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ABSTRACT: A series of peri-substituted phosphorus-tellurium systems R’Te—Acenap—PR; (R’ = Ph, p-
An, Nap, Mes, Tip; R = 'Pr, Ph) exhibiting large “through space” spin-spin coupling constants and the
“onset” of three-centre four-electron type interactions are presented. The influence of the substituents at
the phosphorus and tellurium atoms as well as their behavior upon oxidation (with S, Se) or metal-
coordination (Pt, Au) is discussed using NMR spectroscopy, single crystal X-ray diffraction, and

advanced DFT studies including NBO, AIM and ELI-D analyses.

Introduction

Peri-substitution has proved to be a powerful tool in the investigation of unusual bonding situations
and interactions between two or more atoms through space (e.g. through-space spin-spin coupling). The
rigid naphthalene or acenaphthene backbone is responsible for a special situation, in which the two peri-
substituted atoms are forced into sub-van der Waals contacts resulting in significant interactions, which

favors the formation of unusual systems, with often unique properties (Fig. 1).h234
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Figure 1. Peri-substitution in naphthalene and acenaphthene can force two elements into sub-van der

Waals distances.

These systems include highly basic 1,8-N,N-substituted naphthalenes acting as “proton sponge”
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compounds (Fig. 2, A),” a P species with a rare o°P—o°P bonding (Fig. 2, B),® a P system

with an unusual 6*P—c°P bonding interaction (Fig. 2, C),” a hypercoordinated P-P-system showing a

frozen early stage of nucleophile-electrophile interaction (Fig. 2, D)®, different structure types in group

9,10, 11

15 phosphorus-element dichlorides (Fig. 2, E, F) , thermally stable cyclic phosphanylidene-c*-
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phosphorane12 and a arsanylidene-04-phosphorane (Fig. 2, G),'" or a 1,2-ditelluraacenaphthene-1,2-

dication (Fig. 2, H)."
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Figure 2. Examples of unusual bonding situations realized through peri-substitution.

Known examples of peri-substituted phosphorus-chalcogen systems (P-E; E = S, Se, Te) include sulfur
and selenium species. The selenium compounds RSe—Nap—PPh,, which are stabilized by a naphthalene
backbone, exhibit large P---Se interactions between two or more atoms not directly linked by covalent
bonds (e.g. "through-space" spin-spin coupling).** *°

Stable phosphorus-tellurium species are a very limited class of compounds and only few examples of

16171819 whereas no peri-substituted P,Te systems have been reported

these have been reported to date,
yet. The study of such peri-substituted systems could prove to be a valuable tool in developing a better
understanding of phosphorus-tellurium chemistry including through-space interactions between these
two elements. On this note, the present work demonstrates the first series of peri-substituted P,Te

systems and a discussion of the nature of the interactions, the influence of substitution and the reason for

unusual P-Te spin-spin coupling constants in these non- or weakly bonded systems.

Results and Discussion



This section is organized into two subchapters concerning Te"/P" species with an emphasis on
through-space interactions between the phosphorus and tellurium atom (part 1) and a second subchapter,
which focuses on the influence of transformations (e.g. oxidation, complexation) on the through-space
interaction.

Te"/P™ species 1-5

1.1 Synthesis

The lithiation of RzP—Acenap—Brzo with "BuLi (TMEDA) and subsequent reaction with different
monotelluride iodides yielded a series of peri-substituted P,Te compounds 1-5 that offer intriguing
properties for >'P and ' Te-NMR studies (Scheme 1). The reactions were performed at =78 °C and the
products were recrystallized from n-hexane and/or CH,Cl, (DCM), respectively. The isolated yields

range from 14% (1) to 87% (4a).

R , R
/ R, /
Br P-R Te P-R

OO 1) "BuLi, THF, -78 °C
' 2)R'Tel, THF, - 78 °C '

R =Pr; R"=Ph (1), p-An(2), Nap (3), Mes (4a), Tip (5)
R = Ph; R' = Mes (4b)

Scheme 1. Synthesis of peri-substituted P,Te systems.

The compounds 1-5 provide reasonable air stability”' and good solubility in polar (THF, CH,Cl,) as

well as low solubility in most non-polar solvents (n-hexane, toluene, benzene).

1.2 Crystallography
Crystals of compounds 1-5 suitable for single crystal X-ray analysis were isolated after
recrystallization from n-hexane (1, 2, 3, 4a, 5) and a mixture of n-hexane and CH,Cl, (4b). The

structures are depicted in Figure 3, with important structural parameters shown in Table 1.



Figure 3. Crystal structures of compounds 1-5 (hydrogen atoms and solvent molecules omitted for

clarity).



Table 1. Selected interatomic distances (A) and angles [°] of the compounds R’Te—Acenap—PR (R = Pr

(a), Ph (b)), 1-5.

Compound 1 2 3 4a 4b 5
Peri-moieties (R’)  Ph MeOPh Nap Mes Mes Tip
Peri-region distances and sub-van der Waals contacts

d(Tel---P) 3.1308(6) 3.090(1) 3.108(2) 3.205(2) 3.181(2) 3.0944(9)
% Zryaw” 81 80 81 83 82 80
Peri-region bond angles

Tel-C1-C10 123.5(2) 124.0(3) 124.2(6) 125.1(3) 124.6(2)
Tel-C10-C19 125.0(2)

C1-C10-C9 129.7(2) 129.3(3) 129.5(8) 130.2(4) 129.0(2)
C10-C19-C18 129.5(3)

P-C9-C10 120.3(3) 120.1(3) 119.1(7) 119.7(3) 119.8(2)
P-C18-C19 120.9(2)

¥ of bay angles® 373.5(7) 373.409) 373(3) 375(1) 375.4(7) 373.4(6)
Splay angle 13.5(7) 13.4(9) 13(3) 15(1) 15.4(7) 13.4(6)
Out-of-plane displacement

Tel 0.3071(2) 0.0073(3) 0.2731(6) 0.2390(4) 0.0805(3) 0.1487(2)
P 0.1590(6) 0.031(2) 0.176(3) 0.130(2) 0.1130(9) 0.1293(7)
Tel-C1-C9-P -10.7(2) -0.9(3) 10.0(5) =7.6(3) -4.2(2) 6.7(2)
Tel-C10-C18-P

Central acenaphthene ring torsion angles

C6-C5-C10-C1 —178.6(3) 179.4(3) 176.3(7) —176.8(4) —178.2(4) 178.2(2)
C15-C14-C19-

C10

C4-C5-C10-C9 —178.0(3) —178.5(3) 177.5(7) —177.6(4) —178.3(3) 178.7(2)
C13-C14-C19-

C18

* van der Waals radii used for calculations: ryaw(P) = 1.80 A; ryqw(Te) = 2.06 A%*; © Splay angle: T of the three bay region angles —360.

Compounds 1-5 show a transoid out-of-plane displacement.

The phosphorus-tellurium peri-distances P---Tel are in the range of 3.090(1) A (2) and 3.205(2) A

(4a) and are thus significantly shorter than to the sum of the van der Waals radii (Zryqw) of phosphorus
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and tellurium (3.86 A)** (80 % of the Sr,ay for 2, 83 % for 4a). However, compared to the longest bonds
observed for a phosphorus-tellurium bond (2.604(1) A* or 2.637(3) A)** these distances are
significantly longer.

The Tel—Cacenap bond lengths (e.g. 2.146(4) A for 4a) are comparable to that of similar compounds
(e.g. 2.15(2) A for peri-substituted Br, TePh; 2.16(3)-2.18(2) A for peri-substituted PhTe, TePh)* and
can thus be seen as a usual Te—C single bond. Likewise the bond length of P—Cacenap (1.821(5) A for 4a)
is a common length observed for a P—C single bond, especially in similar systems (e.g. 1.846(4) A for
one of the starting materials, the peri-substituted Br, P'Pr,).** %’

The acenaphthene skeleton of the systems is mainly planar with the central acenaphthene ring torsion
angles (e.g. C6-C5-C10—C1 and C4-C5-C10-C9) being close to 180°. As a result of the more
attractive interaction the out-of-plane displacements of the phosphorus and tellurium atoms, measured
from the mean plane of the acenaphthene are very small (e.g. 0.176(3) A for the P atom in 3 and
0.3071(2) A for the Te atom in 1).

Where most of the X-ray parameters in compounds 1-5 are very similar, the Tel—Cacenap—Cacenap—P9
torsion angle deviates by quite a large range; between —10.7(2)° (1) to 10.0(5)° (3). Small, negative
values for this torsion angle usually indicate that a more attractive interaction exists between the two
peri-substituted atoms, whereas a larger angle should be observed for a more repulsive interaction. The
splay angles for 1-5, defined as the T of the three bay region angles —360°,> are found to range from
13(3)° (3) to 15.4(7)° (4b). This value is in accordance with chalcogen-chalcogen or chalcogen-halogen
peri-substituted acenaphthenes that were reported earlier (16.8° for peri-substituted Br—Acenap—TePh;
18.3° for I-Acenap—TePh; 18.4° for PhTe—Acenap—TePh, 15.0° for PhS—Acenap—TePh, 17.1° for
PhSe—Acenap-TePh).” Larger splay angles mean a more repulsive interaction between the peri-

substituted atoms, smaller splay angles a more attractive one.”



1.3 NMR spectroscopy

The NMR parameters of compounds 1-5 as well as the calculated values are depicted in Table 2. The
calculations of the *'P and '“Te NMR chemical shifts and indirect spin-spin coupling constants
confirmed the experimental values within the range of acceptable errors as a result of the calculation
process.”®

The *'P NMR spectrum of MesTe—Acenap—P(‘Pr), (4a) consists of a singlet at —20.9 ppm showing
satellites for J(P,'*Te) of 1332 Hz and a set that can be assigned to J(P,'*Te) of 1105 Hz. Furthermore,
small satellites representing J(P,C) of 93 Hz can be observed in the *'P NMR spectrum. The '**Te NMR
spectrum of 4a reveals a doublet of doublets at 372.2 ppm showing J('*Te,P) of 1337 Hz. For
comparison reasons a '>Te NMR spectrum was recorded showing a resonance at 370.2 ppm with a
J('*Te,P) of 1105 Hz, consistent with the coupling constant observed in the >'P NMR spectrum.

In order to compare the NMR parameters observed in solution and in the solid, *'P and '*Te solid-

state NMR spectra of 4a were recorded (Figure 4).”
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Figure 4. A: Solid-state *'P NMR spectrum (242.99 MHz, MAS 40 kHz). B: Solid-state '**Te NMR

spectrum (126.28 MHz, 10.5 kHz) of 4a (the isotropic signal is highlighted).



The *'P solid-state MAS NMR spectrum of 4a shows a single resonance at —25.8 ppm, with satellites

resulting from a coupling to '*°

Te. The splitting observed in the isotropic peak is 1336 Hz.

. Evidence for this spin-spin J coupling can also be found in the '*Te solid-state NMR spectrum
(acquired using cross polarization), which exhibits a doublet at 403.1 ppm (note that *'P is 100 %
abundant). As a result of this comparison, it can be concluded that 4a does not behave differently within
NMR spectroscopic experiments in solid state when compared to its state in solution. within NMR
spectroscopic experiments in solid state when compared to its state in solution.

Compounds 1-5 exhibit very similar NMR spectroscopic characteristics to those of 4a (Table 2). The
3P NMR shifts are in the range —20.4 (1) to —29.5 ppm (4b), with J(P,'*Te) values ranging from
1213 Hz (4b) to 1357 Hz (5) and J(P,Cipso-aryi) values between 74 Hz (4b) and 109 Hz (3). The
differences in the NMR data of systems 1, 2, 3, 4a and 5, where different substituents on the tellurium
atoms are present, are marginal.

In contrast, the deviation of the chemical shift for 4b is due to the change of the substituents at the
phosphorus atom from iso-propyl to phenyl. As the P,Te peri-distances of 4a and 4b are very similar,
the explanation for the difference in the J(P,'Te) is presumably due to the different substituent
positioning as shown in the solid state structures. A minor overlap of the orbitals involved in the spin
transfer explains the different P, Te couplings.™

The comparison of the P-~Te peri-distances of 1-5 with their P,'*Te coupling constants does not
allow a direct correlation of the two parameters. Plotting gives a R value of 0.280, which supports the
interpretation of an extremely minor correlation with confirmation probably being the dominant feature.

Noteworthy are the magnitudes of the J(P,'*’Te), J(P,'*Te) and J(P,Cipso-ary1) values, especially
considering the distance of the phosphorus atoms to the tellurium or carbon atoms. These cannot be
explained by through bond spin-spin coupling constants as couplings through five and six bonds cannot
be expected to reach such high values. This phenomenon was first described by Mallory®' in peri-

substituted fluorine systems and recently reviewed by Hierso.”* The so-called through-space spin-spin



coupling is explained by an overlap of lone pair orbitals, which facilitate the transfer of spin information

between two atoms.>> Our recent studies on ditellurides support the conclusion that the major pathway

for this transfer is indeed an overlap of lone pair orbitals and not mainly due to a Ip(X)—oc*(Y-2)

donor-acceptor interaction.”® These assumptions were further investigated on a theoretical basis.

Table 2. Comparison of bond lengths and NMR data of 1-5. First lines: Experimental values. Second

line: Computed bond distances, with Wiberg bond indices (WBI) of the respective interaction given in

brackets, NMR chemical shifts and spin-spin coupling constants (for J(P,'**Te)) for the compounds 1-5.

Compound d(P---Te) [A] é 3'P NMR 5'%Te NMR J(P,PTe)” J(P,Cipso-ary)
(WBI) [Hz] [Hz]
(WBI)
1 3.131 —20.8 597.4 1306/1084 100
3.097 (0.18) -19.5 614 ~1185
2 3.090 —20.4 580.9 1323/1096 100
3.096 (0.17) —18.8 582 -1176
3 3.108 —21.4 483.9 1349/1119 109
3.088 (0.19) -19.3 450 —1234
4a 3.205 —20.9 372.2 1332/1105 93
3.123 (0.17) ~15.9 307 ~1219 88 (0.06)
4b 3.181 —29.5 410.8 1213/1006 74
3.132 (0.14) 1.8 383 ~1098 74 (0.05)
5 3.094 214 320.9 1357/1127 91
3.101 (0.17) —21.8 252 —1200
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1.4 DFT Calculations

To give a better explanation of the high values of J(P,'*Te), J(P,'""Te) and J(P,Cipso-ary1) and to
investigate the nature of the interaction between the phosphorus and the tellurium atom, suitable DFT
calculations were performed.

Fig. 5 illustrates the superpositions of the natural bonding orbitals (NBO) of MesTe—Acenap—P(‘Pr),
(4a) using the B3PW91/SDD/6-311G* level of theory.** Fig. 5 A shows the Ip(P)—c*(Te—C) donor-
acceptor interaction that causes the conformations of the ligands that might contribute to the P—Te spin-

spin coupling.

@ a

9 Y

A B

Figure 5. Superposition of selected NBOs of 4a (B3PW91/SDD/6-311G* level, isovalue 0.04 au)**
illustrating A. the lp(P)—oc*(TeC) donor-acceptor interaction and B. the overlap of the lone pairs on P

and Te atoms.

The calculated energy of this interaction, according to the second-order pertubation analysis, is about
12 kcal/mol, similar to the Ip(Te)—c*(Te—C) donor-acceptor interaction found in peri-substituted
ditellurides. High values of the Wiberg bond index (WBI)** of compounds 1-5 are of particular interest,
as these are in the range from 0.14 to 0.19. Whereas single bonds usually approach values of 1, the
figures for a significant three-centre four-electron bond (3c—4e) were reported to be around 0.55 (for
1,6-Dibromo-2-phenyl-1,2-diselenaacenaphthylene with d(Se-Se) = 2.516 and 2.542 A).">** However,
weak three-centre four-electron type interactions were discussed for compounds with a WBI of around

0.14 t0 0.19 (e.g. PhTe—Acenap—TePh, radical cations of PhSe—Nap—P(E)Ph, (E=0O, S, Se)).ls’ =

11



The mesomeric Lewis structures that result from this interpretation can be written as [R3;P| Te-C <
R3P"—Te |C ] involving 4 electrons on 3 centres. As a result, the interaction between the phosphorus and
the tellurium atom as well as the carbon atom of the ligand (Cipso-ary1) bonded to the tellurium can be
described as an “onset” three-centre (P, Tel, Cipso-ary1) four-electron type interaction.

The large through-space couplings of J(P,'*Te) of 1332 Hz and through-space and one bond J(P,Cipso-
Ary1) of 93 Hz support the interpretation that significant interaction between the atoms must be present.
However, the Ip(Te)—c*(Te—C) donor-acceptor interaction cannot alone explain the large values of the
spin-spin coupling constants, as the expected values would be much smaller. Additional interaction
must be involved to satisfy spin-spin couplings between the phosphorus and tellurium atom. Fig. 5 B
illustrates the overlap of the lone pairs on the phosphorus and the tellurium atom that might be
responsible for the transfer of spin information between both nuclei and the resulting observation of
large P,Te coupling constants [it is the s-type lone pair on Te (80% s character for the NBO shown in
Fig. 5B) that is key for transmission of the spin-spin coupling, rather than the essentially pure p-type
lone pair orbital]. This expectation is derived from our calculations of the Te-Te coupling pathway of
the ditelluride MeTe—Nap-TePh, where a visualization of this coupling path shows the largest
contribution from regions where such lone pairs would overlap, and smaller contributions from the Te—
C bonds involved in the donor-acceptor interaction.” In the systems 1-5 the donor-acceptor interaction
could lock the system in a conformation, where the overlap of the lone pairs leads to the high couplings
observed. Thus, it is expected that this interaction is just as important, if not more important for the
large coupling constants than the Ip(Te)—c*(Te—C) donor-acceptor interaction. Consistent with this
interpretation, the calculated (Te,P) couplings (ZORA-Spinorbit/BP86 level) are clearly dominated by
the Fermi-contact (and spin-dipolar) terms.

The observed difference of about 20 Hz in the J(P,Cipso-ary1) coupling of 4a and 4b was supported by
the calculated values of the NBO analyses of the different lp(P)—oc*(Te-C) (88 and 74 Hz,

respectively). The WBI of the P+ Ciys0-ary1 Interaction was calculated to be 0.06 for 4a (11.7 kcal/mol)
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and 0.05 (10.4 kcal/mol) for 4b. Consistently the WBI for the Te—Cipso-ary bond is slightly larger in 4b
(0.84; 0.82 for 4a).

A complementary analysis of a set of topological and integrated real-space bonding indicators (RSBI)
derived from the electron and electron pair densities according to the atoms in molecules (AIM)*’ and
electron localizability indicator (ELI-D)38 allows a further insight into the nature of the P---Te peri-
interaction. The topological bond path motifs as well as an isosurface representation of the ELI-D of 4a
and 4b are displayed in Fig. 6 (corresponding data of 1-3 and 5 are shown in the supporting
information). Table 3 presents bond topological properties derived from AIM space partitioning and a
set of ELI-D derived properties of 1-5.

In all compounds 1-5 a P---Te bond critical point (bcp) is found and show the characteristics of mainly
ionic bonded atoms, indicated by small values of the electron density at the bep (0.17 eA™ (4b) to
0.20 eA ™ (3)), a positive but close to zero Laplacian, a positive kinetic energy to p(D)pep ratio and a
negative but close to zero total energy to p(r)up ratio. The relative position of the bep varies marginally

from 50.9% in 4b to 51.4% in 3.

V(Te) VZ(P,Tem L

e Vinf
¢ N
L &g \,w? » r
J ) ?
R° Tt e °
| e 9
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Figure 6. fop. AIM bond paths of 4a (A) and 4b (B). Bond critical points are given as red dots and ring
critical points are shown as yellow dots. All structures are AIM2000 representations. bottom: Isosurface
representation of the localization domains of the ELI-D (Y = 1.40) of 4a (C) and 4b (D), the disynaptic
basin V,(Te,P) in 4a as well as the lone-pair basins (V) of Te and P are colored green. All remaining

ELI-D basins are given in transparent mode for clarity reasons.

Table 3. For all bonds, p(r)yp 1s the electron density at the bond critical point, Vzp(r)bcp is the
corresponding Laplacian, d; is the distance from the atom to the bond critical point, G/p(r)y,, and
H/p(r)uep are the ratios of kinetic and total energy over p(r)ucp. For all basins, V(om)ELI is the basin colume
cut at 0.001 au, N(OODELI is the corresponding electron population in that volume, Yy, is the ELI-D
value at the attractor position, Agy; is the perpendicular distance of the attractor position to the atom-
atom line, and RJI is the Raub-Jansen index (percentile electron population within the AIM atom which

has the larger electronegativity).

P()pep Vzp(r)bcp dyd G/p(r?bcp H /p(rl)bcp N(oo1 )ELI V(o&lfu Y AgLx RJI
- - [ ] max

[eA”] [eA”] [%o] [he ] [he ] [e] [A] [%o]
1 0.19 1.0 51.2 0.46 -0.10 2.06 1245 227 050 975
2 0.19 1.0 50.9 0.46 -0.10 2.07 12.74 230 0.59 98
3 0.20 1.0 51.4 0.46 -0.10 2.06 1233 226 049 97
4a 0.18 1.0 51.0 0.47 —0.09 2.08 1288 230 0.6 98
4b 0.17 1.0 50.4 0.47 -0.08 2.03 1316 235 97.9
5 0.19 1.0 50.9 0.46 -0.10 2.07 1269 230 0.59 98

In general the ELI-D confirms the AIM results. In 4b a monosynaptic V(P) basin is found, which
represents the lone-pair at the phosphorus atom, all other compounds show a disynaptic V,(P,Te) basin,
but the assignment of the disynaptic basins in 1-4a and S can be stated to be in a border regime to a
lone-pair basin as the V,(P,Te)/V(P) basins are located much closer to the phosphorus than to the

tellurium atom, which means that the P---Te peri-interaction is mainly established by the phosphorus

14



(see Fig. 6). As expected the RJ I*° shows values in the range of 97% (3) to 98% (2, 4a, 5), which means
that 97% (in 3) of the electron density of the V,(P,Te) basin remains in the AIM atomic basin of the
phosphorus atom and is consistent with a weakly coordinative to an almost nonbonding scenario. It is
worth noting that the different substituents bound to the tellurium and phosphorus have only small
affects on the V,(P,Te)/V(P) basin electron populations (2.03 e (4b) to 2.08 e (4a)) and volumes
(12.45 A’ (1) to 13-16 A* (4b)).

In contrast to the NBO picture of P and Te atoms lone pairs pointing at each other (Figure 5B) the
ELI-D results more closely resemble the classic Lewis picture of a steric interaction between the P atom
lone pair, which forms a coordinative bond to the positively charged Te core, and two Te atom lone
pairs being part of an almost tetrahedral coordination sphere around the Te atom together with the two
Te—C bonds. The Te atom lone pairs are restrained between the P atom lone pair on the one side and the
protonated monosynaptic valence basins (“H atoms”) of the mesityl-fragment methyl groups on the

other side, which is reflected in the flattening of all three types of basins, see Figure 6C and 6D.

2. Influence of the P-oxidation and complexation of the systems 4a and 4b.
2.1 Synthesis
The oxidation of the derivatives of 4 using elemental sulfur or selenium in refluxing toluene or THF,
respectively, yielded the PV systems 6 and 7 (Scheme 2). Metal complexes were obtained by the facile

reaction of 4a with (COD)PtCl, or AuCI*THT in CH,Cl, at RT (Scheme 2).
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R = PPr (6a); Ph (6b) R = PPr (4a); Ph (4b) R = Pr (7a); Ph (7b)
Cl_Cl ; Br
N - F) \ .
Mes Pt " Mes. /' Mes.  Au/"'
Te P-Pr Te P-Pr Te P-Pr

O (COD)PICI, OO AUCITHT O

8 da 9

Scheme 2. Reactions of peri-substituted P, Te systems.

Compounds 6-7 were obtained in yields of 52 % (7b) to 91 % (6a), but 8 can be isolated almost

quantitatively and 9 as a minor product (16 %) as part of a complicated reaction mixture as observed by

3P NMR spectroscopy.

2.2 Crystallography

Crystals of compounds 6-9 suitable for single crystal X-ray analysis were isolated after

recrystallization from n-hexane (6a, 7a), a mixture of n-hexane and CH,Cl, (6b, 7b) or pure CH,Cl, (8,

9). Illustrations of the structures 6-9 are shown in Figure 7, structural parameters are depicted in Table

4.
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Figure 7. Crystal structures of compounds 6-9 (hydrogen atoms and solvent molecules omitted for

clarity).

Table 4. Selected interatomic distances (A) and angles [°] of the compounds R’ Te—Acenap—PR (R = Pr

(a), Ph (b)), 6-9.

Compound 6a 6b 7a 7b 8 9

X= S S Se Se Pt Au

d(Tel-X) - - - - 2.4801(4) -

d(P-X) 1.9652(8)  1.951(2) 2.1211(7)  2.108(2) [2.107(2)] 2.2430(8)  2.259(5) [2.251(5)]
Peri-region distances and sub-van der Waals contacts

d(Tel:--P) 3.6190(6)  3.554(2) 3.6426(7)  3.573(3) [3.580(3)] 3.5081(7)  3.555(5) [3.548(6)]
% Zryw’ (Tel---P) 94 92 94 93 [93] 91 92 [92]

d(Tel - X) 3.1511(7)  3.183(2) 3.2515(4)  3.419(2) [3.305(2)] - 3.128(2) [3.141(2)]
Peri-region bond angles

Tel-C1-C10 126.2(2) 126.5(2) 126.9(2) 128(2) [125(2)]
Tel-C10-C19 127.1(2) 128.0(3) [127.3(3)]
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C1-C10-C9 130.7(3) 130.4(2) 130.72)  130(2) [130(2)]

C10-C19-C18 130.93) 131.2(4) [131.0(4)]
P-C9-C10 125.8(2) 125.9(2) 128.6(2)  126(2) [125(2)]
P-C18-C19 125.7(2) 126.5(3) [126.1(3)]

S ofbay angles®  382.7(7)  383.7(7)  382.8(6)  386(2) [384(2)] 386.2(6)  384(6) [380(6)]
Splay angle 277 237(7)  22.8(6) 26(2) [24(2)] 26.2(6) 24(6) [20(6)]

Out-of-plane displacement

Tel 0.7099(2)  0.5132(4)  0.7070(2)  0.3415(4) 0.1127(4)  0.485(2) [0.655(2)]
[-0.5493(4)]

P 0.6161(6)  0.350(2)  0.6552(6) —0.153(2)[0.320(2)]  0.0722(7)  0.530(4) [0.675(6)]

X 1.7184(6)  1.640(2)  1.9061(3)  —1.8056(6) 0.6606(4)  1.8908(6)
[1.7713(5)] [1.9160(6)]

Tel-C1-C9-P 30.7(2) 31.6(2) -5.1(2) 24.3(9) [-32(1)]

Tel-C10-C18-P ~19.8(3) ~13.0(4) [19.7(3)]

Central acenaphthene ring torsion angles
C6-C5-C10-C1 171.3(3) 171.2(3) -179.8(2) 178(2) [-176(2)]

C15-C14-C19— ~175.3(4) 179.8(6) [175.0(5)]
C10

C4-C5-C10-C9 174.8(3) 174.6(3) ~178.4(2)  1712) [-172(2)]

C13-C14-C19- ~176.8(4) ~179.0(5) [176.6(6)]
C18

% yan der Waals radii used for calculations: ryaw(P) = 1.80 A; ryaw(Te) = 2.06 A%%; ° Splay angle: T of the three bay region angles —360.
Compounds 6-9 show a transoid out-of-plane displacement.

The oxidation of the phosphorus atoms in 4a and 4b to yield MesTe—Acenap—P(E)(Pr), (E = S (6a);
Se (7a)) and MesTe—Acenap—P(E)Ph, (E = S (6b); Se (7b)) causes the formation of a much more
sterically demanding system when compared to its P derivatives. The P---Te peri-distance in 6a for
example elongates to 3.6190(6) A (cf: 3.205(2) A in 4a) but is still shorter than the sum of the van der
Waals radii (3.86 A).?

The splay angles extend to 22.7(7)° (6a) up to 26(2)° (7b) (cf. 15(1)° in 4a), so that the species 6-7
can be interpreted as stronger repulsive systems when compared to 4a and 4b. Consistently, the out-of-
plane displacement of the tellurium atom increases to higher values (e.g. 0.7099(2) A (6a), 0.5132(4) A
(6b), cf. 0.2390(4) A for 4a, 0.0805(3) A for 4b) and for the phosphorus atom to smaller values
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(0.6161(6) A for 6a, 0.350(2) A for 6b; cf 0.130(2) A for 4a, 0.1130(9) A for 4b), which causes the
Tel-C1-C9-P9 torsion angle to increase as well (30.7(2)° for 6a, —7.6(3)° for 4a). The central
acenaphthene ring torsion angles decrease (in 6a to 171.3(3)° and 174.8(3)°), which then deviate more
significantly from the ideal 180° angle when compared to the starting material 4 (e.g. —176.8(4)° and
—177.6(4)° for 4a). The Te---S distance in 6a (3.1511(7) A) and 6b (3.183(2) A) are significantly smaller
than the sum of van der Waals radii of tellurium and sulfur (3.86 A).** As a result an orbital interaction
between these atoms can be expected similar to the one discussed for the P,Te interaction in 1-5. The
sulfur in 6a and 6b is bonded over a P=S double bond (1.9652(8) A (6a); 1.9514(15) A (6b)) and
deviates 1.7184(6) A (6a) or 1.640(2) A (6b) from the mean plane of the acenaphthene backbone.

The selenium derivatives (7a and 7b) are mainly isostructural with their sulfur derivatives 6a and 6b,
including similar values describing the out-of-plane displacement as well as the central acenaphthene
ring torsion angles (cf. Table 4). In 7 the Se---Te distance of 3.2515(4) A (7a) and 3.419(2)/3.305(2) A
(7b) are significantly smaller than the sum of the van der Waals radii of a tellurium and a selenium atom
(3.96 A). As proposed for 6 this could result in a significant interaction of the two atoms as discussed in
the NMR and Calculations section.

[MesTe—Acenap—P(‘Pr),][1-PtCl,] (8) exhibits a bridging Pt atom that connects the peri-substituted
phosphorus and tellurium atoms that are bonded to the acenaphthene ring. The ligands at the platinum
atom adopt a distorted planar environment. The P---Te peri-distance of 3.5081(7) A (cf: 3.205(2) A for
4a) is shorter than the sum of the van der Waals radii (3.86 A),** as observed for all aforementioned
examples (1-7).

The splay angle of 26.2(6)° in 8 is slightly enhanced, when compared to those of the sulfur (6a,
22.7(7)°) and selenium (7a, 22.8(6)°) derivatives, suggesting a more repulsive system. In contrast, the
out-of-plane displacement is minor, with the tellurium atom deviating 0.1127(4) A and the phosphorus

atom 0.0722(7) A from the mean plane of the acenaphthene backbone. The distance of the Pt atom to
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the mean plane is 0.6606(4) A. The central acenaphthene torsion angles of 8 are both close to 180° (cf.
—179.8(2)° and —178.4(2)°), which suggests a rather relaxed geometry of the acenaphthene backbone.
Two independent molecules of [MesTe—Acenap—P('Pr),][AuBr] (9) were found within the crystal
structure exhibiting different positions for the Mes ligand and the AuBr moiety. In contrast to the
platinum complex 8 the gold atom in 9 is coordinated to the phosphorus atom only. However, the P—
Au-Br angles are 173.6(2)° (Br1-Au9-P9) and 171.2(2)° (Br31-Au39-P39), respectively, where the
Au atom is bent towards the Te atom indicating an interaction through space. The observed Au---Te
distance is 3.128(2) A [3.141(2) A for the second molecule], whereas Au—Te bonds are reported with
bond lengths of about 2.6 A (e.g. 2.6149(8)-2.6446(9) A in the Au(l11) complex
[{Ph,PNP(Te)Ph,}Au(u-Te)],* and 2.616(7)-2.639(1) in the Au(l) complex Au(PPhs)[N(Pr.PTe),]*),
The interaction in 9 is indicative of a fractional (partial) Au...Te bond (cf. the notable WBI of 0.16
between both atoms, Table 5).

The peri-distances between the phosphorus and tellurium atoms are 3.555(5) A and 3.548(6) A,
respectively, which is about 92 % of the sum of van der Waals radii (¢/. 3.86 A).?* The central
acenaphthene torsion angles of 178(2)° [-176(2)°] and 171(2)° [-172(2)°] indicate a constrained system
towards the phosphorus atom. The tellurium atom deviates 0.485(2) A [0.655(2) A] and the phosphorus
atom 0.530(4) A [0.675(6) A] from the mean plane of the acenaphthene. The distance of the Au atom

from this plane is 1.8908(6) A [1.9160(6) A for the second molecule].

2.3 NMR spectroscopy

The NMR parameters of the compounds 6-9 as well as the calculated values are summarized in Table
5. As expected the oxidation of the phosphorus atoms in 4 to give 6-7 has a significant influence on the
P, Te through-space spin-spin coupling, as the lone pair at the phosphorus atom is no longer available for
the transfer of spin information. This was also observed in the peri-substituted phosphorus-selenium

systems Phy(E)P—Nap—SePh (E = O, S, Se)).">
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The *'P NMR spectrum of MesTe—Acenap—P(S)(‘Pr), (6a) depicts a single resonance at 62.2 ppm (cf.
46.5 ppm for 6b) with no visible P-Te couplings for both sulfur compounds. The oxidation of the P™
centre to the PV species causes a decrease in the shielding and a subsequent downfield shift when
compared to 4a or 4b (—20.9 ppm, —29.5 ppm). However, calculations suggest a small P-Te coupling of
15 Hz for 6a, which could be hidden under the phosphorus resonance in the experimental spectrum. The
coupling could either be a result of a *J(P,Te) or more likely from partial through-space coupling
(P=S---Te). The '>Te NMR spectrum of 6a exhibits a broad singlet at 447.0 ppm, the one of 6b a singlet
at 488.1 ppm.

The *'P NMR of MesTe—Acenap—P(Se)(‘Pr), (7a) exhibits a singlet at 55.6 ppm and that of the
MesTe—Acenap—P(Se)Ph; (7b) a singlet at 35.0 ppm. These signals are accompanied by 125Te satellites
that reveal small P-Te couplings of 13 Hz (7a) and 21 Hz (7b), respectively as well as "Se satellites,
which show a 'J(P,Se) of 695 Hz (7a) and 697 Hz (7b). The "’Se NMR spectrum features a doublet at
—353.7 ppm (7a, —177.8 ppm for 7b), whereas the '>Te NMR consists of a doublet at 448.5 ppm (7a) or
at 492.8 ppm (7b). The resonances are accompanied by 7Se satellites revealing a J('**Te,”’Se) of
684 Hz (7a) and 566 Hz (7b). The calculated value of =510 Hz (7a, —411 Hz for 7b) for this interaction
is slightly smaller. Such a large coupling constant can be explained by the interaction of two non-
bonding orbitals of the two chalcogen atoms that transfer the spin information through space (cf-
Phy(Se)P-Nap-SePh).'> * Furthermore, the J(Te,Se) coupling in 7 is much smaller in magnitude than
the J(Te,P) in 1-5, which is largely due to the gyromagnetic ratios - in terms of reduced coupling
constants, both would be much more similar as the K(Te,Se) is ca. 10% smaller than the K(Te,P).

The *'P NMR spectrum of [MesTe—Acenap—P(‘Pr),][-PtCl,] (8) consists of a singlet at 14.5 ppm
accompanied by '*°Pt satellites revealing a 'J(P,'”°Pt) of 3482 Hz. The '*Te NMR spectrum exhibits a
doublet at 472.9 ppm (J(P,'*Te) = 17 Hz) with a 'J('**Te,Pt) value of 695 Hz. Furthermore, a doublet at
—4412 ppm is observed in the Pt NMR spectrum confirming the 'J(P,'”°Pt) observed in the >'P NMR

spectrum.
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The *'P NMR spectrum of [MesTe—Acenap—P('Pr),][AuBr] (9) exhibits a single resonance at
46.8 ppm. The singlet is accompanied by B5Te satellites revealing a J(P,Te) value of 292 Hz. This
coupling constant might be too large to be a result of a spin transfer through bonds. Similar to the
aforementioned [X,;M][Fc(PPh,)s/Bus,] species32’ 2 the overlap of a lone pair orbital at the tellurium
atom with an electron pair shared by the phosphorus and gold atom may cause the transfer of spin
information. The 'Te NMR consists of a doublet at 470.1 ppm, which confirms the J(P,Te) value

observed in the phosphorus NMR spectrum.

Table 5. Comparison of bond lengths and NMR data of 6-9. First line: Experimental values. Second and
third line: Computed bond distances, with Wiberg bond indices (WBI) of the respective interaction

given in brackets, and NMR chemical shifts and spin-spin coupling constants for the compounds 6-9.

Compound  d(P--Te)[A]  S'PNMR  &'Te J(P,""Te) & [ppm] (J(PX)) J [Hz]
d(P---Te) [A] [ppm] NMR [ppm] [Hz] [Hz]
(WBI) d(Te---X)
[A] (WBI)
6a 3.619 62.2 447.0 - - -
3.640 (0.02) 63.2 405 15
3.201 (0.10)
6b 3.561 (0.03) 46.5 488.1 -
3.243 (0.09) 46.9 459 -1
7a 3.643 55.6 448.5 13 7Se =-353.7(695)  Te-Se = 684
3.663 (0.03) 62.3 399 13 7Se =-286 Te-Se=—-510
3.286 (0.11)
7b 3.580 (0.03) 35.0 492.8 21 7Se=—-177.8 (697)  Te-Se =566
3.332(0.10) 33.3 468 -12 7Se =-106 Te-Se =—411
8 3.508 14.5 472.9 17 1%pt =—4412 Te-Pt =695
3.561 (0.06) 7.9 471 -1 199pt = —1874% Te-Pt=1578
2.543 (0.75)
9 3.555 46.8 470.1 292
3.552 (0.04) 32.1 379 -221
3.203 (0.16)
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2.4 DFT Calculations

The systems 6-9 have also been investigated by suitable DFT calculations. In contrast to compounds
1-5, the P-Te WBI values of 0.02 to 0.06 found in compounds 6 to 9 indicate a very minor interaction
between the non-bonded P and Te atoms in these compounds. Apart from compound 9, this is in
agreement with the very small coupling constants found in these systems (Table 5).

Compared to the Te---P interaction in 1-5, the Te:--Se interaction in 7a and 7b seems to be slightly
weaker, as the WBI is only 0.11 and 0.10, respectively. The NBO analysis localizes three lone pairs on
the Se atoms (corresponding to the polar R3P"—Se™ formulation, where one of them is involved in a
donor-acceptor interaction with the o™*(Te—Cipso-ary1) bond (7.6 kcal/mol for 7a in the second-order
perturbation analysis). The NMR analyses of 7a and 7b show large Te—Se coupling constants of 684 Hz
and 566 Hz, respectively, which support the assumption of an orbital interaction between the Te and Se
atoms. Similar interactions were calculated for the compounds 6a and 6b, where a weak Te--S
interaction is involved (WBIs of 0.10 and 0.09). As sulfur is not NMR active these are not observable
experimentally.

The Au---Te interaction in 9 seems quite notable with a WBI of 0.16 (compared to 0.72 and 0.63 for Au-
Br and Au-P, resp.). The NBO analysis finds localized Au-Br and Au-P bonds and five lone pairs on Au
(the d-orbitals). However, the back donation from these d-orbitals into the c*(Te—C) orbital (similar to
the donor-acceptor interactions discussed above) seems very weak (3 kcal/mol). The (Te,P) coupling of
292 Hz (calculated to be —221 Hz) in 9 is quite large, considering that it would be transferred over a full
(Au—P) and a more partial bond (Au---Te). Although in the NBO analysis of compound 9 a localised
Au-P bond is found, the latter is heavily polarised toward P (80% P character, essentially pure sp*on
P), thus retaining much "lone pair” character. In contrast, the P-X bond in the P=X compounds (X =S,
Se) is more evenly shared between P and X, thus it has a much smaller overall contribution from P, ca.

50% (only one P-X bond is labelled as such, the other is localised as additional lone pair on X).
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Together with the slightly shorter Te...P distance in the Au complex (3.55 A vs. > 3.6 A in 6-7, Table
5), this can rationalise the sizeable coupling observed in 9 (see Figure S4 in the ESI for a visualisation
of this different extent of overlap).In the calculation the Te,P coupling is significantly larger than the
Te,P couplings in the P=S or P=Se systems 6 and 7, even if the WBI of the Te,P interaction in 9 was
calculated to be 0.04 and thus as small as for systems 6-7. This prompted us to expect that other
interactions between the Te and Au atoms are involved that help transmit that coupling. An explanation
could be found by Hierso et al., who showed that also only one lone pair orbital, which interacts with a
bonding orbital, can transfer nuclear spin information through-space.** The possible pathway of the spin
information transfer in 9 would thus be through a lone pair orbital of the Te atom to the bonding Au-P
orbital. This could explain the high Te,P coupling constant.

The topological bond path motifs of 6a and 6b as well as an isosurface representation of the ELI-D
are displayed in Figure 7 (corresponding topological bond paths motifs of 7-9 are shown in the
supporting information). Table 6 presents bond topological properties derived from AIM space
partitioning and a set of ELI-D derived properties of 6-9.

As expected no P---Te bcp were found in compounds 6-9, instead X:--Te bcep were detected. In case of
the sulfur (6a, 6b), selenium (7a, 7b) and gold (9) compounds small electron densities at the bcp
(0.14 eA™ (6b, 7b) to 0.16 eA (9)), a positive but close to zero Laplacian, a positive G/p(r)pep ratio and
a negative but close to zero H/p(r)y, ratio was found and indicate a mainly ionic X--Te bonding
situation. In comparison the Pt--Te interaction in 8 shows a higher electron density at the bep of 0.61 e

and a H/p(r)uep ratio of —0.40 he ' indicating a polar covalent bonding situation.
P )bep
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.(Te)

Figure 7. fop: AIM bond paths of 6b (A) and 6a (B). Bond critical points are given as red dots and ring
critical points are shown as yellow dots. All structures are AIM2000 representations. bottom. Isosurface
representation of the localization domains of the ELI-D (Y = 1.40) of 6a (C) and 6b (D), the lone-pair
basins (V) of Te and S are colored green. All remaining ELI-D basins are given in transparent mode for

clarity reasons.

Table 6. For all bonds, p(r), is the electron density at the bond critical point, Vzp(r)bcp is the
corresponding Laplacian, d; is the distance from the atom to the bond critical point, G/p(r)ye, and

H/p(r)yep are the ratios of kinetic and total energy over p(r)ucp.

R
6a S-Te 0.15 1.0 50.5 0.53 —0.04
6b S-Te 0.14 1.0 50.6 0.52 —0.03
7a Se-Te 0.15 0.9 51.4 0.49 —0.04
7b Se-Te 0.14 0.9 51.4 0.49 —0.03
8 Pt-Te 0.61 1.5 51.1 0.57 —0.40
9 Au-Te 0.16 1.2 50.4 0.57 —0.06

Conclusions
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Peri-substituted phosphorus-tellurium systems R’Te—Acenap—PR, (R’ = Ph, p-An, Nap, Mes, Tip; R
= 'Pr, Ph) are readily available by the addition of organotellurium monohalides to lithiated R,P—
Acenap-Li systems. The resulting species exhibit large “through-space” spin-spin coupling constants
and interactions that can be described as the “onset” of three-centre four-electron type interactions.
Oxidation of the phosphorus atoms by sulfur and selenium resulted in a disappearance of the strong P—
Te coupling as lone pair orbitals are no longer available for the interaction with those of the tellurium
atom. Complexation resulted in a similar observation in the case of platinum, whereas a gold complex
was shown to exhibit relatively large P—Te couplings that are presumably a result of an overlap of a
tellurium lone pair orbital with a P—Au bonding orbital.

Figure 8 illustrates the three different pathways of the transfer of spin information through space that
were discussed in this work.

Br

\
T N
- P—-R Mes — -'Pr

AQQEC)ER Mes
el coRNce

4 7 9

Figure 8. Proposed orbital interactions in the compounds 4, 7 and 9 causing the transfer of spin

information through space.

Additionally to the overlapping lone-pair orbitals a certain contribution of donor-acceptor interactions
might be responsible for the observed coupling constants, whereas the through-bond coupling is

expected to contribute to a very minor degree.
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Supporting Information (ESI) available: Experimental and crystallographic data of the new
compounds as well as computational details are deposited in pdf form. This material is available

free of charge via the Internet at http://pubs.acs.org.
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SYNOPSIS TOC. A series of peri-substituted phosphorus-tellurium systems R’Te—Acenap—PR; (R’ =
Ph, p-An, Nap, Mes, Tip; R = 'Pr, Ph) exhibiting large through-space spin-spin coupling constants and
three-centre four-electron type interactions are presented. The influence of the ligand systems at the

phosphorus and tellurium atoms as well as their behavior upon oxidation or metal-coordination is

discussed.
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