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1. INTRODUCTION

The chemistry of monomeric organometallic compounds R-E (where E = P, As, Sb
or Bi) containing pnictogen central atom in the oxidation state +I (i.e. pnictinidenes)
offers various bonding situation often corresponding to different variants of their
structure interpretation. While the chemistry of phosphorus is quite richl, the number of
isolated derivatives decreases steeply with increasing proton number of the central
atom. The electron configuration of the pnictogen suggests that there are two lone
electron pairs on the central atom that can be used for donation and subsequent
complex formation with transition metals (TM).2 Until recently, however, this area has
been sparsely studied because of the high reactivity and difficulty of isolating heavier

pnictinidenes.

Previous works have shown,3 that heavier pnictinidenes prefer the formation of
1:1 complexes and, in this regard, carbonyl complexes were studied. Only a few cases
are known where the heavier pnictinidene forms a bridge between two TMs and, thus,
acts as a four-electron donor. These examples include the complexes in the Figure 1.45
Based on these results, a study of reactivity of ArE [Ar = C¢H3-2,6-(CH=NtBu)z, E = Sb or
Bi] to selected late TM complexes was conducted to prove their potential to coordinate
other than carbonyl complexes at all and to examine the possibility to serve as four-

electron donors.
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Figure 1 Pnictinidene as a four-electron donor bridging two TMs.

Another interesting feature of the low-valent compounds of the pnictogens,
especially the phosphorus and arsenic derivatives, is their noticeable heterocyclic
character when particular (N)CN chelating ligand is used (Scheme 1).6 It is logical to
expect this bonding situation to be substantially suppressed for heavier analogs but has

never been experimentally ruled out. Thus, a study of the reactivity of ArE [Ar = CeHs-



2,6-(CH=NtBu)2, E = Sb or Bi] to selected strong dienophiles was also conducted to
determine whether the discussed pnictinidenes are capable of addition to multiple C=C
and C=C bonds. These Diels-Alder reactions, which contain a nitrogen atom in
heterocyclic products, are relatively well known.” However, in the case of heavier
pnictogens, this area is less well studied. Only recently, a heterocycle containing Bi atom

prepared from bismabenzene using RC=CR, where R = CO2Me (DMAD), was published.?
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Scheme 1 Resonance structures of NCN chelated phosphinidene and arsinidene.

2. RESULTS AND DISCUSSION

2.1. Coordination studies of pnictinidenes ArE (E = Sb or Bi)
Group 9 complexes

Compound ArSb was reacted with the dimeric complex [(cod)M(u-Cl)]2, where
cod = 1,5-cyclooctadiene, M = Rh or Ir, in toluene at room temperature and within 5

minutes the desired complexes [ArSbM(Cl)(cod)] [1 (M =Ir) or 2 (M = Rh)] were formed

(Scheme 2).
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Scheme 2 The synthesis of compounds 1 and 2.

Characterization in solution was performed using 'H a 13C{IH} NMR spectroscopy

in CsDe. Both spectra contain one set of sharp signals corresponding to the pincer ligand
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for compound 1 and 2, including one typical singlet for CH=N group with §('H) = 8.41
and 8.50 ppm and §(13C) = 157.4 and 156.7 ppm and one singlet for (CH3)3C group with
O('H) = 1.54 and 1.65 ppm and 6(13C) = 32.7 and 33.0 ppm. A typical set of signals was
also detected for cod ligand. In the 1H and 13C{1H} NMR spectra, two signals with 5(1H) =
1.88 and 5.02 ppm for 1 and 1.91 and 5.50 ppm for 2 [§(13C) = 51.4 and 78.9 ppm for 1
and 67.8 and 94.4 ppm for 2] were observed for the CH-cod groups. In the case of
13C{1H} NMR spectrum of compound 2, both signals are cleaved into doublets due to the
presence of a rhodium atom (100% representation of 193Rh, I = %2) with J-coupling
constant of 1Jrnc = 14.0 and 9.0 Hz. For the CHz-cod groups, four signals with chemical
shifts in range of 1.11 - 1.94 ppm for 1 and 1.36 - 2.08 ppm for 2 are detected in the 1H
NMR spectrum, while two signals remain in the 13C{IH} NMR spectrum with chemical

shifts of 30.4 and 35.2 ppm for 1 and 29.5 and 34.4 ppm for 2.

The molecular structure of 2 was unambiguously confirmed by X-ray analysis
(Figure 2). The Sb atom is tightly coordinated in the cavity of pincer ligand, which
corresponds to the C1-Sb covalent bond 2.092(3) A, and is further stabilized by the
presence of strong intramolecular N—Sb interactions characterized by 2.423(2) and
2.348(2) A bond lengths. These values are close to the sum of the covalent radii Zcov(N-
Sb) = 2.11 A and are significantly shorter than Zvaw(Sb-N) = 3.74 A. Bond angle N1-Sb-
N2 146.18(8)° corresponds to the pseudo-meridional coordination of the pincer ligand.
As expected,? the rhodium atom is coordinated almost perpendicularly to the plane of
the ArSb ligand with the bond angle C1-Sb1-Rh1 being 107.30(5)°. This phenomenon
appears due to the use of p-type electron pair of the antimony for the formation of dative
bond with vacant orbital of rhodium. The deviation from hypothetical right angle may be
caused by steric reasons. There is a slightly deformed square-planar arrangement on the
Rh central atom with bond length of Sb-Rh being 2.6511(3) A which corresponds to
Ycov(Rh-Sb) = 2.65 A.



Figure 2 Molecular structure of compound 2.

Reaction of stibinidene ArSb with an analogous dimeric complex [(cot)2Rh(p-
Cl)]2, where cot = cyclooctene, produced an insoluble black precipitate at room
temperature after 5 minutes (Scheme 3). After evaporation of the mixture and
subsequent benzene extraction, compound 3 could be isolated as a result of

transmetallation.
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Scheme 3 The synthesis of compound 3.

Characterization of compound 3 in solution was performed using 'H a 13C{1H}
NMR spectroscopy in CsDe. One set of sharp signals that corresponds to the pincer ligand
was observed. The signal for CH=N groups is found at §(*H) = 7.55 ppm and §(13C) =
167.6 ppm. In the case of TH NMR spectrum, this signal is cleaved to doublet due to the
spin-spin interaction with Rh atom with "Jrny = 3.9 Hz. Similarly, the signal of ipso-
carbon in 13C{1H} NMR spectrum occurs as a doublet with §(13C) = 184.0 ppm and Jrnc =
30.2 Hz.

Molecular structure of 3 could be confirmed by X-ray analysis (Figure 3). The

central Rh atom is again tightly coordinated by the pincer ligand in a tridentate pseudo-



meridional fashion with a bond angle N1-Rh-N2 being 161.87(9)°. Rh-N bond lengths of
2.052(2) and 2.053 (2) A correspond to Zcov(Rh-N) = 1.96 A.
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Figure 3 Molecular structure of compound 3.

Group 10 complexes

Stibinidene ArSb was reacted with one equivalent of [PtClzL2], where L = Me2S or
dmso, in thf at room temperature and after 30 minutes the precipitated 1:1 cis-

[PtCL2L(ArSb)] complexes [4 (L = Me2S) and 5 (L = dmso)] were isolated (Scheme 4).
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Scheme 4 The synthesis of compounds 4 and 5.

Structure in solution was determined by 1H a 13C{1H} NMR spectroscopy in CDCls.
The spectra of compound 4 contain one set of signals for pincer ligand with a typical
chemical shift for CH=N groups with §(1H) = 8.86 ppm and 5(3C) = 159.3 ppm. The
proposed structure is further confirmed by a typical singlet for Me:S ligand with (1H) =
2.06 ppm and 5(13C) = 23.5 ppm, whereas satellites due to interaction with 195Pt (3/pw =
53.4 Hz) can be observed in 1H NMR spectrum. In case of compound 5, however, the
situation is more complicated. The NMR spectra contain two sets of signals in a integral

ratio of 1:0.9, which are caused by the formation of two rotamers, whose existence was
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caused by a limited rotation around the dative Sb—Pt bond and at the same time by
preferential orientation of ArSb ligand towards dmso ligand. If the aromatic ring of the
ArSb ligand is oriented to the chlorine atom on the Pt atom, it is an anti-5 rotamer
(which was also characterized in the solid phase by X-ray analysis, see below). In the
second case, when the aromatic ring of the ArSb ligand is oriented to the dmso ligand,
we can refer to the syn-5 rotamer (Figure 4). Compound 4 does not produce rotamers
probably due to the less bulky Me:S ligand, which does not prevent free rotation around

the Sb-Pt bond in terms of the NMR time scale.

The above phenomenon is manifested in the NMR spectra by, for example, the
signal of CH=N groups in compound 5 confirming the presence of the pincer ligand
which occurs with 6(1H) = 8.87 and 8.77 ppm and §(13C) = 160.1 and 160.7 ppm for
anti/syn-5. Methyl groups of dmso ligand of a given rotamer are equivalent in both

rotamers, providing a singlet with 6(1H) = 3.03 and 3.66 ppm for anti/syn-5 and 6(13C) =

46.8 ppm, which corresponds to the overlap signals of both rotamers.
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Figure 4 Stacked plot of 1H VT-NMR spectroscopy (400.13 MHz, C2D2Cls) showing the Me
groups region of dmso of compound 5, dynamic NMR simulation of experimental data and

Eyring plot. * indicates a traces of impurities.

The nature of this dynamic process was also studied by 1H VT-NMR spectroscopy

(Figure 4). However, it was not possible to achieve coalescence of signals in CDCls due to
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the temperature limit of the solvent given by its low boiling point. Indeed, by increasing
the sample temperature in high-boiling C2D2Cls4, the signals broadened and eventually
coalesced. This process is reversible. The rate constants kr were obtained from the
experimental data with help of DNMR3 simulation (based on mathematical analysis of
the signals shape), of which dependence on 1/T were thermodynamic activation
parameters calculated by substituting into the Eyring equation: AG#¥9sk = 15.8
kcal'mol-1; AH* = 12.1 kcal'mol-1 and AS* = -12.5 cal-K-1'mol-1.

The molecular structures of compounds 4 and anti-5 could be confirmed by X-ray
analysis (Figure 5). The bonding arrangement within the ArSb ligand is analogous to the
previous cases. Thus, the Sb atom is found in the pincer ligand cavity with
intramolecular interactions of N—Sb [2.378(3) and 2.479(4) A for 4; 2.425(7) and
2.399(7) A for anti-5]. The central Pt atom is found in a square-planar surroundings
with cis-orientation of Cl atoms. The Pt-Sb bond lengths of 2.5432(5) and 2.5694(7) A in
4 and anti-5 are shorter compared to Zcov(Sb-Pt) = 2.63 A. The ArSb ligand is again
coordinated almost perpendicularly, with the C1-Sb1-Pt1 bond angle of 103.98(14)° for
4 and 106.0(2)° for anti-5.

Sbhl cl2

S1 Ptl

Figure 5 Molecular structures of compounds 4 (left) and anti-5 (right).

An effort to prepare analogous palladium complexes was not successful.
Elemental palladium was formed immediately due to high redox reactivity of ArSb. In
order to increase the stability of the resulting complexes, attention was paid to
complexes containing another stabilizing CN chelating ligand. Reaction of ArSb with

[RPd(pu-Cl)]z and [RPtCl(dmso)], where R = CeHs-2-(CH2NMez), in thf at room



temperature gave after 5 minutes the expected complexes [RMCI(ArSb)] [6 (M = Pd) and
7 (M = Pt)] (Scheme 5).
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Scheme 5 The synthesis of compounds 6 and 7.
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Scheme 6 Comparison of syn- and anti-rotamers of compound 7.

1H a 1B3C{1H} NMR spectra of compounds 6 and 7 were measured in CDCl3 and
they contain two sets of signals in an integral ratio of 1:0.5 for 6 and 1:0.2 for 7, again,
due to the formation of two rotamers in both cases (Scheme 6). The signals of the CH=N
group characteristic for the ArSb ligand are observed with chemical shifts in the interval
of 5(1H) = 8.78 - 8.88 ppm and 6(13C) = 157.8 - 159.3 ppm. The CN chelate revealed
typical singlet for (CH3)2N moities in the interval of §(1H) = 2.61 - 2.92 ppm and §(13C) =
49.7 - 50.6 ppm; and a singlet for CH2N as Az spin system found at §(1H) = 3.81 - 3.73
ppm and 8(13C) =72.3 - 73.9 ppm.

It has been shown that each set of signals can be definitely assigned to a
particular rotamer. As a result of the syn-rotamer rotation, the H6 proton of the CN
chelate is influenced by the anisotropic effect of the aromatic ring of ArSb ligand

(Scheme 6). Thus, this proton is significantly shifted to a higher field [compare §(1H) =
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8.25 ppm for anti-6 vs 5.46 ppm for syn-6 or §(*H) = 8.31 ppm (3/pt1 = 68.2 Hz) for anti-7
vs 5.66 ppm (3/ptn = 53.0 Hz) for syn-7].

Similar products are formed by the reaction of ArSb with ferrocenyl-substituted
CN chelates of palladium and platinum [RPd(p-Cl)]2 or [RPtCl(dmso)], where R = Fe[n®-
CsHs][n5-CsH3-2-(CH2NMez2)] in toluene at room temperature. After work-up, the
corresponding complexes [RMCI(ArSb)] [8 (M = Pd) and 9 (M = Pt)] were isolated
(Scheme 7).
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Scheme 7 The synthesis of compounds 8 and 9.

Compounds 8 and 9 also form rotamers in solution (Scheme 8) and contain two
sets of signals in the 'H and 13C(1H) NMR spectra, which are more complex due to the
presence of planar-chiral ferrocenyl fragment. Thus, the CH=N groups of the pincer
ligand of both rotamers are not equivalent to each other and even four singlets can be
observed with 6(1H) = 8.64 - 9.00 ppm for both anti/syn-8 and anti/syn-9; and 5(13C) =
157.5 - 160.5 ppm for both anti/syn-8 and anti/syn-9. The (CH3)2N groups are also
represented by four singlets for both compounds found at §(1H) = 2.61 - 3.22 ppm;
0(13C) = 50.0 - 52.8 ppm. Signals of CH2N group are part of an AX or AB spin system with
O('H) =3.15/3.16 and 3.32/3.33 ppm (AB spin system, 2/un = 14.6/14.2 Hz) for anti-8/9;
O(1H) = 2.95/2.99 and 3.64/3.60 ppm (AX spin system, 2/un = 13.7 Hz) for syn-8/9. Two
signals of this group are also observed in 13C(1H) NMR spectra with §(13C) = 64.2 - 66.8
ppm for both anti/syn-8 and anti/syn-9.
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Scheme 8 Comparison of syn- and anti-rotamers of compound 8.

Analogously to compounds syn-6 and syn-7, the Cp” ring of ferrocenyl moiety in
compounds syn-8 and syn-9 is also affected by the anisotropic effect of ArSb aromatic
ring (Scheme 8). The Cp’-H5 protons located above the aromatic ring of the ligand are
significantly shifted to higher fields [6(*H) = 4.60 ppm for anti-8 vs 2.00 ppm for syn-8;
0(1H) = 4.54 ppm for anti-9 vs 2.02 ppm for syn-9].

The molecular structures of compounds 6 - 9 could be confirmed by X-ray
analysis (Figure 6). Compounds 6 and 7 contain two independent molecules in the
elemental cell, which are structurally very related (and therefore it is not the presence of
both rotamers). Side coordination of the ArSb ligand in compounds 6 - 9 is reflected in
C1-Sb1-M1 (M1 = Ptl1 or Pd1) bond angles ranging from 103.21(17)° to 116.1(3)°. The
aromatic ring of ArSb ligand is oriented towards the Cl1 atom in the anti-6 and anti-7
structure, while in syn-8 and syn-9 it is oriented towards the ferrocenyl moiety. The Sb
atom is again found in the cavity of the pincer ligand with intramolecular N—Sb
interactions in the range of 2.330(10) - 2.465(9) A. In addition, Sb atom is located in the
trans position to the N3 atom in all compounds, and the bond angles Sb1-M1-N3 (M1 =
Pt1 or Pd1) range from 166.26(14) to 176.9(2)°.
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Figure 6 Molecular structures of compounds anti-6 (top left), anti-7 (top right), syn-8
(bottom left) and syn-9 (bottom right).

Palladium (anti-6 and syn-8) and platinum (anti-7 and syn-9) atoms are part of
the rigid CN chelate ring within the expected square-planar arrangement. Bond lengths
Pd1-N3 {2.180(5) A [2.172(5) A for the second independent molecule] in anti-6 and
2.207(8) A in syn-8} and Pt1-N3 {2.153(5) A [2.150(5) A for the second independent
molecule] in anti-7 and 2.173(9) A in syn-9} approach Zcov(N-M) = 1.91 A (M = Pd) and
1.94 A (M = Pt), suggesting strong intramolecular interactions. Bond length Sb1-Pd1 of
2.5363(6) A [2.5227(6) A for the second independent molecule] in anti-6 and 2.541(4) A
in syn-8 are significantly shorter than Zcov(Sb-Pd) = 2.60 A. Similarly, the bond lengths
Sb1-Pt1 of 2.5179(6) A [2.5291(6) A for the second independent molecule] in anti-7 and
2.5346(7) A in syn-9 are shorter than Zcov(Sb-Pt) = 2.63 A, but are comparable to those

for compounds 4 and anti-5.

As mentioned in the introduction, there are only a few known cases where
heavier pnictinidene forms a bridge between two TMs. Thus, stibinidene ArSb was

reacted with one equivalent of the dimer complex [Pd(n3-C3Hs)(u-Cl)]2 in thf at room
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temperature which quite surprisingly lead to the complex [(Pd(n3-C3Hs)(Cl)2(u-ArSb)]

(10) (Scheme 9). Therefore, the desired complex was formed in 1:2 ratio.

R
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2
;><\ Pd\;)
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R = H, X = CI (10)
Arsb R =Me, X = Cl (11)
R = H, X = CF,CO, (12)

Scheme 9 The synthesis of compounds 10 - 12.

To demonstrate a general nature of this procedure, reactions with [Pd(n3-
C3HsMe)(p-Cl)]2 and [Pd(n3-C3Hs)(u-CF3COz)]2 were carried out to give analogous
compounds 11 and 12 (Scheme 9). They are stable as solids in an inert atmosphere for
months, but decompose in solution (especially when heated) to form elemental

palladium.

The possibility to prepare 1:1 complex was also studied, and indeed it was
possible to prepare the expected complex [Pd(n3-C3Hs)(Cl)(ArSb)] (13) by reacting the
already prepared complex 10 with another equivalent of stibinidene (Scheme 10). As
with the previous complexes, it exhibits only limited stability in solution, but is stable in

the solid state.
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Scheme 10 The synthesis of compound 13.
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All compounds were characterized by 1H a 13C{1H} NMR spectroscopy in CD3CN.
The spectra of compounds 10 - 12 contain expected signals for the pincer ligand with
typical singlets for CH=N groups within a narrow range of §(1H) = 8.98 - 9.10 ppm and
8(13C) = 160.0 - 161.9 ppm. For compound 12, two quartets were found for the CF3C02
group with 8(13C) = 118.2 (Ycr = 295.4 Hz) for CF3 and 160.7 ppm (%Jcr = 33.0 Hz) for CO2
in the 13C{1H} NMR spectrum and one singlet in the 1°F NMR spectrum at -74.8 ppm. The
corresponding signals due to the allyl substituents were observed in
NMR spectra of compounds 10 - 12 with expected overall integral ratio to ArSb, i.e. 2:1
(ArSb), while for compound 13 the ratio is 1:1.

Molecular structures of compounds 10 - 13 were determined by X-ray analysis.
Compounds 11 and 13 contain two structurally similar independent molecules in an

elemental cell.

The molecular structures of compounds 10 - 12 are very similar and the Sb atom
bridges two Pd atoms almost symmetrically (Figure 7). The bond angles Pd1-Sb-Pd2
are in the interval of 137.88(4) - 140.99(4)° and the angles C1-Sb1-Pd1 are in the range
of 106.5(3) - 114.1(3)°. These values correspond to NBO analysis which proved that
there is no electron lone pair on Sb atom, however, two analogous hybrid orbitals sp? are
formed. Their overlap with hybrid orbitals of two Pd atoms leads to the formation of two
Sb-Pd bonds. The bond lengths are in the range of 2.5585(5) - 2.6610(11) A and very
well correspond to a single bond [Zcov(Sb-Pd) = 2.60 A] and are only slightly elongated
when compared to compounds 6 [2.5363(6) A] and 8 [2.541(4) A]. In all studied
compounds, the Sb atom is effectively coordinated by the pincer ligand and the bond
lengths N—Sb indicate a strong intramolecular interaction with values in the narrow
range of 2.360(2) - 2.432(2) A, as was already the case with the above complexes. The
N1-Sb-N2 bond angles range in interval 145.46(11) - 147.1(3)° which is in agreement

to pseudo-meridional coordination of the pincer ligand.
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Figure 7 Molecular structure of compounds 10 (top left), 11 (top right) and 12 (bottom).

In contrast to these structures, only one Pd atom is coordinated to the Sb atom in
compound 13, and the Sb-Pd bond length is 2.5871(5) A [2.5585(5) A for the second
independent molecule], which is comparable to compounds 10 - 12 (Figure 8). The
value of the C1-Sb1-Pd1 bond angle of 104.66(14)° [110.22(15)° for the second
independent molecule] corresponds to the side coordination of ArSb ligand, analogous
to the previously prepared 1:1 complexes (Sb:TM). NBO analysis showed that Sb-Pd
bond is formed by overlap of mainly p-orbital of Sb atom with hybrid orbital of Pd.

Figure 8 Molecular structure of compound 13.
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Group 11 complexes

Stibinidene ArSb was reacted with [AuCl(Me2S)] in toluene at room temperature
and after 20 minutes the precipitated complex [AuCl(ArSb)] (14) was isolated (Scheme
11). It can be stored in the solid state under an inert atmosphere at -30 °C for several
weeks, but in a chloroform or dichloromethane solution it gradually decomposes to

elemental gold and ArSbCl..

X :

—N Au

ibi [(Me,S)AuCl] - ~T='N/k
T : - Me,S ~ {Sb..
oy -~

ArSb 14

Scheme 11 The synthesis of compound 14.

1H a 13C{H} NMR spectra in CDCl3 contain the expected one set of signals for
pincer ligand including CH=N groups with §(1H) = 8.92 ppm and §(13C) = 159.6 ppm.

To increase product stability, the reaction of stibinidene with tetrameric complex
[Au(C=CPh)]4 was performed in benzene at room temperature to form the ion complex
[Au(ArSb)2]*[Au(C=CPh)2]- (15) (Scheme 12). This complex exhibits better stability

compared to compound 14 in the solid state, but again decomposes slowly in solution.

— >< (N/V;spf)'\'\é
[Au(CCPh)], )( l

T
4 Tb’,: > 2 Au®
N

_ ek
. -

©
2 [Au(CCPh),]

ArSb 15

Scheme 12 The synthesis of compound 15.

Analogously, one set of signals for CH=N groups with §(1H) = 9.00 ppm and 6(13C)
= 159.6 ppm can be observed in 1H a 13C{1H} NMR spectra in CDCls. The aromatic region

17



of the spectra also contains the corresponding phenyl group signals in the expected

integral ratio confirming the presence of the compensating anion [Au(C=CPh)z]-.

Carbene ligands are known for their ability to stabilize a variety of gold
complexes and have therefore been used in this study. Thus, the studied pnictinidenes
were reacted with a gold complex [Au(IPr)(MeCN)]*[BF4]- [where IPr = 1,3-bis(2,6-
diisopropylphenyl)-1,3-dihydro-2H-imidazol-2-ylidene] at room temperature in thf,
which indeed yielded desired complexes [Au(IPr)(ArE)]*[BF4], where E = Sb (16) and Bi

(17) (Scheme 13). In this case, even a stable bismuthinidene complex was formed.

>< Nf\N—Dipp

=N Dipp’

| [AU(IPr)(MeCN)] [BF, ] I

E: T . )(

- MeCN _
_L ‘I;N
—_ 4E" ©
)( NX (BF]
Arsb E = Sb (16) or Bi (17)

Scheme 13 The synthesis of compounds 16 and 17.

Characterization of compounds 16 and 17 in solution was performed using 'H a
13C{IH} NMR spectroscopy in thf-ds. One set of signals for the pincer ligand was
observed, including the signal for CH=N group with §(1H) = 9.13 and 9.51 ppm and
0(13C) = 162.3 and 167.7 ppm for 16 and 17. The presence of the carbene ligand could
be confirmed by signals typical for Dipp groups in the corresponding integral ratio
together with the IPr-CH group found at §(*H) = 7.53 and 7.56 ppm and §(13C) = 125.1
and 126.2 ppm. The 13C{1H} NMR spectra also contain a carbene carbon signal with
6(13C) =197.2 and 217.3 ppm.

The molecular structures of compounds 14 - 17 (Figure 9 - 11) were confirmed
by X-ray analysis. All compounds show several common structural motives. The central
pnictogen atom is tightly coordinated by the pincer ligand and the bond lengths N—E are
2.362(9) - 2.420(4) A for E = Sb and 2.503(17) - 2.505(16) A for E = Bi and show strong
intramolecular interactions [Zcov(N-Sb) = 2.11 A and Zcov(N-Bi) = 2.22 A]. Values of the
N1-E-N2 bond angles range from 141.7(5) to 155.6(3)°, which corresponds to the
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pseudo-meridional fashion of ligand coordination. Side coordination of the ArE ligand is
reflected by the C(ipso)-E-Au bond angles falling within a relatively narrow interval of
91.73(11) - 103.28(7)°, and hence the pnictogen is coordinated by utilization of p-type

lone electron pair.

The Au-Sb bond length of 2.5204(5) A in compound 14 (Figure 9) is comparable
to the Xcov(Au-Sb) = 2.64 A. The bond angle C11-Au1-Sb1 is 176.95(5)°.

Cl1

Figure 9 Molecular structure of compound 14.

Au2A

Figure 10 Molecular structure of compound 15.

Compound 15 contains two independent molecules in unit cell and forms a well-
separted ionic pair. In the structure of the cation (Figure 10), the central Au atom is
coordinated by two Sb atoms with nearly linear geometry with an Sb1A-AulA-Sb2A
bond angle of 168.47(3)° [173.40(2)° for the second independent molecule]. Sb-Au
bond lengths are found in the range of 2.5918(6) - 2.6027(6) A and are longer than
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those observed in compound 14 [2.5204(5) A], which may be due to steric repulsion

between two pincer ligands.

The structures of cations 16 and 17 (Figure 11), as expected, exhibit an almost
linear central arrangement with C(carbene)-Au-E bond angles of 176.0(3) and
176.5(10)°. The bond lengths C(carbene)-Au are similar for both compounds, with a
value of 2.051(11) A for 16 and 2.03(2) A for 17. The bond length Sb-Au 2.5851(10) A
in cation 16 is longer than the value in complex 14 [2.5204(5) A], but comparable to the
values in cation 15 [2.5918(6) - 2.6027(6) A]. The bond length of Bi-Au 2.659(11) A in
cation 17 is considerably shorter than Zcov(Au-Bi) = 2.75 A. This differs significantly
from the only compound with Bi(IlI)=Au(I) dative bond in the literature® where bond
lenght Bi-Au is much longer (3,18 A). The complex 17, thus, is unique due to very strong
interaction between those atoms. NBO anylsis showed that this Bi-Au o-bond is

implemented by donation from 6p-orbital of Bi to vacant 6s-orbital of Au.

Figure 11 Molecular structures of compounds 16 (left) and 17 (middle) and example of
coumpound with Bi(1ll)-Au(l) dative bond (right).
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2.2. Pnictinidenes reactivity towards strong dienophiles

Reactions with substituted alkynes

Stibinidene ArSb reacts readily with electron deficient alkynes RC=CR" (R =
COz2Me, R” = CO2Me or H) in hexane at 0 °C and 1-stiba-1,4-dihydroiminonaphthalenes
(18 and 19) are formed by cycloaddition (Scheme 14). However, compounds 18 and 19

show low stability in solution and decompose after only a few hours.
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Scheme 14 The synthesis of compounds 18 and 19.

The structure in solution was determined by 1H a 13C{1H} NMR spectroscopy in
CeDe. It was also confirmed that compound 19 is formed as a single regioisomer, i.e. the
CH group of the unsymmetrical alkyne is bound to the antimony atom. The spectra of
compounds 18 and 19 contain one set of signals for pincer ligand with typical chemical
shift of the intact CH=N group with 6(1H) = 7.97 and 8.04 ppm and §(13C) = 155.0 and
155.7 ppm. The second initially imine group involved in the reaction provides signals
typical for the CH-N group found at 6(*H) = 6.99 and 7.00 ppm and 9(13C) = 81.4 and
78.9 ppm. The carbon atoms from the original C=C alkyne bond provide two signals
d(13C) = 159.1 and 162.9 ppm for 18; 160.2 and 162.7 ppm for 19. The 'H-15SN HMBC
spectra were also measured, where two signals with §(1*N) = -32.1 and -32.4 ppm for
the intact CH=N group and -237.6 and -244.6 ppm for the bridged CH-N group were

observed.
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The molecular structures of compounds 18 and 19 were confirmed by X-ray
analysis (Figure 12). The central Sb atom is coordinated by three atoms and contains
one lone electron pair. Thus, its geometry is close to the trigonal pyramid with the sum
of the bond angles at Sb atom 243.3 or 243.0° (for compound 18 or 19). The original
Sb1-C1 bond length, which is also preserved in the products, corresponds to a single
bond [2.1496(15) or 2.1316(15) A]. In addition, two new covalent bonds were formed
on the Sb atom, namely Sb1-C9 with a bond length of 2.1785(15) or 2.1775(17) A and
Sb1-N1 with a bond length of 2.0881(13) or 2.0902(15) A. Both bonds correspond to
the values for single bond [Zcov(Sb-N) = 2,11 A and Zcov(Sb-C) = 2,15 A]. In contrast, the
bond length Sb1-N2 2.9970(13) or 2.9966(16) A means that there is little interaction
with the second donor group of ligand. Another newly formed single covalent bond is
C7-C8 with length being 1.534(2) or 1.555(2) A [Zcov(C-C) = 1.50 A]. Due to double
bonds C1-C2 [1.384(2) or 1.394(2) A] and C9-C8 [1.335(2) or 1.336(2) A], the central
heterocycle with an annulated benzene ring is similar to 7-azabenzonorbornadiene.1? [t
is noteworthy that compounds 18 and 19 are the first structurally characterized

examples containing also second, heavier pnictogen in this structure.

Figure 12 Molecular structure of compounds 18 (left) and 19 (middle) and structure of 7-

azabenzonorbornadiene (right).

Reaction of bismuthinidene ArBi with symmetrically substituted alkyne DMAD in
hexane at 0 ° C afforded compound 20 (Scheme 15). It is an analogue of compound 18,
but its stability in solution is substantially lower. However, the reaction with an
unsymmetrically substituted alkyne RC=CR’, where R/R" = H/CO:2Me, gave different
product. According to NMR spectroscopy, a mixture of compound 21 together with the

starting bismuthinidene was obtained. Addition of another equivalent of alkyne resulted
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in the quantitative formation of compound 21. The same result can be obtained by

reacting ArBi directly with two equivalents of the alkyne.

Characterization of both compounds in solution was performed using H a
13C{1H} NMR spectroscopy in CeDs. The spectrum of compound 20 is analogous to that of
18. For compounds 20 and 21, signals were observed for one CH=N group with 3(1H) =
8.03 or 8.32 ppm; 5(13C) = 157.2 or 159.9 ppm and for the CH-N group found at §(1H) =
10.48 or 6.20 ppm; 5(13C) = 92.9 or 67.7 ppm. The quaternary carbons of the parent
alkyne linked by a double bond provide signals with §(13C) = 161.8 and 181.2 ppm for
20; 145.5 and 179.5 ppm for 21. Similarly, the §(1°N) chemical shifts for CH=N group (-
38.4 or -34.1 ppm) also correspond. Compound 20 contains a bridging CH-N group with
O(15N) = -213.9 ppm, while in compound 21, the amine NH group in 'H-1>N HMBC is
observed as doublet with §(1°N) = -288.1 ppm (Ynu = 69 Hz), and in the 1H NMR
spectrum as a characteristic singlet found at 8(1H) = 0.80 ppm. The second alkyne in

compound 21 with preserved triple bond provides signals with 6(13C) =100.1 and 111.1
ppm.
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Scheme 15 The synthesis of compounds 20 and 21.

The molecular structure of compound 21 was confirmed by X-ray (Figure 13).

The central Bi atom is coordinated by three atoms and contains one lone electron pair.
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Analogically to compounds 18 and 19, the addition of one alkyne gives rise to novel
covalent bonds Bi1-C11 with a bond length of 2.261(5) A and C7-C8 with a bond length
of 1.522(7) A [Zcov(Bi-C) = 2.26 A and Zcov(C-C) = 1.50 A]. However, a second alkyne
with Bi1-C16 bond length of 2.301(5) A is also terminally bound to the Bi atom, while a
triple bond is preserved between the C16 and C17 atoms with a length of 1.198(8) A
[Zcov(C=C) = 1,20 A]. Thus, the coordination polyhedron of the Bi atom corresponds to
the trigonal pyramid, and the Bi1-N1 bond length of 2.811(4) A can be described only as
intramolecular interaction compared to compounds 18 and 19 [Zcv(Bi-N) = 2.22 A].
Coordination of the second atom N2-Bil is even weaker [2.990(4) A]. The central
heterocycle can be described as bismacyclohexadiene with two bonds C1-C2 [1.383(9)
A] and €8-C11 [1.318(7) A] which are corresponding to the double bond [Zcov(C=C) =
1.34 A]. Similar structural fragments of phosphorus are known, but in the case of

bismuth there is only one analogical example.?

@
(iPr)Si Elai Si(iPr)
Cl

Figure 13 Molecular structure of compound 21 (left) and example of analogical

bismacyclohexadiene (right).

Reaction with N-substituted maleimides

Based on the promising results mentioned above, a study of the reactivity of
stibinidene with selected heterocycles containing a C=C multiple bond was also
conducted. Thus, ArSb was reacted with N-substituted maleimides RN(C(O)CH)z, where
R = Me, tBu or Ph, in hexane at room temperature and the cycloaddition products 23 -

25 were formed within 5 minutes (Scheme 16).
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Scheme 16 The synthesis of compounds 22 - 24.

The structure in solution was determined by H, 13C{!H} and 1N NMR
spectroscopy in CsDs. The NMR spectra of all three compounds contain three sets of
signals. The major set corresponds to the presence of the product, while the two minor
sets indicate the presence of the starting compounds, i.e. stibinidene and the
corresponding maleimide. Compounds 23 - 25 exhibit a typical CH=N signal with §(1H)
=7.99 - 8.00 ppm and 6(13C) = 155.6 — 155.7 ppm. Compared to this group, the chemical
shifts of the newly formed CH-N group found at 6(H) = 6.24 - 6.37 ppm and 9(13C) =
75.3 - 76.2 ppm are significantly shifted (i.e. the X signal from the ABX spin system,
Figure 14). The signals for the two CH groups of the maleimide moiety are part of the
above mentioned ABX spin system with §(1H) = 2.21 - 2.42 and 2.36 - 2.56 ppm (i.e.
signal B and A) and chemical shifts (13C) are in the range of 42.6 - 49.8 ppm. Thus, they
are significantly shifted compared to the CH=CH bond of the starting maleimides [6(1H)
= 5.65 - 5.73 ppm and §(13C) = 133.7 ppm]. Three signals can be observed in 1H-1°N
HMBC spectra, for CH=N group [§(1°N) = -30.9 - -37.2 ppm], CH-N group [§(*°N) = -
271.2 - -277.9 ppm] and N-imide [§(*°N) =-190.3 - -209.9 ppm].

The dynamic equilibrium between the two starting materials and the
corresponding product in solution was demonstrated by the addition of an excess of
ArSb, which led to the equilibrium shift in favor of the products and a complete
disappearance of the NMR signals for the corresponding maleimide. Analogously, this
demonstration was also done by adding an excess of maleimide (Figure 14, B and C).
This phenomenon was also confirmed by H-1H EXSY spectroscopy. For example, for

compound 22, chemical exchange can be observed between Me group of the product
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[6(1H) = 2.82 ppm] and starting maleimide [6(1H) = 2.49 ppm], or between the CH=N
group of the product [8(1H) = 8.02 ppm] and starting stibinidine [6(1H) = 8.91 ppm]
(Figure 14, EXSY arrows between Me and Me; CH=N and CH=N). This suggests that
compounds 23 - 25 decompose back to the starting materials in the solution and, thus,

the addition of the CH=CH bond of maleimide is reversible.

\\/ ABX spin
X 1B~ system
H

H N 9
g : S[b o
f —:‘ 3‘*HV’EA (0]
N ¥
22
290K [ArSb][maleimide]
CsDs [22]
CeDs ¢T =2.59x 10° @

\4 A, spin system

Figure 14 Stacked plot of TH NMR spectra (500.20 MHz, CsDs, 294 K). Dissolved single-
crystals of 22 (A), dissolved single-crystals of 22 with added excess of ArSb (B) and
dissolved single-crystals of 22 with added excess of N-methylmaleimide (C).
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For this reason, all compounds were also studied by 1H VT-NMR spectroscopy
(Figure 15). By increasing the temperature of the toluene solutions of compounds 23 -
25, the equilibrium is shifted in favor of the starting materials. Reversibility of this
process has been demonstrated by repeated heating and cooling of the samples. Based
on the temperature dependence of the equilibrium constant K, the thermodynamic
parameters for the reaction in toluene-ds were calculated with the following values: AG®
= -3.48 kcal'mol-1; AH® = -16.51 kcal'mol-1; AS°® = -43.72 cal'K-1'mol-! (23); AG® = -1.94
kcal'mol-1; AH® = -16.39 kcal'mol-1; AS°® = -48.48 cal'K-1'mol-! (24); AG® = -2.59
kcal'mol-1; AH® = -16.56 kcal'mol-1; AS°® = -46.87 cal-K-1'mol-1 (25).
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Figure 15 Stacked plot of 1H VT-NMR spectroscopy (400.13 MHz, toluene-ds) of compound
22 and van't Hoff plot. * indicates the Et20 traces.

The molecular structures of compounds 23 - 25 were confirmed by X-ray
analysis (Figure 16). The central Sb atom has the geometry of trigonal pyramid due to
the formation of Sb1-C17 bonds with a length in the interval of 2.199(3) - 2.211(3) A
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corresponding to the Xcov(Sb-C) = 2.15 A, and Sb1-N1 with a bond length in the interval
of 2.082(2) - 2.090(7) A, which corresponds very well to the covalent bond [Zcov(Sb-N)
= 2.11 A]. In contrast, the second N2 atom remains only weakly intramolecularly
coordinated [2.9405(18) - 2.962(3) A]. Another newly formed C7-C20 covalent bond
has lengths of 1.564(4) - 1.565(5) A corresponding to a single bond [Zcov(C-C) = 1.50 A],
whereas the C7 atom originally from the CH=N group shows tetrahedral geometry.
Originally multiple bond between C17 and C20 exhibits bond lengths of 1.528(5) -
1.535(12) A&, which corresponds to a single bond.

Figure 16 Molecular structure of compounds 22 (top left), 23 (top right) and 24 (bottom).
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3. SUMMARY

The chemistry of the heavier pnictinidines is not very well known and therefore
not enough attention has been paid to their reactivity. In terms of the electron structure
of these compounds, the pnictinidenes can be regarded primarily as compounds
containing two lone electron pairs at the central atom of Group 15. Based on previous
works,3 the study focused on their coordination possibilities, i.e. their use as ligands in
the chemistry of other TMs and even with non-carbonyl complexes, and the attention
was focused on the potential use of both electron pairs for coordination. As noted, the
lighter (N)CN chelated pnictinidenes may also exhibit diene or aromatic behavior. For

this reason, reactivity to strong dienophiles was studied in this work too.

The common feature of all prepared 1:1 complexes (E:TM) of Group 9 - 11 is the
possibility of bond formation between E and TM. It was found out that just a p-type pair
of the two lone electron pairs on pnictogen is used for o-bond, while the s-type pair
remains inert (see the scheme below, reaction A). Thus, the TM is coordinated almost
perpendicularly to the plane of the ArSb or ArBi ligand. At the same time, it was also
confirmed that NCN chelated stibinidene can indeed act as four-electron donor with
allylpalladium complexes (reaction B). It was corroborated by NBO analysis that two sp?

hybrid orbitals on Sb atom are formed.

®
OYNYO
c=c
C
D
_ R—C=C—R

E =Sb or Bi

The second part of this work was devoted to reactions of pnictinidenes with
selected organic substrates containing C-C multiple bonds to experimentally prove their
potential to participate as heterodienes in Diels-Alder reaction. It has been shown that,

as expected, they indeed lead to cycloaddition reaction producing unique heterocyclic

29



compounds, thereby confirming the considered diene character of the heavier NCN
chelated pnictinidenes as well (reaction C, D). Importantly, it has been also shown that
the reaction with N-substituted maleimides is completely reversible and, therefore, very

important in terms of possible catalysis utilization.
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