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Abstract: Using the AlI precursor Cp3tAl in conjunction with
triphosphiranes (PAr)3 (Ar = Mes, Dip, Tip) we have succeed-
ed in preparing Lewis base-free cyclic diphosphadialanes with
both the Al and P atoms bearing three substituents. Using the
sterically more demanding Dip and Tip substituents the first
1,2-diphospha-3,4-dialuminacyclobutanes were obtained,
whereas with Mes substituents [Cp3tAl(m-PMes)]2 is formed.
This divergent reactivity was corroborated by DFT studies,
which indicated the thermodynamic preference for the 1,2-
diphospha-3,4-dialuminacyclobutane form for sterically more
demanding groups on phosphorus. Using Cp*Al we could
extend this concept to the corresponding cyclic diarsadialanes
[Cp*Al(m-AsAr)]2 (Ar = Dip, Tip) and additionally add the
phosphorus variants [Cp*Al(m-PAr)]2 (P = Mes, Dip, Tip).
The reactivity of one variant [Cp3tAl(m-PPh)]2 towards NHCs
was tested and resulted in double NHC-stabilised [Cp3t-
(IiPr2)Al(m-PPh)]2.

Introduction

Heterocycles composed of phosphorus and the group 13
elements have been first reported by Davidson and Brown,
who accidentally synthesised the trimer of Me2Al@PMe2

(Type A’’, Scheme 1), [Me2AlPMe2]3.
[1] A growing interest in

the use of single-source precursors for metalorganic chemical
vapor deposition (MOVCD), for making group 13/15 semi-
conducting materials, sparked the development of cyclic
heteroatomic group 13/15 compounds. Among the early
examples, Cowley and Jones reported the aluminium and
gallium cycles [iBu2AlP(H)SiPh3]2 (Type A, Scheme 1)[2] and
[Me2GaPtBu2]2,

[3] respectively. In these systems both phos-
phorus and the group 13 element are four-coordinate, and
these are therefore the dimers of the respective phosphinoa-
lanes and -gallanes. Pioneering work by Scheer et al. has

revealed that the parent phosphinoalane H2Al@PH2 can be
intercepted by using Lewis bases (LB) and Lewis acids (LA)
on aluminium and phosphorus, respectively.[4] Dehydrogen-
ative trimerisation in CH2Cl2 solution afforded the six-
membered species [(CO5W)P(H)@Al(H)NMe3)]3, which
transforms into a bicyclic species upon further loss of H2.

[5]

By judicious choice of a sterically demanding (kinetically
stabilising) LB, e.g., IDip2 (IDip2 = (HCNDip)2C, Dip = 2,6-
iPr2C6H3), the first only LB-stabilised parent compounds
IDip2·H2EPnH2 (E = Al, Ga; Pn = P,[6] As[7]) have recently
been realised. In general, dimeric species of the type [R2Al@
PR’2]2 (A, Scheme 1) are obtained by condensation reactions.
The driving force in these reactions is the formation of
volatile by-products with thermodynamically stable bonds
(e.g., H2, alkanes, silanes, halosilanes).[8] In particular, the
extrusion of H2 takes advantage of the protic and hydridic
nature of the P@Hd+ and Al@Hd@ bonds, respectively.[9]

In contrast, the formally doubly bonded pnictatrielenes
RE=PnR’ (E = Al, Ga; Pn = P, As, Sb) have eluded facile
synthesis until recently. Phospha- and arsaalumenes were

Scheme 1. Known Al/P ring systems (A and B) and their respective
monomers (A’’ and B’’) (left). Two potential dimers of phosphaalu-
menes investigated in this study (right).
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prepared using a Cp*Al for PMe3 exchange starting from the
pnicta-Wittig reagents DipTerPnPMe3 (DipTer = 2,6-Dip2C6H3,
Pn = P, As) and (Cp*Al)4 to give DipTerPnAlCp* (Pn = P (C1),
As (C2), Scheme 2) as base-free monomeric compounds.[10]

The corresponding phosphagallenes were synthesised using
phosphanyl- or gallaphosphaketenes in the reaction with
(DipNacnac)Ga (DipNacnac = HC[C(Me)NDip]2) facilitating
CO cleavage and formation of [(S)P]@P=Ga(DipNacnac)
([(S)P] = (HnCNDip)2P; n = 1, 2) (C3, Scheme 2),[11] or
(DipNacnac)Ga=P@Ga(Cl)(DipNacnac) (C4, Scheme 2),[12] re-
spectively. The arsagallene (DipNacnac)Ga=AsCp* (C6,
Scheme 2) was obtained when Cp*AsCl2 was reacted with
two equiv of (DipNacnac)Ga.[13] Moreover, the stibagallene
(DipNacnac)Ga=Sb@Ga(Cl)(DipNacnac) (C5, Scheme 2) has
been reported.[14] In all these doubly bonded species the E@Pn
(E = Al, Ga; Pn = P, As, Sb) multiple bond is highly polarised
towards the group 15 element.

Due to their Lewis-acidic group 13 centre and electron-
rich pnictogen centre, E@Pn multiple bonds are prone to
oligomerisation. LB-stabilised variants of cyclo-1,3-diphos-
pha-2,4-dialanes (B, Scheme 1), formally the dimers of LB-
coordinated RP=AlR’ (B’’, Scheme 1), are known and were
synthesised from silyl-substituted phosphanes R3Si@PH2 and
H3AlNMe3, giving after dehydrocoupling the four-membered
heterocycle [RPAlH(NMe3)]2 (R = SitBuPh2, iPr3Si, Me2-
(iPrMe2C)Si). Attempts to generate the NHC-adduct of the
corresponding phosphaalumene (RP=Al(NHC)H) by addi-
tion of a free carbene to the four-membered ring resulted in
base-exchange and formation of the respective bis-carbene
adducts [RPAlH(NHC)]2 (NHC = (HCNiPr)2C, IiPr2).[15] The
reaction of Mes*AlH2 (Mes* = 2,4,6-tBu3C6H2) with H2EPh
(E = P, As) in a 1:1 ratio at 160 88C afforded under H2-
elimination the trimers of Mes*Al=EPh (Mes*AlPPh)3 and
(Mes*AlAsPh)3,

[16] respectively, which are formal heavier
analogues of borazine. Four-membered 1,3-diphospha-2,4-
diboretanes, the boron congeners of B (Scheme 1), have been
reported,[17] mostly originating from unsuccessful attempts to
access monomeric RP=BR species.[18] These phosphorus–
boron heterocycles contain pyramidalised phosphorus atoms,
making them potential ligands for transition metals.[17e, 19] The
related ring systems [RE(m-PR’2)]2 (E = B,[20] R = tBu, R’ =
iPr; E = Al,[21] R = PtBu2, R’ = tBu) with formally three

coordinate B and Al centres, respectively, have been shown
to be biradicals. The cyclo-1,3-dipnicta-2,4-dialanes in which
the group 13 centre is not stabilised by a Lewis-base have
eluded facile synthesis to date. Herein, we close this gap and
show that using cyclo-tripnictanes of the type Pn3Ar3 (Pn =

P,[22] As;[23] Ar = 2,4,6-Me3C6H2, Mes; Dip; 2,4,6-iPr3C6H2,
Tip) in conjunction with the AlI synthons (Cp*Al)4

[24] and
Cp3tAl (Cp3t = 1,2,4-tBu3C5H2),[25] four-membered heterocy-
cles with group 13 and 15 centres bearing three substituents,
respectively, become synthetically feasible. Interestingly, two
distinct forms were obtained, for example, the expected cyclo-
1,3-dipnicta-2,4-dialanes [CpxAl(m-PnAr)]2 (x = *, 3t) and the
head-to-head dimers 1,2-diphospha-3,4-dialuminacyclobu-
tanes. The experimental findings were corroborated by
DFT-studies shedding light on the divergent reactivity of
differently substituted precursors.

Results and Discussion

Diphosphadialanes from Cp3tAl and (PR)3/(PAr)5

Triphosphiranes (PR)3 and cyclo-oligophosphanes are, in
general, the formal oligomers of phosphinidenes.[26] Especial-
ly (PhP)5 has been shown to react with NHCs to give NHC
phosphinidene adducts of the type NHC=PPh,[27] by formal
phosphinidene transfer. We thus hypothesised that the
combination of three equiv of Cp3tAl with (ArP)3 (Ar =

Mes, Dip, Tip) would facilitate formation of Cp3tAl=PAr,
which might exist either in its monomer form or as a dimeric
cyclo-diphosphadialane (Scheme 3).

At first, we monitored the reaction of (MesP)3 with three
equiv of Cp3tAl in C6D6 at room temperature.[28] This resulted
in an initial colour change to orange and after a few minutes
a yellow solution was obtained, which showed one signal in
the 31P NMR spectrum at d(31P) =@174.3 ppm and full
consumption of (MesP)3 was noted. In the 1H NMR spectrum
four characteristic signals were detected in the alkyl region,
indicative of a Mes to Cp3t ratio of 1:1. X-ray quality crystals
of this compound were grown from a saturated toluene
solution at @30 88C and confirmed the formation of [Cp3tAl(m-
PMes)]2 (1a). It needs to be pointed out that 1a precipitates
from C6D6 solutions after 30 minutes, therefore precluding
collection of satisfactory 13C NMR data. We therefore
switched to more polar NMR solvents, but even using
C6D5Br the compound could not be redissolved. We next
turned to (DipP)3 and (TipP)3, with bulkier aryl groups. When

Scheme 2. Known base-free pnictatrielenes (C1–C6).
Scheme 3. Reactivity of the alanediyl Cp3tAl towards triphosphiranes
(reactions i, ii, and iv) and a cyclo-pentaphosphane (iii).
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combining the respective triphosphirane with three equiv of
Cp3tAl, a gradual colour change of the reaction mixture to
orange was observed, accompanied by the precipitation of
a microcrystalline red solid. In both cases broad, unresolved
multiplet resonances at ca. @117 ppm were detected in the
31P NMR spectrum. Recrystallisation of the red microcrystal-
line solid from C6H6 (Ar = Dip) or slow evaporation of
a saturated toluene solution (Ar = Tip) afforded X-ray quality
crystals, which showed that [Cp3tAlPAr]2 (Ar = Dip (1b), Tip
(1c)) had formed, although in this case the first 1,2-
diphospha-3,4-dialuminacyclobutanes were obtained. This is
reminiscent of the reactivity of two equiv of DipTerGa with
TolN=NTol (Tol = 4-Me-C6H4), giving the corresponding 1,2-
diaza-3,4-digallacyclobutanes [DipTerGaNTol]2.

[29] This was
rationalised by initial addition of ArGa to give a three-
membered N2Ga ring system followed by insertion of a second
ArGa, which then affords [DipTerGaNTol]2. Consequently,
diphosphenes were considered to be potential intermediates
in the formation of 1b and 1c. In a related study we have
shown that (TipP)2 reacted with Cp2Ti(btmsa) to give the
corresponding formal diphosphene complexes [Cp2Ti-
(P2Tip2)] selectively.[22] Moreover, we have recently shown
that the diphosphene DipP=PDip can be obtained in the
PEt3-catalysed reductive coupling reaction of DipPBr2 using
Zn as a sacrificial reductant.[30] We therefore treated (DipP)2

with two equiv of Cp3tAl and noted an immediate colour
change of the reaction mixture to deep orange, and the
formation of 1b was ascertained by detection of the broad
31P NMR resonance at d(31P) =@117 ppm, as well as by cell
determination of X-ray quality crystals precipitating from the
reaction mixture. Similarly to 1a, comprehensive character-
isation of 1b and 1c by multi-nuclear NMR spectroscopy is
hampered by its poor solubility in common NMR solvents,
such as C6D6, C7D8, thf-d8 or even C6D5Br. LIFDI–MS studies
showed the expected molecular ion peaks. 1a–c crystallise in
the triclinic space group P1̄ with two molecules in the unit cell
(Figure 1).[28] 1a is situated on a crystallographically imposed

centre of inversion, resulting in a central Al2P2 rectangle with
alternating P and Al atoms and P@Al distances of 2.3176(7)
and 2.3317(7) c, respectively, which agrees well with the six-
membered species (Mes*AlPPh)3 [cf. davg.(Al@P) =

2.328(3) c].[16] The angles at aluminium [90.11(2)88] and
phosphorus [89.89(2)88] are nearly identical and the
Mes groups on P are trans-oriented with respect to the
Al2P2 plane. The Al@CCp3t distances range from 2.2455(17) to
2.3584(18) c, which renders the Cp3t group h5-coordinated. In
contrast to 1a, 1b and 1c show a puckered 1,2-P2-3,4-Al2 four-
membered ring which is folded along the Al1···P2 axis by ca.
1788. The P@P [1b 2.1677(9) c; 1c 2.1676(4) c] bonds are
contracted and closer to a single bond [cf. (DipP)2 2.0293(7);
(TipPBr)2 2.2402(8)]. In contrast the Al@Al distances [1b
2.6947(11) c; 1c 2.6933(5) c] are rather long [cf. [Al(CH-
(SiMe3)2)2]2 2.660(1) c;[31] (Cp3tAlBr)2

[32] 2.586(3) c,
(DipTerAl)2(CSiMe3)2

[33] 2.4946(9) c] and almost equidistant
P1@Al1 and P2@Al2 bonds [1b 2.4057(9), 2.4090(9) c; 1c
2.4090(5), 2.3977(5) c] are detected within the ring. The Dip
and Tip substituents are trans-oriented with respect to the P2-
unit [](CAr-P-P-CAr) 1b 94.31; 1c 93.7388] , which agrees well
with the structure of [DipTerGaNTol]2 [](CTol-N-N-CTol)
77.588].[29] The angles at P within the four-membered ring are
larger than 9088 [1b 94.96(3), 94.66(3); 1c 93.617(13),
96.732(13)88], while the angles at Al are rather acute [1b
82.58(3), 82.47(3); 1c 81.798(13), 83.846(13)88].

In order to investigate the bonding situation of these
distinct three-coordinate phosphorus–aluminium heterocy-
cles, we conducted DFT calculations for 1a and 1b at the
PBE0-D3(BJ)/def2-SVP level of theory.[34] For 1a, the Mayer
bond orders of the P@Al bonds are ca. 0.88,[35] indicating that
no double bond character is found for these bonds, in
agreement with the X-ray data. Charge analyses reveal that
the phosphorus atoms are partially negative, whereas the
aluminium centres are positive. Accordingly, natural bond
orbital (NBO)[36] and intrinsic bond orbital (IBO)[37] calcu-
lations indicate that the Al@P bonds are polarised to

Figure 1. Molecular structures of 1a, 1b, and 1c. ORTEPs drawn at 50 % probability. For clarity, all H atoms have been omitted and the alkyl
groups on the Cp3t, Dip, and Tip substituents have been rendered as wireframe. Selected bond lengths (b) and angles (88) of 1a : P2–Al2 2.3176(7),
P2–Al2’ 2.3317(7); Al2-P2-Al2’ 90.11(2), P2-Al2-P2’ 89.89(2); 1b : P1–P1 2.1677(9), Al1–P1 2.4057(9), Al2–P2 2.4090(9), Al1–Al2 2.6947(11); P2-P1-
Al1 94.66(3), P1-P2-Al2 94.96(3), P1-Al1-Al2 82.58(3), P2-Al2-Al1 82.47(3); 1c : P1–P1 2.1676(4), Al1–P1 2.4090(5), Al2–P2 2.3977(5), Al1–Al2
2.6933(5); P2-P1-Al1 93.617(13), P1-P2-Al2 96.732(13), P1-Al1-Al2 83.846(13), P2-Al2-Al1 81.798(13).
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phosphorus (see Figure S41). The HOMO of 1a is composed
majorly by contributions at the phosphorus centres, while the
LUMO is located mainly on the p system of the Mes
substituents (Figure 2, left). At the PBE0-D3(BJ)/def2-SVP
level of theory, the HOMO–LUMO gap of 1a is 4.50 eV.

According to the Mayer bond order calculations, P@P
(1.06) and Al@Al (0.86) single bonds are found in 1b,
supporting the attribution based on the crystal structures.
The HOMO of 1 b is composed of a linear combination of the
phosphorus lone pairs, while the LUMO is located at the
p space of the Al@Al motif (Figure 2, right). The HOMO of
1b is destabilised by ca. 0.7 eV in comparison to that of 1a,
while the LUMO is stabilised by ca. 0.5 eV. As a consequence,
the HOMO–LUMO gap of 1b (3.25 eV) is significantly
smaller than that of 1a. This indicates that the alternating
Al2P2 heterocycle is more stable than its head-to-head
counterpart if steric hindrance caused by the substituents is
negligible, which is confirmed by further calculations (see
below).

We then set out to test alkyl-substituted cyclo-oligophos-
phanes as phosphinidene source to determine the influence of
the P substituent. When (PtBu)3

[38] was treated with three
equiv of Cp3tAl (Scheme 3, reaction iii), a new species with an
AX2 spin system was detected in the 31P NMR spectrum
(d(31P) = 76.1, @60.6 ppm; JPP = 210.6 Hz) and in the
1H NMR spectrum unreacted Cp3tAl was detected as well,
indicating the formation of the four-membered ring [Cp3tAl-
(PtBu)3] (2). This is in analogy to the formation of [Cp*Al-
(PtBu)3]

[39] and [(SiMe3)3CGa(PtBu)3],[40] which are formed in
a ring-expansion reaction starting from (PtBu)3 and the
respective E(I) source. Using cyclo-pentaphosphane (PPh)5,
the reaction with five equiv of Cp3tAl gave rise to the
formation of a new species with a 31P NMR signal at d(31P) =

@130.6 ppm and a Ph to Cp3t ratio of 1:1 according to
1H NMR spectroscopy (Scheme 3, reaction iv). The formula-
tion as the 1,3-diphospha-2,4-dialane [Cp3tAl(m-PPh)]2 (1d)
was corroborated by X-ray analysis of crystals grown by slow

evaporation of a saturated C6H6 solution of 1d. The metrical
parameters of 1d are nearly identical with 1a and the Ph rings
are trans-oriented with respect to the Al2P2 plane. The AlP3

ring in 2 is minimally folded along the P1···P3 axis by ca. 10.788
with an all-trans orientation of the tBu groups at phosphorus
and an h5-coordinated Cp3t ring on aluminium. The P@Al
distances [P1@Al1 2.3764(11), P3@Al1 2.3829(12)] are mini-
mally longer than in [Cp*Al(PtBu)3] [2.359(1), 2.360(1) c],[39]

indicating the influence of the sterically more demanding Cp3t

group. Consequently, the fold angle in 1 d is smaller than in
Cp*Al(PtBu)3 [18.788].[39]

Dipnictadialanes from Cp*Al and (PAr)3

We next investigated whether Cp*Al, generated from
(Cp*Al)4 at 80 88C,[24a, 41] would show a reactivity like Cp3tAl.
Firstly, (PAr)3 was combined with 0.75 equiv of (Cp*Al)4 in
C6D6 and the mixtures were heated to 80 88C overnight
resulting in colourless solutions (Scheme 4). Analysis by
31P NMR spectroscopy revealed full conversion of the starting
triphosphiranes and species with a singlet at d(31P) =@208.2
(Ar = Mes), @230.6 (Ar = Dip) and @231.6 ppm (Ar = Tip)
were detected. In the 1H NMR spectrum one sharp signal for
the Cp* group, indicating h5-coordination, and signals for the
aryl groups were detected in a 1:1 ratio. It needs to be noted
that for 3a–c the aryl groups can rotate freely on the NMR
time-scale, as evident from a minimal set of signals in the
1H NMR spectrum (e.g., no splitting observed for the o-Me
groups (3a) or the o-iPr groups (3b–c)). After evaporation of
the solvent and extraction with n-hexane, X-ray quality
crystals were obtained from concentrated filtrate solutions at
@30 88C. In all three cases the base-free 1,3-diphospa-2,4-
dialanes [Cp*Al(m-PAr)]2 (Ar = Mes 3a, Dip 3b, Tip 3c ;
Figure 3, left; Table 1) had formed. 3a–c crystallise in the
triclinic spacegroup P1̄ with one molecule in the unit cell, with
the Al2P2 ring being situated on a centre of inversion. In
agreement with 1 a and 1 d, the central planar Al2P2 ring is
a parallelogram with two distinct Al@P distances [3 a
2.3218(16), 2.3226(15); 3b 2.3068(11), 2.3448(12); 3c 2.3099-
(6), 2.3395(6) c] and the angles at P [3a 86.06(4); 3b 89.00(3);
3c 91.205(18)] and Al [3a 93.94(4); 3 b 91.00(3); 3c 88.796-
(19)] deviate minimally from 9088. The phosphorus atoms are
trigonal pyramidally coordinated, even though a considerable
degree of planarisation is observed according to the sum of
angles at P [3a 326.01; 3 b 334.60; 3 c 332.81688].

Four-membered Al2As2 heterocycles are rare and, for
example, the butterfly-shaped cyclic species [(Et3N)ClAl(m-
AsSi(CMe2iPr)Me2)]2

[42] and [(Me3N)HAl(m-AsR)]2 (R =

Figure 2. Canonical Kohn–Sham molecular orbitals of 1a and 1b at
the PBE0-D3(BJ)/def2-SVP level of theory. Isovalues: 0.03 a.u.

Scheme 4. Reactivity of Cp*Al towards aryl-substituted cyclotripnic-
tanes giving [Cp*Al(m-PnAr)]2 (Pn = P, 3a–c ; Pn =As, 4a–b).
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SiiPr3, SiMe2(CMe2iPr))[43] have been described in which the
arsenic centre is three-coordinate and the aluminium centre is
four-coordinate due to Lewis-base adduct formation. Other
examples with four-coordinate Al and As centres have been
synthesised by the Power group through the combination of
the kinetically stabilised primary alane MesTerAlH2 with liquid
PhAsH2 in the bulk phase, giving [MesTer(H)Al@As(H)Ph]2.

[44]

In analogy to the synthesis of 3 a–c we reasoned that aryl-
substituted cyclo-triarsanes (AsAr)3 (Ar = Dip, Tip)[23] would
give base-free cyclo-diarsadialanes in the reaction with
(Cp*Al)4 and combination of both in a 4:3 ratio in C6D6

and heating to 80 88C overnight afforded colourless solutions
that showed 1H NMR spectra, which are similar to those of 3b
and 3c. X-ray quality crystals grown from saturated n-hexane
solutions at @30 88C showed that [Cp*Al(m-AsAr)]2 (Ar = Dip
4a, Tip 4b) had indeed formed. 4a and 4 b are colourless
solids, which crystallise in the triclinic space group P1̄, with
one molecule on a crystallographically imposed centre of
inversion in the unit cell (Figure 3, middle, right; Table 1).
Again, the central [Al(m-As)]2 ring is best described as
a parallelogram with different As@Al distances [4 a 2.4106(8),
2.4462(16); 4b 2.4160(5), 2.4445(5)] and intra-ring angles at
arsenic smaller than 9088 [4a 87.27(5); 4b 86.990(15)88] and
wider angles on aluminium [4a 92.73(5); 4b 93.009(15)88], with
the arsenic atoms being considerably planarised [S(]As) 4a
328.51; 4b 324.4988]. This agrees well with the six-membered
species (Mes*AlAsPh)3 reported by Power and co-workers
[cf. davg.(Al@As) = 2.430(5) c; S(]As) = 319.7(3.0)88].[16]

Stability of Diphosphadialanes from
DFT Calculations

In this section, we analyse the
steric and electronic factors dictat-
ing the preferential formation of
Al2P2 (alternating or head-to-head)
and AlP3 heterocycles based on
thermodynamic arguments. All cal-

culations were performed at the SMD(solvent = benzene)[45]/
PBE0-D3(BJ)/def2-TZVP[34] level of theory from gas-phase-
optimised structures at the PBE0-D3(BJ)/def2-SVP level (see
SI for more details).

Our experiments revealed that, while an alternating Al2P2

ring is formed from Cp3tAl and (PAr)3 (Ar = Mes), a head-to-
head Al2P2 structure is achieved if sterically more demanding
Ar groups (Dip, Tip) are used. The relative free energies of
1a, 1b, and their unobserved isomers, [Cp3tAlPMes]2 and
[Cp3tAl(m-PDip)]2, respectively, are shown in Figure 4a. The
head-to-head compound 1b (Ar = Dip) is 27.7 kcalmol@1

more stable than its alternating isomer [Cp3tAl(m-PDip)]2.
This indicates that for sterically more demanding substituents,
the thermodynamic reaction product is the head-to-head
isomer, and its isomerization to the alternating structure is
thermodynamically unfavoured. However, if sterically less
demanding substituents at the phosphorus atoms are used,
such as Mes, the alternating isomer becomes the thermody-
namic product (for Ar = Mes, a free energy of 18.6 kcalmol@1

favouring the alternating isomer is found). These results are in
excellent agreement with the experimental findings, revealing
that thermodynamic reasoning is already enough to predict
the preference of head-to-head or alternating isomers during
the course of the reaction. Another important experimental
finding is that the reaction of Cp3tAl with (PR)3 (R = tBu)
leads to an AlP3 heterocycle, while an alternating Al2P2

system is formed if R = Mes. In order to explain this distinct
reactivity profile, in Figure 4 b we compare the free energy of
reaction leading to compounds [Cp3tAl(m-PMes)]2 (1a,
Scheme 3, reaction i), [Cp3tAl(PtBu)3] (2, Scheme 3, reactio-
n iii), and to the corresponding species [Cp3tAl(PMes)3] and
[Cp3tAl(m-PtBu)]2. Our results show that for both R groups,

Figure 3. Molecular structures of 3c (left), 4a (middle), and 4b (right). ORTEPs drawn at 50% probability. All H atoms have been omitted and
the h5-coordniation mode of Cp* is indicated by a dotted line from Al to the centroids of the Cp ring. Selected bond lengths (b) and angles (88)
are summarised in Table 1.

Table 1: Selected bond lengths and angles of the Cp*-substituted ring systems 3a–c, 4a, and 4b.

3a 3b 3c 4a 4b

Pn1–Al1 [b] 2.3218(16) 2.3068(11) 2.3099(6) 2.4106(8) 2.4160(5)
Pn1–Al1’ [b] 2.3226(15) 2.3448(12) 2.3395(6) 2.4462(16) 2.4445(5)
Al1-Pn1-Al1 [88]’ 86.06(4) 89.00(3) 91.205(18) 87.27(5) 86.990(15
Pn1-Al1-Pn1’ [88] 93.94(4) 91.00(3) 88.796(19) 92.73(5) 93.009(15)
S(]Pn) [88] 326.01 334.60 332.816 328.51 324.49
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the alternating Al2P2 heterocycle is the thermodynamic
product. However, in the case of R = Mes, a larger thermo-
dynamic driving force for forming the alternating Al2P2

system is found, as the free energy difference between the
two reactions is ca. 15 kcalmol@1. Conversely, the free energy
difference for R = tBu is merely 4 kcalmol@1. These results
indicate that steric factors are responsible for the distinct
reactivity patterns observed for different R groups, with the
sterically demanding tBu groups precluding the formation of
alternating Al2P2 heterocycles by decreasing their stabilities
in comparison to the AlP3 system, presumably the first
intermediate formed after interaction of Cp3tAl and (PR)3.

Finally, we also performed DFT calculations to investigate
the reactivity trends observed in our experiments if the Cp*Al
species is considered. As shown in Scheme 4, if Cp*Al is used,
the alternating [Cp*Al(m-PR)]2 isomer is found for R = Mes,
Dip, Tip, whereas for Cp3t the head-to-head [Cp3tAlPDip]2

isomer is found for R = Dip, Tip. The relative free energies of
the diphosphadialane systems with R = Dip and Cp3tAl and
Cp*Al fragments are shown in Figure 4c. Our results indicate
that while 1b is preferred over its alternating isomer if R =

Dip, reduction of the steric demands in the Al substituents
inverts the free energy trends, with the head-to-head
[(Cp*Al)2(PDip)2] isomer lying 13.1 kcalmol@1 above 3b.
Similarly to the previous cases, steric demands on the
substituents drastically influence the free energy trends of
the corresponding heterocycles, ultimately dictating the
reactivity profile of the diphosphadialane systems studied
herein. The preferred products from the reactions depicted in
this work are effectively predicted by thermodynamic rea-
soning.

Reactivity of Diphosphadialanes with Lewis Bases

Lewis-base-stabilised dipnictadialanes have been de-
scribed,[15,43] and as an entry, 1d, with a rather small Ph group
on the phosphorus atoms, was combined with two equiv of the

NHC IiPr2 (IiPr2 = (HCNiPr)2CD). The 31P NMR spectrum
showed one new species at d(31P) =@123.3 ppm, which is
minimally deshielded compared to 1d and indicates forma-
tion of the bis-NHC adduct [Cp3t(IiPr2)Al(m-PPh)]2 (5,
Scheme 5), which was corroborated by X-ray analysis of
crystals grown from slow evaporation of a C6H6 solution
(Figure 5). The molecular structure revealed that IiPr2 is
coordinated to Al and in trans-arrangement with respect to
the Al2P2 ring resulting in a haptotropic shift from h5 to h1 of
the Cp3t group.[46] This is reminiscent of the cluster compound
[(Cp*Al(IMe4))(m,h3 :h4-P5)FeCp*] with an h1 Cp* group on
aluminium, which displays an Al@CNHC distance [2.017(6) c]
shorter than those of 5 [2.100(2), 2.083(2)].[47] In the related
compound [(IiPr2)HAl(m-PSiPh2tBu)]2 the NHCs are in a cis-
arrangement.[15] Surprisingly, one of the ring phosphorus
atoms is now in a nearly planar coordination environment
(S(]P2) = 347.8788), whereas the other is now closer to an
ideal trigonal pyramidal coordination environment
(S(]P1) = 299.8388). This is accompanied by deformation of
the formerly planar near-rectangular Al2P2 ring, which is now
folded by ca. 1688 along the P1···P2 axis giving a butterfly
structure, in accord with [(IiPr2)HAl(m-PSiPh2tBu)]2. The Al@
P bonds show a pair of longer [Al3@P4 2.4206(6), Al1@P4
2.4009(5) c] and shorter [P2@Al1 2.3371(7), P2@Al3 2.3335-
(5) c] bonds, with the shorter distances to the more planar
phosphorus atom. The molecular structure would imply two
chemically and magnetically distinct phosphorus atoms and,
consequently, a set of two doublets in the 31P NMR spectrum.

Figure 4. Thermodynamic profiles of the distinct phosphorus–aluminium heterocycles depicted in this work. a) Comparison of the alternating
[Cp3tAl(m-PAr)]2 and head-to-head [Cp3tAlPAr]2 structures for Ar= Mes, Dip. b) Comparison of the free energies of reaction forming the [Cp3tAl(PR)3]
and [Cp3tAl(m-PR)]2 (R = tBu, Mes) heterocycles. c) Comparison of the alternating [R’Al(m-PDip)]2 and head-to-head [R’AlPDip]2 structures for
R’=Cp3t, Cp*. All energies are in kcalmol@1.

Scheme 5. Reaction of 1d with the NCH IiPr2, giving rise to the
formation of the bis-NHC adduct 5.
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Thus, a solution of 5 in [D8]toluene was cooled to @80 88C,
which resulted in splitting of the singlet resonance at room
temperature into two doublets at d(31P) =@122.6 and
@129.7 ppm (JPP = 67.1 Hz). This indicates rapid exchange in
solution between the phosphorus positions at room temper-
ature, but even at lower temperatures, as a significant
deshielding of the planarised P atom would be expected.

Conclusion

Pnictaalumenes are characterised by alternating Lewis
acidic group 13 and electron-rich group 15 atoms, which
results in a propensity to oligomerise. To date the corre-
sponding cyclo-dipnictadialanes have only been synthesised
as their Lewis base adducts. Herein, we show that using cyclo-
tripnictanes (ArPn)3 (Ar = Mes, Dip, Tip; Pn = P, As) in
conjunction with CpxAl (x = *, 3t) afforded the first examples
of base-free cyclo-dipnictadialanes. With small aryl substitu-
ents on the pnictogen, Cp3tAl (1 a, 1d) and with Cp*Al (3a–c,
4a–b) in all cases the rings with alternating P and Al atoms
[CpxAl(m-PnAr)]2 are thermodynamically favoured. Interest-
ingly, the head-to-head-connected 1,2-diphospha-3,4-dialumi-
nacyclobutanes, 1b and 1c, are preferred when both the
substituents on phosphorus and aluminium are sterically
demanding. This study clearly demonstrates (i) the potential
of cyclo-tripnictanes as building blocks to implement PnAr
units into unusual small molecules and (ii) that base-free
cyclo-dipnictadialanes are synthetically feasible by judicious
choice of the substituents on aluminium and the pnictogen.
Studies on the reactivity of the ring systems presented in here
with respect to their potential to act as a source of the
monomeric pnictaalumenes are currently underway.

Acknowledgements

C.H.-J. thanks Prof. M. Beller for his continuous support, and
support by an Exploration Grant of the Boehringer Ingelheim
Foundation (BIS) and the GSO for a Klaus-Tschira Boost
fund is acknowledged. We thank our technical and analytical
staff for assistance, especially Dr. Anke Spannenberg for her
support regarding X-ray analysis. F.F. thanks the Coordena-
Å¼o de AperfeiÅoamento de Pessoal de N&vel Superior
(CAPES) and the Alexander von Humboldt (AvH) Founda-
tion for a Capes–Humboldt postdoctoral fellowship. J.T.G.
thanks the AvH Foundation for financial support and the
Government of Canada for a Banting Fellowship. H.B. wishes
to acknowledge financial support by the Deutsche For-
schungsgemeinschaft, DFG. Open Access funding enabled
and organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Keywords: aluminium · carbene ligands ·
main group elements · phosphorus · small ring systems

[1] N. Davidson, H. C. Brown, J. Am. Chem. Soc. 1942, 64, 316 – 324.
[2] A. M. Arif, B. L. Benac, A. H. Cowley, R. Geerts, R. A. Jones,

K. B. Kidd, J. M. Power, S. T. Schwab, J. Chem. Soc. Chem.
Commun. 1986, 1543 – 1545.

[3] A. H. Cowley, R. A. Jones, M. A. Mardones, J. Ruiz, J. L.
Atwood, S. G. Bott, Angew. Chem. Int. Ed. Engl. 1990, 29, 1150 –
1151; Angew. Chem. 1990, 102, 1169 – 1171.

[4] U. Vogel, A. Y. Timoshkin, M. Scheer, Angew. Chem. Int. Ed.
2001, 40, 4409 – 4412; Angew. Chem. 2001, 113, 4541 – 4544.

[5] M. Bodensteiner, U. Vogel, A. Y. Timoshkin, M. Scheer, Angew.
Chem. Int. Ed. 2009, 48, 4629 – 4633; Angew. Chem. 2009, 121,
4700 – 4704.

[6] M. A. K. Weinhart, A. S. Lisovenko, A. Y. Timoshkin, M.
Scheer, Angew. Chem. Int. Ed. 2020, 59, 5541 – 5545; Angew.
Chem. 2020, 132, 5586 – 5590.

[7] M. A. K. Weinhart, M. Seidl, A. Y. Timoshkin, M. Scheer,
Angew. Chem. Int. Ed. 2021, 60, 3806 – 3811; Angew. Chem.
2021, 133, 3850 – 3855.

[8] S. Schulz, Coord. Chem. Rev. 2001, 215, 1 – 37.
[9] L. K. Krannich, C. L. Watkins, S. J. Schauer, C. H. Lake,

Organometallics 1996, 15, 3980 – 3984.
[10] M. Fischer, S. Nees, T. Kupfer, J. T. Goettel, H. Braunschweig, C.

Hering-Junghans, J. Am. Chem. Soc. 2021, 143, 4106 – 4111.
[11] a) D. W. N. Wilson, J. Feld, J. M. Goicoechea, Angew. Chem. Int.

Ed. 2020, 59, 20914 – 20918; Angew. Chem. 2020, 132, 21100 –
21104; b) D. W. N. Wilson, J. Feld, J. M. Goicoechea, Angew.
Chem. Int. Ed. 2021, 60, 22057 – 22061; Angew. Chem. 2021, 133,
22228 – 22232.

[12] a) M. K. Sharma, C. Wçlper, G. Haberhauer, S. Schulz, Angew.
Chem. Int. Ed. 2021, 60, 6784 – 6790; Angew. Chem. 2021, 133,
6859 – 6865; b) M. K. Sharma, C. Wçlper, G. Haberhauer, S.
Schulz, Angew. Chem. Int. Ed. 2021, 60, 21784 – 21788; Angew.
Chem. 2021, 133, 21953 – 21957.

[13] C. Helling, C. Wçlper, S. Schulz, J. Am. Chem. Soc. 2018, 140,
5053 – 5056.

[14] C. Ganesamoorthy, C. Helling, C. Wçlper, W. Frank, E. Bill,
G. E. Cutsail, S. Schulz, Nat. Commun. 2018, 9, 87.

Figure 5. Molecular structure of 5. ORTEPs drawn at 50% probability,
all H atoms omitted and alkyl substituents on Cp3t and IiPr2 rendered
as wireframe. Selected bond lengths (b) and angles (88) of 5 : P2–Al1
2.3371(7), P2–Al3 2.3335(5), Al3–P4 2.4206(6), Al1–P4 2.4009(5), P2–
C1 1.825(2), P4–C1 1.846(2), Al1–C1_4 2.084(1), Al3–C1_5 2.092(1),
Al1–C1_6 2.100(2), Al3–C1_7 2.083(2); Al1-P2-Al3 91.49(2), P2-Al3-P4
87.98(2), Al3-P4-Al1 87.87(2), P4-Al1-P2 88.37(2), Al1-P2-C1 128.61(6),
Al1-P4-C1 104.08(5).

Angewandte
ChemieResearch Articles

24324 www.angewandte.org T 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH Angew. Chem. Int. Ed. 2021, 60, 24318 – 24325

https://doi.org/10.1021/ja01254a030
https://doi.org/10.1039/C39860001543
https://doi.org/10.1039/C39860001543
https://doi.org/10.1002/anie.199011501
https://doi.org/10.1002/anie.199011501
https://doi.org/10.1002/ange.19901021014
https://doi.org/10.1002/1521-3773(20011203)40:23%3C4409::AID-ANIE4409%3E3.0.CO;2-F
https://doi.org/10.1002/1521-3773(20011203)40:23%3C4409::AID-ANIE4409%3E3.0.CO;2-F
https://doi.org/10.1002/1521-3757(20011203)113:23%3C4541::AID-ANGE4541%3E3.0.CO;2-U
https://doi.org/10.1002/anie.200901064
https://doi.org/10.1002/anie.200901064
https://doi.org/10.1002/ange.200901064
https://doi.org/10.1002/ange.200901064
https://doi.org/10.1002/anie.201914046
https://doi.org/10.1002/ange.201914046
https://doi.org/10.1002/ange.201914046
https://doi.org/10.1002/anie.202013849
https://doi.org/10.1002/ange.202013849
https://doi.org/10.1002/ange.202013849
https://doi.org/10.1016/S0010-8545(00)00401-X
https://doi.org/10.1021/om9604177
https://doi.org/10.1021/jacs.1c00204
https://doi.org/10.1002/anie.202008207
https://doi.org/10.1002/anie.202008207
https://doi.org/10.1002/ange.202008207
https://doi.org/10.1002/ange.202008207
https://doi.org/10.1002/anie.202014381
https://doi.org/10.1002/anie.202014381
https://doi.org/10.1002/ange.202014381
https://doi.org/10.1002/ange.202014381
https://doi.org/10.1002/anie.202108370
https://doi.org/10.1002/ange.202108370
https://doi.org/10.1002/ange.202108370
https://doi.org/10.1021/jacs.8b02447
https://doi.org/10.1021/jacs.8b02447
http://www.angewandte.org


[15] M. Kapitein, M. Balmer, L. Niemeier, C. von H-nisch, Dalton
Trans. 2016, 45, 6275 – 6281.

[16] R. J. Wehmschulte, P. P. Power, J. Am. Chem. Soc. 1996, 118,
791 – 797.

[17] a) G. E. Coates, J. G. Livingstone, J. Chem. Soc. 1961, 1000 –
1008; b) G. Fritz, W. Hçlderich, Z. Anorg. Allg. Chem. 1977,
431, 61 – 75; c) P. Kçlle, G. Linti, H. Nçth, K. Polborn, J.
Organomet. Chem. 1988, 355, 7 – 18; d) P. Kçlle, G. Linti, H.
Nçth, G. L. Wood, C. K. Narula, R. T. Paine, Chem. Ber. 1988,
121, 871 – 879; e) D. Dou, G. W. Linti, T. Chen, E. N. Duesler,
R. T. Paine, H. Nçth, Inorg. Chem. 1996, 35, 3626 – 3634; f) G.
He, O. Shynkaruk, M. W. Lui, E. Rivard, Chem. Rev. 2014, 114,
7815 – 7880.

[18] a) K. Knabel, T. M. Klapçtke, H. Nçth, R. T. Paine, I. Schwab,
Eur. J. Inorg. Chem. 2005, 1099 – 1108; b) A. N. Price, G. S.
Nichol, M. J. Cowley, Angew. Chem. Int. Ed. 2017, 56, 9953 –
9957; Angew. Chem. 2017, 129, 10085 – 10089.

[19] B. Kaufmann, H. Nçth, R. T. Paine, K. Polborn, M. Thomann,
Angew. Chem. Int. Ed. Engl. 1993, 32, 1446 – 1448; Angew.
Chem. 1993, 105, 1534 – 1536.

[20] D. Scheschkewitz, H. Amii, H. Gornitzka, W. W. Schoeller, D.
Bourissou, G. Bertrand, Science 2002, 295, 1880 – 1881.

[21] P. Henke, T. Pankewitz, W. Klopper, F. Breher, H. Schnçckel,
Angew. Chem. Int. Ed. 2009, 48, 8141 – 8145; Angew. Chem.
2009, 121, 8285 – 8290.

[22] A. Schumann, F. Reiß, H. Jiao, J. Rabeah, J.-E. Siewert, I.
Krummenacher, H. Braunschweig, C. Hering-Junghans, Chem.
Sci. 2019, 10, 7859 – 7867.

[23] A. Schumann, J. Bresien, M. Fischer, C. Hering-Junghans, Chem.
Commun. 2021, 57, 1014 – 1017.

[24] a) C. Dohmeier, C. Robl, M. Tacke, H. Schnçckel, Angew. Chem.
Int. Ed. Engl. 1991, 30, 564 – 565; Angew. Chem. 1991, 103, 594 –
595; b) O. Kysliak, H. Gçrls, R. Kretschmer, Dalton Trans. 2020,
49, 6377 – 6383.

[25] A. Hofmann, T. Trçster, T. Kupfer, H. Braunschweig, Chem. Sci.
2019, 10, 3421 – 3428.

[26] a) V. J. Eilrich, E. Hey-Hawkins, Coord. Chem. Rev. 2021, 437,
213749; b) T. Wellnitz, C. Hering-Junghans, Eur. J. Inorg. Chem.
2021, 8 – 21.

[27] T. Krachko, J. C. Slootweg, Eur. J. Inorg. Chem. 2018, 2734 –
2754.

[28] See Supporting Information for all experimental details. Dep-
osition numbers 2102648, 2102649, 2102650, 2102651, 2102652,
2102653, 2102654, 2102655, 2102656, 2102657 and 2102658
contain the supplementary crystallographic data for this paper.
These data are provided free of charge by the joint Cambridge
Crystallographic Data Centre and Fachinformationszentrum
Karlsruhe Access Structures service.

[29] R. J. Wright, M. Brynda, J. C. Fettinger, A. R. Betzer, P. P.
Power, J. Am. Chem. Soc. 2006, 128, 12498 – 12509.

[30] J.-E. Siewert, A. Schumann, C. Hering-Junghans, Dalton Trans.
2021, https://doi.org/10.1039/D1DT03095G.

[31] W. Uhl, Z. Naturforsch. B 1988, 43, 1113 – 1118.
[32] A. Hofmann, A. Lamprecht, O. F. Gonz#lez-Belman, R. D.

Dewhurst, J. O. C. Jim8nez-Halla, S. Kachel, H. Braunschweig,
Chem. Commun. 2018, 54, 1639 – 1642.

[33] C. Cui, X. Li, C. Wang, J. Zhang, J. Cheng, X. Zhu, Angew.
Chem. Int. Ed. 2006, 45, 2245 – 2247; Angew. Chem. 2006, 118,
2303 – 2305.

[34] a) C. Adamo, V. Barone, J. Chem. Phys. 1999, 110, 6158 – 6170;
b) M. Ernzerhof, G. E. Scuseria, J. Chem. Phys. 1999, 110, 5029 –
5036; c) F. Weigend, R. Ahlrichs, Phys. Chem. Chem. Phys. 2005,
7, 3297 – 3305; d) S. Grimme, J. Antony, S. Ehrlich, H. Krieg, J.
Chem. Phys. 2010, 132, 154104; e) S. Grimme, S. Ehrlich, L.
Goerigk, J. Comput. Chem. 2011, 32, 1456 – 1465.

[35] a) I. Mayer, Chem. Phys. Lett. 1983, 97, 270 – 274; b) I. Mayer,
Int. J. Quantum Chem. 1984, 26, 151 – 154.

[36] F. Weinhold, C. R. Landis, E. D. Glendening, Int. Rev. Phys.
Chem. 2016, 35, 399 – 440.

[37] G. Knizia, J. Chem. Theory Comput. 2013, 9, 4834 – 4843.
[38] a) M. Baudler, C. Gruner, Z. Naturforsch. B 1976, 31, 1311 –

1312; b) M. Baudler, J. Hahn, H. Dietsch, G. Fgrstenberg, Z.
Naturforsch. B 1976, 31, 1305 – 1310.

[39] C. 3ffing, C. v. H-nisch, H. Schnçckel, Z. Anorg. Allg. Chem.
2000, 626, 1557 – 1560.

[40] W. Uhl, M. Benter, J. Chem. Soc. Dalton Trans. 2000, 3133 – 3135.
[41] H. Sitzmann, M. F. Lappert, C. Dohmeier, C. 3ffing, H.

Schnçckel, J. Organomet. Chem. 1998, 561, 203 – 208.
[42] C. von H-nisch, Z. Anorg. Allg. Chem. 2003, 629, 1496 – 1500.
[43] M. Driess, S. Kuntz, K. Merz, H. Pritzkow, Chem. Eur. J. 1998, 4,

1628 – 1632.
[44] R. J. Wehmschulte, P. P. Power, New J. Chem. 1998, 22, 1125 –

1130.
[45] A. V. Marenich, C. J. Cramer, D. G. Truhlar, J. Phys. Chem. B

2009, 113, 6378 – 6396.
[46] J. M. O’Connor, C. P. Casey, Chem. Rev. 1987, 87, 307 – 318.
[47] R. Yadav, T. Simler, B. Goswami, C. Schoo, R. Kçppe, S. Dey,

P. W. Roesky, Angew. Chem. Int. Ed. 2020, 59, 9443 – 9447;
Angew. Chem. 2020, 132, 9530 – 9534.

Manuscript received: August 18, 2021
Accepted manuscript online: September 3, 2021
Version of record online: October 5, 2021

Angewandte
ChemieResearch Articles

24325Angew. Chem. Int. Ed. 2021, 60, 24318 – 24325 T 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH www.angewandte.org

https://doi.org/10.1039/C5DT03889H
https://doi.org/10.1039/C5DT03889H
https://doi.org/10.1021/ja952021c
https://doi.org/10.1021/ja952021c
https://doi.org/10.1039/jr9610001000
https://doi.org/10.1039/jr9610001000
https://doi.org/10.1002/zaac.19774310106
https://doi.org/10.1002/zaac.19774310106
https://doi.org/10.1016/0022-328X(88)89006-5
https://doi.org/10.1016/0022-328X(88)89006-5
https://doi.org/10.1002/cber.19881210510
https://doi.org/10.1002/cber.19881210510
https://doi.org/10.1021/ic9514399
https://doi.org/10.1021/cr400547x
https://doi.org/10.1021/cr400547x
https://doi.org/10.1002/ejic.200400372
https://doi.org/10.1002/anie.201705050
https://doi.org/10.1002/anie.201705050
https://doi.org/10.1002/ange.201705050
https://doi.org/10.1002/anie.199314461
https://doi.org/10.1002/ange.19931051037
https://doi.org/10.1002/ange.19931051037
https://doi.org/10.1126/science.1068167
https://doi.org/10.1002/anie.200901754
https://doi.org/10.1002/ange.200901754
https://doi.org/10.1002/ange.200901754
https://doi.org/10.1039/C9SC02322D
https://doi.org/10.1039/C9SC02322D
https://doi.org/10.1039/D0CC07533G
https://doi.org/10.1039/D0CC07533G
https://doi.org/10.1002/anie.199105641
https://doi.org/10.1002/anie.199105641
https://doi.org/10.1002/ange.19911030527
https://doi.org/10.1002/ange.19911030527
https://doi.org/10.1039/D0DT01342K
https://doi.org/10.1039/D0DT01342K
https://doi.org/10.1039/C8SC05175E
https://doi.org/10.1039/C8SC05175E
https://doi.org/10.1016/j.ccr.2020.213749
https://doi.org/10.1016/j.ccr.2020.213749
https://doi.org/10.1002/ejic.202000878
https://doi.org/10.1002/ejic.202000878
https://doi.org/10.1002/ejic.201800459
https://doi.org/10.1002/ejic.201800459
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202111121
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202111121
http://www.ccdc.cam.ac.uk/structures
https://doi.org/10.1021/ja063072k
https://doi.org/10.1039/D1DT03095G
https://doi.org/10.1515/znb-1988-0905
https://doi.org/10.1039/C7CC09596A
https://doi.org/10.1002/anie.200504329
https://doi.org/10.1002/anie.200504329
https://doi.org/10.1002/ange.200504329
https://doi.org/10.1002/ange.200504329
https://doi.org/10.1063/1.478522
https://doi.org/10.1063/1.478401
https://doi.org/10.1063/1.478401
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1016/0009-2614(83)80005-0
https://doi.org/10.1002/qua.560260111
https://doi.org/10.1080/0144235X.2016.1192262
https://doi.org/10.1080/0144235X.2016.1192262
https://doi.org/10.1021/ct400687b
https://doi.org/10.1515/znb-1976-1002
https://doi.org/10.1515/znb-1976-1002
https://doi.org/10.1515/znb-1976-1001
https://doi.org/10.1515/znb-1976-1001
https://doi.org/10.1002/1521-3749(200007)626:7%3C1557::AID-ZAAC1557%3E3.0.CO;2-M
https://doi.org/10.1002/1521-3749(200007)626:7%3C1557::AID-ZAAC1557%3E3.0.CO;2-M
https://doi.org/10.1039/b003760p
https://doi.org/10.1016/S0022-328X(98)00555-5
https://doi.org/10.1002/zaac.200300085
https://doi.org/10.1002/(SICI)1521-3765(19980904)4:9%3C1628::AID-CHEM1628%3E3.0.CO;2-X
https://doi.org/10.1002/(SICI)1521-3765(19980904)4:9%3C1628::AID-CHEM1628%3E3.0.CO;2-X
https://doi.org/10.1039/a803431a
https://doi.org/10.1039/a803431a
https://doi.org/10.1021/jp810292n
https://doi.org/10.1021/jp810292n
https://doi.org/10.1021/cr00078a002
https://doi.org/10.1002/anie.202002774
https://doi.org/10.1002/ange.202002774
http://www.angewandte.org

