs
exhibit a higher steric impact together with a more pronounced
ambiphilicity, and hence higher reactivity and lower thermal
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data of cis-[RhCI(CO),(1°™)], NMR data of 1*™H[BF,], 1°" and
1°"Se indicate that 1°" is substantially more nucleophilic and
more electrophilic than conventional Arduengo carbenes,
exhibiting an ambiphilicity similar to that of CAACs. The crystal
structures of the formamidinium salts 1"HX (X=[BF,], R=Bn,
Bn*; X=Cl, R=Bn*), of the carbene 1°™ and its Au' complex
[AuCI(18™)] as well as of the sulfur and selenium derivatives 1°E
(E=S, Se; R=Bn, Bn*), the Rh' complexes cis-[RhCI(CO),(1%] (R=
Bn, Bn*) and the Cu' complex [CuBr(1®")] were determined by
single-crystal X-ray diffraction (XRD). In addition, the crystals
structures of the diimine fc(N=CHMes), and the diamine
fc(NHBn*), were also determined by XRD.

/R
A
R

Figure 1. Structure of fcNHCs 17 (drawn in a way that highlights the
six-membered ring structure formally present in these
[3]ferrocenophane-type compounds).

stability, than standard five-membered NHCs.”) The N-substitu-
ents employed by Bielawski (R=methyl, isobutyl, phenyl)
afforded carbenes too unstable for isolation, thus prohibiting a
study of the free fcNHCs. Utilising bulkier N-substituents, viz.
neopentyl, 2-adamantyl and tert-butyl, we have been able to
prepare thermally stable congeners,” which turned out to
exhibit a pronounced ambiphilicity similar to that of cyclic
(alkyl)(@amino)carbenes (CAACs), thus allowing the activation of
fundamentally important small molecules such as, for example,
CO and NH,"? The neopentyl substituent proved to be
particularly useful in this work, being beneficial for the thermal
stability of the carbene as well as for the solubility and
crystallinity of the carbene and its precursors. This prompted us
to address other primary alkyl substituents. We started with
benzylic ones, since we surmised that replacement of the
neopentyl (CH,tBu) tert-butyl subunit by suitable aryl groups
should also lead to advantageous properties in this context. We
have already published results for aryl=p-CsH,—X (X=OMe,
NMe,). These groups lead to fctNHCs too unstable for isolation,
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which, however, could be efficiently trapped by complexation
at rhodium(l) or by reaction with elemental selenium."” We
here describe our work with the pristine benzyl substituent
(CH,Ph, Bn) and its mesityl-containing homologue CH,Mes
(Bn*).

Results and Discussion

The synthesis of the target fcNHCs 1% and 1" and their
derivatives is outlined in Scheme 1. All new compounds except
1%" have been structurally characterised by single-crystal X-ray
diffraction (XRD; vide infra). Like all known fcNHCs 1, the target
carbenes were accessed by deprotonation of corresponding
formamidinium salts (1°H[BF,]), which were synthesised from

1,1"-diaminoferrocene derivatives of the type fc(NHR), and
triethyl orthoformate in the presence of NH,BF,."" The
sequence starts from 1,1'-diaminoferrocene (2), which is sub-
jected to a condensation reaction with PhCHO or MesCHO to
furnish the imines fc(N=CHPh) (3a) and fc(N=CHMes) (3b),
which are subsequently transformed to the diamines fc(NHBn),
(4a) and fc(NHBn*), (4b) by reduction with Li[AIH,]. 3a and 4a
are known compounds, which were reported already more than
two decades ago by Gibson and Long."? The new diaminoferro-
cene 4b was obtained in an excellent yield of 84% with respect
to 1,1-diaminoferrocene (2) by a one-pot procedure; for
comparison, a yield of 38% over two steps was achieved by
Gibson and Long for 4a.

The molecular structures of 3b and 4b are shown in
Figure 2 and Figure 3, respectively.

,CHAr CHAr
@, NH2  ArcHO, THF Q, N Li[AlH,] = NH
Fe ~  Fe g Fe
a: Ar=Ph THF
S nH,  biar=Mes SN, S+
CHAr CH,Ar
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HC(OEt)s
NH4[BF,]
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Slemental R LiNSiMe;) R B
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R

[RhCI(CO),(1BM)] (45 %)
[RhCI(CO),(18™)] (63 %)

[AuCI(1B™)] (80 %)

18"H[BF,] (R = CH,Ph = Bn) (69 %)
1B"H[BF,] (R = CH,Mes = Bn*) (41 %)

[CuBr(1BM)] (41 %)

Scheme 1. Synthesis of the target fcNHCs 15" and 1%"" and their derivatives investigated in this study (COD = cycloocta-1,5-diene,
THT =tetrahydrothiophene). Isolated yields for new compounds are given in brackets.
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Figure 2. Molecular structure of 3b in the crystal (ORTEP with 30%
probability ellipsoids).

Figure 3. Molecular structure of 4b in the crystal (ORTEP with 30%
probability ellipsoids).

The structural features of diimine 3b are similar to those of
fc(NH=CH—p-C¢H,—OMe),."” The N;,.. atoms of 3b each exhibit
two significantly different C—N bond lengths, on average ca.
1.41 and 1.28 A, respectively, which is in accord with a single
and a double bond between sp*hybridised carbon and nitro-
gen atoms. The cyclopentadienyl rings are essentially coplanar
(tilt angle 2.7°) and adopt a staggered conformation (torsion
angle N—C;;,,—C,,,—N 24.8°). The molecule has an approximate
non-crystallographic C, symmetry about an axis that passes
through the Fe atom and bisects the vector linking the two
N atoms. The dihedral angles between the best planes of the
mesityl rings and their respective cyclopentadienyl ring are
31.4° and 31.2°, which is substantially larger than the values
found for fc(NH=CH-—p-C;H,—OMe), (8.5° and 11.8° for mole-
cule 1, 12.1° and 16.8° for molecule 2), thus indicating intra-
molecular steric repulsion due to o-Me groups.

The molecular structure of diamine 4b closely resembles
that of fc(NH=CH—p-CsH,—NMe,),,"” exhibiting crystallographi-
cally imposed inversion symmetry (molecular point group C),
which is reflected in a fully staggered orientation of the
cyclopentadienyl rings with diametrically opposed amino
substituents. The C—N bond lengths of 1.397(6) and 1.462(6) A
are in accord with single bonds between an sp*-hybridised
nitrogen atom and sp> and sp*-hybridised carbon atoms,
respectively.

The formylative cyclisation of 4a and 4b afforded the
immediate carbene precursors 1¥"H[BF,] and 1°"'H[BF,] in yields
of 69% and 41%, respectively. The molecular structures are
shown in Figure 4 and Figure 5. Pertinent interatomic distances
and angles of these and all other new [3]ferrocenophane-type
compounds of this study are collected in Table 1.

RESEARCH ARTICLE

Figure 4. Molecular structure of the cation of 15"H[BF,] in the crystal
(ORTEP with 30% probability ellipsoids).

Figure 5. Molecular structure of the cation of 15" H[BF,]-THF in the
crystal (ORTEP with 30% probability ellipsoids, solvent molecule
omitted for clarity). Short N,CH-+C, .. contacts (2.33 A, C—H—C ca.
110°) are indicated by dashed lines.

The two formamidinium cations share a number of charac-
teristic structural features. The bonding environment of the
N atoms is trigonal planar in each case. The N-C—N angle is ca.
129° and the C—N bond lengths in this unit are ca. 1.32 A. Due
to the presence of the triatomic bridge, the cyclopentadienyl
rings are substantially tilted by ca. 16° and adopt an essentially
eclipsed orientation (twist angles <6.2°). These values are in
line with those of other ferrocene-based formamidinium
cations."” The cation of 1*"H[BF,] exhibits approximate non-
crystallographic C, symmetry along an axis that passes through
the Fe atom and the formamidinium C atom. The phenyl groups
are leaning towards the fc moiety, but are located on opposite
sides. They are in a fly-trap like arrangement with the cyclo-
pentadienyl ring they are connected to by a CH, unit, forming a
dihedral angle of ca. 45° and 57°, respectively. In contrast, the
mesityl rings of 1*"H[BF,] are pointing away from the fc moiety
and in the same direction, the corresponding dihedral angles
being only ca. 5° and 11°. The hydrogen atom of the cationic
N,CH unit exhibits short contacts to the CH,-bonded C atom of
each mesityl group (Figure 5), compatible with weak CH--m(ar-
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Table 1. Pertinent interatomic distances/A and angles/° of the new [3]ferrocenophane-type compounds of this study.
N-C? N-C-N C—E@ Tilt angle™ Twist angle™ CH--E contacts
15"H[BF,] 1.317(4) 129.3(3) 16.0 1.5
1.319(4)
15" H[BF,] 1.319(5) 129.3(4) 16.5 6.2
1.317(5)
15"HCI? 1.312(10) 129.1(8) 16.2 0.1
1.319(10) 129.5(8) 15.4 26
1.307(10)
1.340(10)
180 1.358(3) 119.0(2) 16.7 9.5
1.356(3)
18" 1.363(3) 120.9(3) 1.696(4) 18.6 11.2 2.45¢
1.363(3) 245"
18's 1.362(3) 121.2(2) 1.698(2) 18.8 2.8 2.45¢
1.368(3) 245"
18nSed 1.358(7) 120.8(4) 1.852(5)1 18.4 12.0 2.601
1.382(7) 120.0(4) 1.849(5)" 19.7 19.6 2.56""
1.373(6) 2571
1.374(6) 2.60"
15"Se 1.366(3) 121.7(2) 1.870(2)1 19.0 2.5 2.520
1.357(3) 2.521
cis-[RhCI(CO),(15M] 1.358(6) 122.9(4) 2.112(5) 16.8 3.6 2479
1.336(6) 2459
cis-[RhCI(CO),(15™)] 1.347(3) 122.5(2) 2.091(2) 17.6 73 2519
1.349(3) 2.619
[AuCl(18")] 1.353(6) 122.5(4) 2.012(5)™ 17.9 23
1.343(7) 122.4(4) 2.015(5)™ 18.5 0.7
1.345(6)
1.355(6)
[CuBr(18M] 1.349(3) 122.3(2) 1.923(2)0 16.1 43
1.348(3)
a) Refers to the N,C unit. b) Dihedral angle formed by the best planes of the cyclopentadienyl rings. c) N-C,,.—C;,,c—N torsion angle.
d) Two independent molecules. ) E=S. f) E=Se. g) E=Rh. h) E=Au. i) E=Cu.

ene) interactions."” The N,CH moiety gives rise to a fairly broad
low-field signal in the '"H NMR spectrum (CDCl;) at 6 =9.04 and
7.91 ppm for 1°"H[BF,] and 1°"HIBF,], respectively. The sub-
stantial chemical shift difference (Ad=1.13 ppm) is plausibly
due to the presence of CH--m(arene) interactions in the case of
18™H[BF,] also in chloroform solution. The corresponding signal
of the chloride 18"HCI (synthesised from 1°™ and Et,;NHCI; not
shown in Scheme 1) is observed at 6 =9.77 ppm, down-field
shifted by 1.86 ppm with respect to 15" HI[BF,]. It is well known
for formamidinium salts that chloride anions can lead to down-
field shifts of the N,CH 'H NMR signal of ca. 2 ppm in CDCl,
with respect to the weakly coordinating anion [BF,]”, which
may be ascribed to comparatively strong N,CH--Cl hydrogen
bond interactions." Not surprisingly, such a hydrogen bond is
evident from the molecular structure of 1*"HCl in the solid state
(Figure 6; average values for the two independent molecules

present in the asymmetric unit: CH-Cl 245 A, C-H-Cl 172°). Figure 6. Molecular structure of 1°"HCl in the crystal (ORTEP with

The metric parameters of th? N,C unit are essentially identical 5094 probability ellipsoids). The CH--Cl hydrogen bond is indicated
to those of 1%"H[BF,] and 1°"'H[BF,], indicating that the degree by a dashed line.

of m-delocalisation in this unit is substantially higher for the
formamidinium cations than for the other compounds collected
in Table 1, which invariably exhibit longer C—N bonds and more
acute N-C—N angles. Similar to 1®"H[BF,], the mesityl rings of
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18"HCI are located on the same side of the fc unit. However,
their relative orientation with respect to the corresponding
cyclopentadienyl ring resembles that of the phenyl rings of
18"H[BF,], the dihedral angles formed with the respective
cyclopentadienyl ring being 50.7 and 51.6° for molecule 1 and
66.8 and 51.2° for molecule 2.

The target fcNHCs 1°" and 1°" were generated by treatment
of the corresponding precursor with LiN(SiMe;), in toluene or
THF. 1°" was too unstable for direct observation even at low
temperatures, but could be efficiently trapped with elemental
sulfur or selenium. In contrast, 1*" was isolated as a thermally
stable crystalline solid in 93 % yield. The molecular structure is
shown in Figure 7.

Similar to its formamidinium precursors 15"HX (X = [BF,], Cl),
the cyclopentadienyl rings of 1" are tilted by ca. 17° and adopt
an essentially eclipsed orientation (twist angle 9.5°). The
carbene bond angle of 15" is 119.0(2)° and the C,pene—N bond
lengths are ca. 1.36 A, which corresponds to a substantial
narrowing of the N-C—N angle by 10° and a significant
lengthening (by 0.04 A) of the bonds in the N,C unit with
respect to the formamidinium precursors. This is in line with our
previous observations in this chemistry and, as mentioned
above, indicates a comparatively lower degree of m-delocalisa-
tion in the N,C unit of the carbene,” as already noted by
Arduengo in his seminal paper describing the first stable
diaminocarbene. The mesityl rings of 1°" are leaning towards
the fc moiety similar to their orientation in 1°""HCl, forming a
dihedral angle of 58° and 59°, respectively, with their respective
cyclopentadienyl ring. The Cgpene atom of 18" gives rise to a
3C NMR signal at 6 =259.3 ppm in C¢D; solution, which is close
to the values reported for the few other stable fcNHCs, which
lie in the narrow range from 268.1 (R=neopentyl) to 260.7 ppm
(R=2-adamantyl).”? For comparison, conventional Arduengo
carbenes based on the five-membered heterocycles imidazole,

Figure 7. Molecular structure of 1°" in the crystal (ORTEP with 30%
probability ellipsoids).

imidazoline or 1,2,4-triazole exhibit corresponding signals
between ca. 210 and 245 ppm and even six-membered
congeners do not exhibit signals downfield from 245 ppm in
CsDs." The carbene bond angles of five-membered Arduengo
carbenes typically lie in the range from 100-106°,“) whereas six-
membered congeners have considerably larger carbene bond
angles of ca. 115°."” As already noted above, fcNHCs 1% can be
regarded as six-membered NHCs, which, however, contain a
comparatively large atom, Fe, in the heterocycle (Figure 1).
Consequently, their carbene bond angles (ca. 120°)” are larger
than those of conventional six-membered NHCs and very
similar to those of acyclic diaminocarbenes (ADACs),® an
analogous similarity can be noted for the chemical shift range
of the *C NMR signal of the C,pene atom of ADACs and fcNHCs
17 (ca. 259-268 ppm, vide supra).”**'¢'® The correlation of the
Ceamene bONd angle and the chemical shift of its *C NMR signal is
well known and was described for cyclic diaminocarbenes
already in 2006 by Kunz." The Cu... bond angle is related
both to the o-donor strength and to the electrophilicity of a
singlet carbene. A widening of this angle increases the p-
character, and hence energy, of the carbene HOMO, causing an
increase in o-donicity and nucleophilicity.*” In turn, the increase
in HOMO energy causes a decrease of the HOMO-LUMO gap,
which correlates with the singlet-triplet energy separation
(AEs),”" and a low AE; value indicates a high electrophilicity of
a singlet carbene.®*?? A simple method for estimating the o-
donor strength of carbenes is the analysis of the 'Jq, coupling
constants of their protonated forms, viz. the corresponding
formamidinium cations.”® 'J., values >200Hz have been
reported for conventional five- and six-membered NHCs.?¥ The
'Jey values determined for 1°"H[BF,] and 1°""H[BF,] from proton-
coupled "CNMR spectra® in CDCl; solution are 190 and
191 Hz, respectively, indicating a o-donor strength of the
fcNHCs substantially higher than that of conventional NHCs and
similar to that of CAACs.”® 18"HCI exhibits a significantly larger
'Jeu value of 196 Hz, which is plausibly related to the N,CH--Cl
hydrogen bond interactions already discussed above for this
compound.”” The electrophilicity of the fcNHCs 1°" and 1°™ was
probed by a 7’Se NMR spectroscopic investigation of the
corresponding selenourea derivatives 1%"Se and 1%"Se. This
convenient method was developed by Ganter,”® whose work
was subsequently extended by Nolan, confirming that 6(”’Se)
values of carbene-selenium adducts can be deployed with
confidence to quantify the m-accepting capability of the parent
carbenes.”” The selenourea derivatives were readily prepared
by reacting grey selenium with 1% and 1%, respectively
(Scheme 1); for this purpose the carbenes were generated
in situ from 1%[BF,] (R=Bn, Bn*) and LiN(SiMe;), in THF. 1%"Se
and 1°"Se exhibit 0(7Se) values of 321 and 359 ppm,
respectively, in acetone-d, solution, which is close to the values
of the previously reported N-benzylic congeners (323 and
318 ppm for R=CH,—p-CgH,—OMe and CH,—p-C;H,—NMe,,
respectively;"” experimental values obtained in CDCl; and
converted to acetone-ds by using a published correlation).®™
The 77Se NMR signals of these fcNHC-selenium adducts are
substantially down-field shifted with respect to the range of ca.
0-200 ppm reported for selenium adducts of conventional
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NHCs.*® For comparison, ADAC-selenium adducts show even
more down-field-shifted signals with 6(’Se) >400 ppm in
acetone-d,.”® Despite the rather similar C., .. bond angles of
ADACGs and fcNHCs, the higher m-accepting capability of ADACs
is plausible because the higher conformational flexibility of the
acyclic framework leads to a reduced degree of m-stabilisation
of the divalent carbon atom by the lone pairs of the flanking
nitrogen atoms. With 5("’Se) > 480 ppm in acetone-d,” CAACs
are also more electrophilic than fcNHCs on the ’Se NMR scale,
which can be ascribed to the mi-stabilisation of the C_,pene atom
by only a single nitrogen atom. As a caveat we note that the
reliability of the 7Se NMR scale may be compromised by
intramolecular C(sp’)H--Se interactions, which have been ob-
served in the structures of selenium adducts of carbenes with

Figure 8. Molecular structure of 1%"Se in the crystal (ORTEP with
30% probability ellipsoids). C(sp®)H--Se contacts are indicated by
dashed lines (C—H-Se ca. 110 and 114°).5"

particularly bulky N-substituents and may cause a significant
down-field shift of the 7’Se NMR signal, thus triggering a non-
linear behaviour of this NMR spectroscopic scale.’” The
molecular structures of 1%"Se (Figure 8) and 1®™Se (Figure 9)
indeed exhibit contacts between the selenium atom and a
hydrogen atom of each CH, moiety between ca. 2.52 and
2.60 A, which already fall in the range where a significant
influence on the ”’Se chemical shift may be expected.

The C—Se bond lengths are 1.852(5) and 1.849(5) A for the
two independent molecules of 1%"Se and 1.870(2)A for 15""Se.
These values are very similar to those of the previously reported
N-benzylic congeners 17Se, viz. 1.857(6) and 1.843(4) A for R=
CH,—p-C¢H,~OMe and CH,—p-CiH,~NMe,, respectively” and
compare well with the C—Se bond lengths of imidazole- and
imidazoline-based selenourea derivatives, which typically lie in
the range from ca. 1.82 to 1.86 A.2*2>3233 Selenium adducts of
ADACs and CAACs exhibit values at the lower end of this
range,******% in accord with the high electrophilicity of these
carbenes. The thiourea derivatives 1°"S (Figure 10) and 1°'S
(Figure 11), which were obtained analogously from 1" and 15"
and elemental sulfur (Scheme 1), have C—S bond lengths of
1.696(4) and 1.698(2) A. These values are in concert with the
C-Se bond lengths discussed above in view of the 0.15A
difference of the covalent radii of S (1.05 A) and Se (1.20 A).59 A
very similar C—S bond length of 1.685(3) A has been determined
for the tert-butyl homologue 1®'S.”? In comparison to the C—E
distances (E=S, Se) of thioketones (ca. 1.62 A)*” and selenoke-
tones (ca. 1.77 A),®¥ the corresponding distances of 1°"E and
15"E are substantially longer (by ca. 0.08 A). Such elongated
bonds are typical for cyclic thio- or selenoureas, in line with a
significant contribution of zwitterionic canonical structures
N,C*—E~ featuring single dative bonds,®***” which are plausibly
beneficial for intramolecular C(sp®)H--E interactions indicated by

Figure 9. Molecular structure of 1°"Se in the crystal (ORTEP with
30% probability ellipsoids). C(sp®)H--Se contacts are indicated by
dashed lines (C—H-Se ca. 114 and 116°).5"

Figure 10. Molecular structure of 1°'S in the crystal (ORTEP with
30% probability ellipsoids). C(sp®)H-S contacts are indicated by
dashed lines (C—H-S ca. 115°).5°
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Figure 11. Molecular structure of 1%"S in the crystal (ORTEP with
30% probability ellipsoids). C(sp®)H-S contacts are indicated by
dashed lines (C—H-S ca. 112 and 113°).%%

the rather short contacts (on average ca. 2.45 and 2.56 A for E=
S and Se, respectively; see Table 1 and Figures 8-11) present in
these compounds.

The NMR spectroscopic data of 1°" and its proton and
selenium adducts indicate that this carbene is substantially
more nucleophilic and more electrophilic than Arduengo
carbenes, exhibiting an ambiphilicity already similar to that of
CAACGs. This notion is supported by the averaged carbonyl
stretching frequency 7,,(CO)=2038 cm™' of the Rh' complex cis-
[RhCI(CO),(1™)] (Scheme 1) in CH,Cl, solution,?**"" which is very
similar to that of conventional CAAC analogues cis-
[RhCI(CO),(CAAC)] (a value of 2037 cm™' has been determined
for the simplest stable CAAC).“? The molecular structure of cis-
[RhCI(CO),(1™)] is shown in Figure 12.

The Rh' atom is in the square-planar coordination environ-
ment typical of tetracoordinate d® metal complexes. The
Rh—C_,pene distance is 2.091(2) A, which compares well with the
bond lengths of other congeners of the type [RhCI(CO),(1%)] and
of closely related complexes."*”d The Rh—CO distances are
significantly different, viz. 1.914(3) and 1.871(3) A for the CO
ligand positioned trans and cis, respectively, to the coordinated
fcNHC, which is in line with the pronounced trans influence™!
of NHC ligands.*¥ One hydrogen atom of each CH, unit is
engaged in a short C—H--Rh contact (2.51 and 2.61 A, indicated
by dashed lines in Figure 12), compatible with intramolecular
anagostic interactions.”” Low-field shifts of 1 ppm or more are
typically observed for 'H NMR signals of protons involved in
anagostic interactions.***<*! While a singlet at 6 =5.34 ppm is
observed for the CH, protons of 1" in C,Ds4 solution, the CH,
protons of cis-[RhCI(CO),(1%™)] are diastereotopic, giving rise to
two doublets (*J,,;,=13.6 Hz) in the '"H NMR spectrum at 6=
6.28 and 5.19 ppm in CDCl,. The low-field shift of only one of
the signals due to the diastereotopic CH, protons is in concert
with the observation that only one of the hydrogen atoms of
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Figure 12. Molecular structure of cis-[RhCI(CO),(15™)] in the crystal
(ORTEP with 30% probability ellipsoids). C—H--Rh contacts compat-
ible with anagostic interactions are indicated by dashed lines
(C—H—Rh ca. 116 and 119°). Selected bond lengths/A and angles/°:
Rh1—Cl1 2.3466(8), Rh1—C32 1.914(3), Rh1—-C33 1.871(3), 01-C32
1.101(4), 02—C33 1.108(4); C1—Rh1—Cl1 82.60(7), C32—Rh1-CI1
89.51(11), C32—Rh1-C1 171.12(12), C33—Rh1-CI1 175.73(9),
C33—Rh1-C1 96.63(12), C33—Rh1—-C32 91.53(14), 01—-C32—Rh1
177.0(3), 02—C33—Rh1 179.4(3).

each CH, unit is engaged in a short C—H--Rh contact. The
analogous complex containing 1°" exhibits rather similar
structural (Figure 13) and spectroscopic features. In comparison,
its averaged carbonyl stretching frequency 7,,(CO)=2041 cm™
(CH,CL,) is slightly blue-shifted (by 3 cm™). The CH, protons of
cis-[RhCI(CO),(1%"] give rise to two doublets in the 'H NMR
spectrum at d=6.50 and 5.36 ppm in CDCl,;, exhibiting a
slightly higher A6 value (1.14 vs. 1.09 ppm) and %J,,, coupling
constant (14.5 vs. 13.6 Hz) than cis-[RhCI(CO),(1™)]. In line with
this, the C—H--Rh contacts in cis-[RhCI(CO),(15"] are ca. 2.45 and
247 A and thus slightly shorter (by 0.1 A on average) than those
in cis-[RhCI(CO),(15™)1.

A comparison of this pair of complexes reveals that, like in
the free carbene 1°", the mesityl groups are positioned on the
same side of the fc unit, whereas the phenyl groups are located
on opposite sides. The same holds true for the sulfur and
selenium adduct pairs. Interestingly, the gold(l) complex
[AUCI(15™)] (Scheme 1), which was synthesised primarily to
analyse the steric demand of 1% by determining its percent
buried volume (%V,,,),*” contains two independent molecules
in the asymmetric unit (Figure 14), which differ in the
orientation of the Mes groups, namely positioned either on the
same side (molecule 1) or on different sides of the fc unit
(molecule 2). This results in distinctly different steric maps and
also has a substantial influence on the %V, value calculated
for an assumed Au—C distance of 2.00 A (Figure 14), which is
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Figure 13. Molecular structure of cis-[RhCI(CO),(1°"] in the crystal
(ORTEP with 30% probability ellipsoids). C—H--Rh contacts compat-
ible with anagostic interactions are indicated by dashed lines
(C—H-Rh ca. 126 and 127°). Selected bond lengths/A and angles/°:
Rh1—Cl1 2.3522(12), Rh1—C26 1.911(6), Rh1—C27 1.845(6), O1—C26
1.131(7), 02—C27 1.140(7); C1—Rh1—CI1 85.15(13), C26—Rh1-Cl1
91.43(16), C26—Rh1—C1 174.3(2), C27—Rh1-CI1 172.8(2),
C27-Rh1—C1 95.0(2), C27—Rh1—C26 88.9(2), 01—C26—Rh1 176.0(5),
02—C27—-Rh1 171.6(5).

35.8% in molecule 1 and 38.0% in molecule 2 (A%V,,,=2.2%),
close to the values of 36.5 and 36.9% reported for the standard
five-membered NHCs IMes and SIMes, respectively,”’? and
intermediate between the values of 33.5 and 42.2% determined
from corresponding gold(l) complexes for six-membered NHCs
with benzyl and mesityl N-substituents, respectively.**¥ NHCs
can undergo conformational changes in response to their
coordination environment, and the flexibility of their %V, is
important for chemical reactions at the metal centre**” For
example, a %V,,, range from 30-34% has been calculated for
SIMes in the “Grubbs Il initiator” model complex [RuCl,
(=CH,)(PMe;)(SIMes)] in this context.® Different conformations
of [AUCI(NHCQ)] in the solid state affording different %V, values
are not unprecedented, but have not resulted in substantial
differences so far (A%V,, 0.5%).F" The copper(l) complex
[CuBr(1%M] (Scheme 1) was used for calculating the %V,,, value
of the unstable fcNHC 1°", because all attempts to synthesise
[AuCI(1®"] afforded only intractable material. Note that the %
Voo Values obtained for NHCs from quasilinear dicoordinate
copper(l) and gold(l) complexes differ only marginally, when
the same M—C distance of 2.00 A is assumed.*’¥ The molecular
structure of [CuBr(1®")] (Figure 15) resembles that of molecule 2
in the asymmetric unit of [AuCI(1%™)], since the aryl groups are
positioned on different sides of the fc unit in each case. The %
Voo, Oof 17" (34.9%) is lower than that of 1°" (38.0% for
molecule 2), in line with the lower steric demand of Ph vs. Mes.

Conclusion

We have studied the new stable fcNHC fc[(NCH,Mes),C:] (15™).
Its %V, value is similar to that of the popular Arduengo

carbenes IMes and SIMes, pointing to a moderate steric
demand. NMR and IR spectroscopic data indicate a pronounced
ambiphilicity of this carbene untypical of Arduengo carbenes or
related cyclic diaminocarbenes and already similar to that of
CAACs, which can be ascribed to the large C.,pene bONd angle of
119° determined for 1% by XRD. Being too unstable for direct
experimental observation even at low temperatures, the steri-
cally less protected homologue fc[(NCH,Ph),C:] (1%") was
characterised through trapping reactions. In terms of its thermal
stability, fc[(NCH,Mes),C:] (1°™) is strongly reminiscent of the
neopentyl homologue fc[(NCH,tBu),C:], which may be related to
a similar steric impact of tBu and Mes vicinal to the C.pene
atom.”? In view of the presence of numerous benzylic, and
therefore activated, C(sp®}—H bonds in 1™, a decomposition of
this fcNHC by insertion of its divalent carbon atom into such a
bond could have been expected. Such an insertion has been
observed at 70°C for a six-membered NHC with N-mesityl
substituents®® and already at room temperature for an N-
mesityl  substituted CAAC with a 1,1-ferrocenylene
backbone.”*? We surmise that the comparatively higher flexi-
bility due to the CH, unit between the mesityl group and the
Natom in 1*™ has a protective influence in this context,
lowering the degree of preorganisation for the insertion
reaction. The behaviour of fcNHC 1% suggests that homo-
logues with similar benzylic substituents such as, for example,
CH,—C¢H,—2,4,6-(CF3); or CH,—C¢H;—3,5-Me, may be sufficiently
stable for isolation, too. Such fcNHCs will be investigated in
terms of small-molecule activation chemistry. It is well known
from the closely related chemistry of CAACs in this context that
small changes in the substituents close to the C_,pene atom may
have a large influence on the reactivity of the carbene.**!

Experimental Section

All reactions involving air-sensitive compounds were performed in
an inert atmosphere (argon or dinitrogen) by using Schlenk
techniques or a conventional glovebox. Starting materials were
procured from standard commercial sources and used as received.
1,1"-Diaminoferrocene (2), 1,1-di(benzylamino)ferrocene (4a) and
[AuCI(THT)] were synthesised by following adapted versions of the
published procedures.>**** NMR spectra were recorded at ambient
temperature with Varian NMRS-500 and MR-400 spectrometers
operating at 500 and 400 MHz, respectively, for 'H. "’Se NMR
spectra were recorded with a Varian NRMS-500 spectrometer with
neat dimethylselenide as external standard (=4 ppm)." IR
spectra were obtained with a Bruker ALPHA FT-IR spectrometer.
Combustion analyses were carried out with a HEKAtech Euro EA-
CHNS elemental analyser at the Institute of Chemistry, University of
Kassel, Germany.

Synthesis of fc(NHBn*), (4b): A solution of 1,1-diaminoferrocene
(2; 2.61g, 121 mmol) and 2,4,6-trimethylbenzaldehyde (3.58 g,
24.2 mmol) in THF (50 mL) was stirred for 14 h. MgSO, (2.0 g) was
added and stirring was continued for 15 min. Insoluble material
was removed by filtration through a Celite pad, which was
subsequently extracted with THF (2x 10 mL). The imine 3b may be
isolated by standard work-up at this stage (for NMR spectra see the
Supporting Information), which, however, was detrimental to the
overall yield of 4b in comparison to the one-pot procedure
described in the following. The combined extracts and filtrate were
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Figure 14. Molecular structures of the two independent molecules of [AuCI(1°™)] in the crystal (bottom; ORTEP with 30% probability
ellipsoids), together with their steric maps calculated for an assumed Au—C distance of 2.00 A (top). Selected bond lengths/A and angles/°:
Au1—Cl1 2.2819(13), Au2—Cl2 2.2843(13); C1—Au1-Cl1 174.71(14), C32—Au2—Cl2 176.02(14).

cooled in an ice bath. Li[AlH,] (4.13 g, 108.7 mmol) was added to
the stirred solution. The cooling bath was removed after 1 h and
the mixture was allowed to warm up to ambient temperature over
the course of ca. 1 h. The stirred mixture was again cooled in an ice
bath. Water (4.0 mL) was added dropwise. The ice bath was
removed and stirring was continued for 2 h. Insoluble material was
removed by filtration through a Celite pad, which was subsequently
extracted with THF (4x 10 mL). Volatile components were removed
from the combined extracts and filtrate under vacuum, affording
the product as an orange microcrystalline solid. Yield: 4.88 g (84 %).
"H NMR (CDCl,): 0=6.89 (br. s, 4 H, CsH,Mes), 4.07 (br. s, 4 H, CH,),
4.02 (br. s, 8H, C;H, and CH,), 2.42 (br. s, 12 H, o-Me), 2.29 (br. s,
6 H, p-Me), 2.20 ppm (br. s, 2 H, NH. *C{"H} NMR (CDCl,): 6 =137.3,
137.1, 132.6 (3 X Cyyey Mes), 129.2 (CH Mes), 111.1 (cyclopentadienyl
Cipso)s 63.3, 55.8 (2x cyclopentadienyl CH), 45.6 (CH,), 21.1 (p-Me),
19.7 ppm (0-Me). CjH;eN,Fe (480.47): calcd. C74.99, H?7.55,
N 5.83 %; found: C 74.99, H 7.35, N, 5.63 %.

Synthesis of 1°"H[BF,]: Toluene (15mL) was added to 1,1
di(benzylamino)ferrocene (4a; 2.00 g, 5.05 mmol), triethyl orthofor-

mate (1.31 g, 8.84 mmol) and NH,[BF,] (1.48 g, 14.12 mmol) in a
pressure Schlenk tube. The Schlenk tube was sealed and the
mixture was stirred at an oil bath temperature of 135°C for 3 h. The
mixture was subsequently allowed to cool to ambient temperature.
Insoluble material was removed by filtration through a Celite pad
and was subsequently washed with toluene (3x15 mL) and finally
with dichloromethane (10 mL) to extract to product. The dichloro-
methane extract was reduced to dryness under vacuum. The crude
product was subjected to purification by column chromatography
(silica gel, dichloromethane—ethyl acetate 9:1), which afforded the
product as a yellow powder. Yield 1.73 g (69%). '"H NMR (CDCl,):
0=9.04 (br. s, 1 H, N,CH), 7.26 (br. s, 10 H, Ph), 5.06 (br. s, 4 H, CH,),
4.18 ppm (br. s, 8H, CsH,). C{'H} NMR (CDCl;): 6=161.6 (N,Q),
133.2 (G Ph), 130.0, 129.0, 128.9 (3x CH Ph), 91.6 (cyclopentadien-
yl Cpso)r 722, 683 (2xcyclopentadienyl CH), 63.2 ppm (CH,).
C,sH,3N,BF,Fe (494.11): calcd. C60.77, H4.69, N5.67%; found:
C60.75, H 4.78, N, 5.79%.

Synthesis of 1°™H[BF,]: Toluene (15 mL) was added to 4b (4.88 g,
10.16 mmol), triethyl orthoformate (2.67 g, 18.04 mmol) and
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Figure 15. Molecular structure of [CuBr(1%"]-C4H, in the crystal (left; ORTEP with 30% probability ellipsoids, solvent molecule omitted for
clarity) and steric map calculated for an assumed Cu—C distance of 2.00 A (right). Selected bond length/A and angle/*: Bri—Cu1 2.2449(4);

C1—Cu1-Br1 168.71(7).

NH,[BF,] (3.01g, 28.71 mmol) in a pressure Schlenk tube. The
Schlenk tube was sealed and the mixture was stirred at an oil bath
temperature of 130°C for 1.5 h. The mixture was slowly cooled to
—80°C. Insoluble material was removed by filtration through a
Celite pad and was subsequently washed with cold toluene (3 x
15mL) and finally at room temperature with dichloromethane
(10 mL) to extract to product. The dichloromethane extract was
reduced to dryness under vacuum, affording the product as a
yellow microcrystalline solid. Yield 2.38 g (41%). "HNMR (CDCly):
0=7.91 (br.s, 1 H, N,CH), 6.79 (br. s, 4 H, C;H,Me;), 5.02, 4.53 (2 br.
s, 2x4 H, CH,), 4.30 (br. s, 4 H, CH,), 2.26 (s, 6 H, p-Me), 2.20 ppm (s,
12 H, o-Me). "*C{'"H} NMR (CDCl;): 6=159.2 (N,C), 139.0, 138.2 (2%
Cquat Mes), 129.4 (CH Mes), 125.4 (Cyoe Mes), 92.0 (cyclopentadienyl
Cipso)r 72.5, 68.4 (2 x cyclopentadienyl CH), 57.1 (CH,), 21.0, 19.9 ppm
(2xMe). Cs,H;sN,BF,Fe (578.27): calcd. C 64.39, H6.10, N, 4.84%;
found: C 63.84, H 6.33, N 4.56 %.

Synthesis of 1": Toluene (10 mL) was added to 1*™H[BF,] (500 mg,
0.865 mmol) and LiN(SiMe;), (159 mg, 0.950 mmol). The mixture
was stirred for 45 min. Insoluble material was removed by filtration
through a Celite pad. The filtrate was reduced to dryness under
vacuum, leaving the product as an orange microcrystalline solid.
Yield 394 mg (93%). "H NMR (C,D,): 6 =6.77 (s, 4 H, C;H,Me;), 5.34
(s, 4H, CH,), 3.67, 348 (2's, 2x4H, CH,), 239 (s, 12 H, o-Me),
2.14 ppm (s, 6 H, p-Me). *C{'H} NMR (C¢D,): 6 =259.3 (N,C), 138.9,
136.7, 1324 (3XCyype Mes), 129.4 (CH Mes), 99.6 (cyclopentadienyl
Cipso)r 69.7, 67.7 (2X cyclopentadienyl CH), 59.2 (CH,), 21.1 (p-Me),
20.9 ppm (o-Me).

Synthesis of 15"HCI: Toluene (3 mL) was added to 1°" (394 mg,
0.803 mmol) and Et;NHCI (111 mg, 0.806 mmol). The mixture was
stirred for 30 min and was subsequently cooled to —80°C. The solid
was removed by filtration through a Celite pad, washed with cold
toluene (3x3 mL) and finally at room temperature with dichloro-
methane (2 mL) to extract the product. The dichloromethane
extract was reduced to dryness under vacuum, affording the
product as a yellow microcrystalline solid. Yield 282 mg (67 %).
'HNMR (CDCL): 6=9.77 (br. s, 1 H, N,CH), 6.69 (s, 4 H, CsH,Me,),
5.09 (br.'s, 4 H, CH,), 4.15, 4.05 (2 s, 2x4 H, C;H,), 2.16 (s, 6 H, p-Me),
2.12ppm (s, 12H, o-Me). *C{'"H} NMR (CDCl;): 6=161.5 (N,Q),
138.7, 1383 (2XCyuy Mes), 129.4 (CH Mes), 126.1 (Cguy Mes), 91.0

(cyclopentadienyl Cy.), 72.2, 68.6 (cyclopentadienyl CH), 56.2 (CH,),
20.9 (p-Me), 20.6 ppm (0-Me). C;;H3sN,ClFe (526.92): calcd. C 70.66,
H 6.70, N 5.32%; found: C 69.48, H 6.91, N 4.87 %.

Synthesis of 15"S: A solution of LiN(SiMes), (27 mg, 0.162 mmol) in
THF (5 mL) was added dropwise to a stirred suspension of 15"H[BF,]
(80 mg, 0.162 mmol) and sulfur (10 mg, 0.31 mmol S) in THF
(10 mL) at a bath temperature of —80°C. After 1.5 h the cooling
bath was removed and the stirred mixture was allowed to warm up
to ambient temperature. After a further 1.5 h volatile components
were removed under vacuum. The residue was subjected to
purification by column chromatography (silica gel, dichlorome-
thane), which furnished the crude product as a yellow powder.
Subsequent recrystallisation from n-hexane afforded the product as
yellow crystals. Yield 50 mg (70%). 'H NMR (CDCl;): 6=7.27 (m, 4 H,
Ph), 7.21-7.13 (m, 6 H, Ph), 5.61 (s, 4 H, CH,), 4.03, 3.76 ppm (2’5, 2%
4 H, GsH,). *C{"H} NMR (CDCl5): 6 =187.3 (CS), 137.6 (C,, Ph), 1283
(two closely spaced signals), 127.3 (3xCH Ph), 95.1 (cyclopentadien-
yl G 71.2, 66.8 (2Xxcyclopentadienyl CH), 64.7 ppm (CH,).
C,sH,,N,SFe (43837): C68.50, H5.06, N6.39, S7.31%; found:
C68.61,H4.96,N 6.06, S 7.21 %.

Synthesis of 15"S: Cold THF (2 mL) was added to 1°"H[BF,] (67 mg,
0.116 mmol), LiN(SiMe;), (20 mg, 0.120 mmol) and sulfur (8 mg,
0.249 mmol S) at a bath temperature of —60°C. After 5 min the
cooling bath was removed and the stirred mixture was allowed to
warm up to ambient temperature. Volatile components were
removed under vacuum. The crude product was subjected to
purification by column chromatography (silica gel, dichlorome-
thane), which afforded the product as a yellow powder. Yield
53 mg (87 %). "H NMR (CDCl,):  =6.70 (s, 4 H, C¢H,Me;), 5.69 (s, 4 H,
CH,), 3.94, 3.60 (25, 2x4 H, CH,), 2.19 (s, 6 H, p-Me), 2.17 ppm (s,
12 H, o-Me). *C{"H} NMR (CDCl,): 6=186.6 (CS), 138.4, 137.1, 131.2
(3% Cqyat Mes), 128.9 (CH Mes), 92.9 (cyclopentadienyl Cy,), 70.8,
67.1, 57.8 (2 x cyclopentadienyl CH and CH,), 21.1 (p-Me), 20.1 ppm
(0-Me). C5,H;34N,FeS (522.53): calcd. C71.26, H 6.56, N 5.36, S 6.14%);
found: C 71.60, H, 6.50, N 5.14, S 6.60 %.

Synthesis of 15"Se: Cold THF (2 mL) was added at a bath temper-
ature of —60°C to 1®*"H[BF,] (110 mg, 0.223 mmol), LiN(SiMe;),
(37 mg, 0.221 mmol) and grey selenium (37 mg, 0.469 mmol). The
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stirred mixture was allowed to warm up to ambient temperature
over the course of 2 h. Volatile components were removed under
vacuum. The residue was subjected to purification by column
chromatography (silica gel, dichloromethane), which afforded the
product as a yellow powder. Yield 70 mg (65%). '"H NMR (acetone-
de): 0=7.42 (m, 4H, Ph), 7.32-7.24 (m, 6 H, Ph), 592 (s, 4 H, CH,),
4.18, 4.05ppm (25, 2x4H, CH,). ®C{'H} NMR (acetone-dy): 6=
189.8 (CSe), 1383 (Ciyso Ph), 128.9, 128.0 (2xCH Ph), 96.4 (cyclo-
pentadienyl C,), 72.0, 69.0, 67.3 ppm (2 x cyclopentadienyl CH and
CH,). 77Se NMR (acetone-dy): 6 =321 ppm. CysH,,N,FeSe (485.26):
calcd. C 61.88, H 4.57, N 5.77 %; found: C 61.83, H 4.85, N 5.38 %.

Synthesis of 15""Se: THF (10 mL) was added to 1*HI[BF,] (101 mg,
0.175 mmol), LiN(SiMe;), (29 mg, 0.173 mmol) and grey selenium
(38 mg, 0.481 mmol). The mixture was stirred for 30 min. Volatile
components were removed under vacuum. Toluene (15 mL) was
added to the residue. Insoluble material was removed by filtration
through a Celite pad and washed with toluene (3x3 mL). The
washing solutions and filtrate were combined and reduced to
dryness under vacuum. The crude product was subjected to
purification by column chromatography (silica gel, dichlorome-
thane), which afforded the product as a yellow powder. Yield
75 mg (76%). "H NMR (CDCl,): 6 =6.70 (br. s, 4 H, CsH,Mes), 5.82 (br.
s, 4H, CH,), 3.95, 3.61 (2 br. s, 2x4 H, C;H,) 2.18 ppm (br. s, 18 H,
Me). BC{"H} NMR (CDCl;): 6=187.0 (CSe), 138.3, 137.1, 1309 (3x
Cquat Mes), 128.8 (CH Mes), 93.2 (cyclopentadienyl C,,), 70.7, 66.7,
62.1 (2xcyclopentadienyl CH and CH,), 20.9 (p-Me), 20.2 ppm (o-
Me). ”7Se NMR (acetone-dy): 6 =359 ppm. C;;Hy,N,FeSe (569.42):
calcd. € 65.39, H 6.02, N 4.92%; found: C 64.82, H, 6.01, N 4.81 %.

Synthesis of cis-[RhCI(CO),(1®"1: Cold toluene (3 mL) was added to
15"H[BF,] (50 mg, 0.101 mmol), LiN(SiMe;), (17 mg, 0.102 mmol) and
[Rh(u-CI)(COD)], (26 mg, 0.050 mmol) at a bath temperature of
—60°C. The stirred mixture was allowed to warm up slowly to
ambient temperature together with the cooling bath, leading to a
colour change from yellow to red. Stirring was discontinued after
14 h. Insoluble material was removed by filtration through a Celite
pad and washed with toluene (3x0.5 mL). The washing solutions
and filtrate were combined. The atmosphere was exchanged from
dinitrogen to carbon monoxide by freeze-pump-thaw cycles and
the solution was subsequently stirred for 3 h, leading to a colour
change from red to orange. Volatile components were removed
under vacuum. The residue was subjected to purification by column
chromatography (silica gel, dichloromethane), which afforded the
product as a yellow powder. Yield 27 mg (45%). '"H NMR (CDCl,):
0=7.35-7.28 (m, 10 H, Ph), 6.50, 5.36 (2 d, Yy=14.4Hz, 2x2H,
CH,), 4.12, 4.07, 4.05, 3.76 (45, 4x2 H, CH,). *C{'"H} NMR (CDCl,):
0=211.0 (d, "Jgnc=38.8 Hz, N,O), 186.1 (d, "Jgnc=54.4 Hz, RhCO),
183.4 (d, Jgnc 76.8 Hz, RhCO), 135.9 (Cyrso Ph), 128.9, 128.6, 1282 3
CH Ph), 96.7 (cyclopentadienyl Cy,,), 71.3, 67.1 (2x cyclopentadienyl
CH), 654 (CHy). IR (CH,Cl): #(C0)=2081, 2001cm™".
C,,H,,N,CIFeO,Rh (600.68): calcd. C 53.99, H 3.69, N 4.66%; found:
C53.63, H 3.83, N 3.85%.

Synthesis of cis-[RhCI(CO),(15™)]: Cold toluene (3 mL) was added to
18"H[BF,] (50 mg, 0.086 mmol), LiN(SiMe,), (14 mg, 0.084 mmol)
and [Rh(u-Cl)(COD)], (21 mg, 0.042 mmol) at a bath temperature of
—60°C. The stirred mixture was allowed to warm up slowly to
ambient temperature together with the cooling bath, leading to a
colour change from yellow to red. Stirring was discontinued after
14 h. Insoluble material was removed by filtration through a Celite
pad and washed with toluene (3x0.5 mL). The washing solutions
and filtrate were combined. The atmosphere was exchanged from
dinitrogen to carbon monoxide by freeze-pump-thaw cycles and
the solution was subsequently stirred for 1 h, leading to a colour
change from red to orange. Volatile components were removed
under vacuum. The residue was subjected to purification by column
chromatography (silica gel, dichloromethane), which afforded the

product as a yellow powder. Yield 36 mg (63%). '"H NMR (CDCl,):
0=6.72 (s, 4 H, CsH,Me,), 6.28, 5.19 (2 d, %y =13.6 Hz, 22 H, CH,),
4.20, 4.03, 3.83, 3.40 (4s, 4x2H, CH,), 2.26 (br. s, 12 H, o-Me),
2.19 ppm (s, 6 H, p-Me). *C{'"H} NMR (CDCl;): 6=214.7 (d, Jgnc=
39.4Hz, N,C), 1865 (d, "Jpc=>54.2 Hz, RhCO), 184.2 (d, pc=
76.9 Hz, RhCO), 1384, 137.8, 129.3 (3X Cyyar Mes), 129.1 (CH Mes),
95.5 (cyclopentadienyl C,), 70.8, 70.5, 67.1, 66.8 (cyclopentadienyl
CH), 60.0 (CH,), 21.1 (p-Me), 20.6 ppm (0-Me). IR (CH.Cl,): »(CO)=
2078, 1998 cm . Cs53H,,N,CIFeO,Rh (684.84): calcd. C 57.88, H 5.00,
N 4.09 %; found: C 57.42, H 531, N 3.92%.

Synthesis of [AuCI(15™)]: Toluene (2 mL) was added to 1¥"HI[BF,]
(29 mg, 0.050 mmol) and LiN(SiMe;), (9 mg, 0.054 mmol). The
mixture was stirred for 15 min. Insoluble material was removed by
filtration through a Celite pad. The stirred filtrate was cooled to
—60°C. [AuCI(THT)] (16 mg, 0.050 mmol) was added. The stirred
mixture was allowed to warm up slowly to ambient temperature
together with the cooling bath. Stirring was discontinued after
14 h. Insoluble material was removed by filtration through a Celite
pad and washed with THF (2x1 mL). The washing solutions and
filtrate were combined. Volatile components were removed under
vacuum, leaving the product as a yellow powder. Yield 29 mg
(80%). "H NMR (CD,Cl,): 0 =6.76 (s, 4 H, C;H,Me;), 5.90 (s, 4 H, CH,),
4.04,3.74 (2's, 2x4 H, CH,), 2.26 (s, 12 H, 0-Me), 2.22 (s, 6 H, p-Me).
BCUH}NMR (CD,Cl,): 6=202.7 (N,C), 1384, 129.0, 1289 (3x
CeH,Me;), 94.5 (cyclopentadienyl Ci,), 71.1, 67.0 (2xcyclopenta-
dienyl CH), 61.1 (CH,), 20.6 (two very closely spaced signals, 2 x Me).
Cs,H1.N,AuCIFe-C,Hs (815.02): calcd. C 56.00, H 5.19, N 3.44%; found:
C56.46, H 5.56, N 3.44 %.

Synthesis of [CuBr(1®")]: Cold THF (3 mL) was added to 1°"H[BF,]
(33mg, 0.067 mmol), LiN(SiMe;), (11 mg, 0.066 mmol) and
[CuBr(SMe,)] (14 mg, 0.068 mmol) cooled to —60°C. The stirred
mixture was allowed to warm up slowly to ambient temperature
together with the cooling bath. Stirring was discontinued after
14 h. Volatile components were removed under vacuum. Benzene
(0.7 mL) was added. Insoluble material was removed by filtration
and the filtrate stored at ambient temperature for 2 h, leading to
the formation of yellow crystals. The mother liquor was separated
off and layered with n-hexane (2.5 mL) to afford a second crop. The
yellow crystals, which had formed over the course of 48 h, were
isolated by decanting the mother liquor off. Yield 15 mg (41%).
"HNMR (CDy): 0=7.49 (d, J=7.4Hz, 4H, Ph), 7.12-7.04 (m, 6 H,
Ph), 5.30 (s, 4H, CH,), 3.65, 3.35 (25, 2x4 H, C;H,). *C{'H} NMR
(CeDy): 6=212.7 (N,C), 136.8 (Cypio Ph), 129.7, 128.7, 1284 (3xCH
Ph), 97.2 (cyclopentadienyl C.), 71.0, 67.2 (2xcyclopentadienyl
CH), 66.4 (CH,). C,sH,N,BrCuFe-C4Hg (627.86): calcd. C 59.30, H 4.49,
N 4.46 %; found: C 57.83, H 4.69, N 4.27 %.

X-ray Crystallography: For each data collection a single crystal was
mounted on a micro-mount at 100(2) K, and all geometric and
intensity data were taken from this sample, except for 1%"HCl,
which was measured at 250 K due to a phase transition at lower
temperature. Data collections were carried out either on a Stoe
IPDS2 diffractometer equipped with a 2-circle goniometer and an
area detector or on a Stoe StadiVari diffractometer equipped with a
4-circle goniometer and a DECTRIS Pilatus 200 K detector. The data
sets were corrected for absorption, Lorentz and polarisation effects.
The structures were solved by direct methods (SHELXT) and refined
using alternating cycles of least-squares refinements against F
(SHELXL2014/7)."¥ Hatoms were included in the models in
calculated positions. Hatoms involved in the short contacts
indicated by dashed lines in Figures 5, 6 and 8-13 were found in
the difference Fourier maps. All H atoms were treated with the 1.2
fold or 1.5 fold isotropic displacement parameter of their bonding
partner. Experimental details for each diffraction experiment are
given in Table 2.
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