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1-Methyl-3,5-bis(2,4,6-tri-tert-butylphenyl)-1H-[1,2,4]triphosphole (6) and 1-benzyl-3,5-bis(2,4,6-tri-
tert-butylphenyl)-1H-[1,2,4]triphosphole (7) were synthesized and isolated with among the most planar
and least sterically hindered o°,A*-phosphorus atoms, which are an indication of the aromaticity of this
heterocycle. The sums of the bond angles at the ¢°,4°-phosphorus atoms in 6 and 7 are close to 360°.
0°,2>-Phosphorus atoms in 6 and 7 have substantial deshielded chemical shifts at 151.86 and 161.71
ppm in the *'P NMR spectra. The parental trimethylphosphine and tribenzylphosphine with pyramidal
phosphorus atoms have chemicals shifts at —62.0 and —10.4 ppm. There are large P—P coupling constants:
! Jop = 549.7 Hz for 6 and 553.3 Hz for 7. This is further evidence of a significant delocalization of the
electron density in these polyphosphorus heterocycles. Compound 7 reacts with sulfur to afford 3-benzyl-
2,4-bis(2,4,6-tri-tert-butylphenyl)-6,7-dithia-1,31°,5-triphosphabicyclo[3.1.1]hepta-2,3-diene 1,5-disulfide
(8), which is the first example of a C,P3S4 folded heterocycle. The formation of 8 involves an unusual
1,3-benzyl shift with oxidation of all A*-phosphorus atoms to A>-phosphorus atoms.

Introduction

The majority of known tervalent tricoordinated phosphorus
compounds are pyramidal. In these compounds, the phosphorus
lone pair of electrons has a large “s” character and is unable to
participate in conjugation with 7z-systems.' The introduction of
sterically hindered groups at the ¢°,A*-phosphorus was shown
to increase the degree of planarity of the phosphorus atom
incorporated in ring systems with two-coordinated phosphorus
atoms, e.g., in 1,2,4-triphospholes 1 and 2 and 1,2-diphosphole
3 (Scheme 1).? However, these sterically hindered groups have
to be among the largest ones available for synthetic chemists
to make a substantial effect. Ionic cesium 3,5-bis(2,4,6-tri-tert-
butylphenyl)-4H-[1,2,4]triphospholide (4), with a planar ring,
was described recently with two supermesityl groups at positions
3 and 5.7 The repulsive interactions of two supermesityl groups
in the 3 and 5 positions of the ring contribute to the planarity
of 4, along with other factors, such as the delocalization of

" This is DuPont contribution #8849.
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Scheme 1. Planarity of the o¢°,A*>-Phosphorus Atoms in

Selected Phospholes (1—3) Calculated by the Sum of Bond

Angles at That Phosphorus and the Structure of Ionic
Triphospholide (4)“
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«Mes* is a supermesityl group (2,4,6-tri-tert-butylphenyl).

negative charge in the aromatic system.* Keeping two super-
mesityl groups in the 3 and 5 positions of the ring can be a
useful synthetic tool for flattening the pyramidal o°A°-
phosphorus atom, moving from anionic to the neutral system.
In this heterocycle the decreased pyramidality can be expected
even with sterically less hindered groups at the °,4*-phosphorus
atom than in phosphole derivatives 1—3. Neutral planar phos-
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Scheme 2. Planarity of the o¢°,A>-Phosphorus Atoms in
Triphospholes (5—7) Calculated by the Sum of Bond Angles
at That Phosphorus
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pholes are expected to be highly aromatic, and therefore the
chemical reactivity, spectral, and geometrical properties should
be different from nonplanar phospholes.*

Results and Discussion

Synthesis of neutral derivatives S—7 from anionic 4 is shown
in Scheme 2. The products were purified by the chromatography
on silica gel and additionally by sublimation for 6 and 7. The
sum of bond angles method is used to evaluate the planarity of
the three structures. Any heterocycle by definition is comprised
of differently sized atoms and cannot be perfectly flat, per se.
The accepted practice to evaluate the planarity of such hetero-
cycles is to measure the sum of bond angles of the particular
heteroatom in question. In the case of the triphospholes 5—7,
this will be the sum of bond angles at the ¢°,A4*-phosphorus
atom, and higher numbers (close to 360°) will correspond to
greater phosphorus planarity.>* The hydrogen derivative 5,
which is the first stable P—H triphosphole, shows pyramidal
geometry, with a sum of bond angles of 318.5° (Figure 1,
Scheme 2, and Table 1). This is likely because the hydrogen at
position 1 is not bulky enough to prevent one supermesityl group
from rotating away from the second supermesityl group.

Figure 1. ORTEP drawing of 3,5-bis(2,4,6-tri-tert-butylphenyl)-
1H-[1,2,4]triphosphole (5). No hydrogen bonds were detected.
Thermal ellipsoids are drawn at the 50% probability level.
Disordered tert-butyl groups are omitted for clarity.
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Table 1. Selected Bond Lengths and Sum of the Angles at the o°,43-
Phosphorus Atom for 3,5-Bis(2,4,6-tri-fert-butylphenyl)-
1H-[1,2,4]triphospholes 5, 6, and 7 (A and deg)

2 3R
/

PR
Mes*—C__,C—Mes*
2 Py
1

sum of the
angles at the
0°,2>-phosphorus
pPI1-Cl1 P1-C2 P3—-Cl P2-P3 P2-C2 atom (P3)

5 1.703(4) 1.790(4) 1.775(4) 2.1188(14) 1.719(4) 318.5
6 1.749(8) 1.751(8) 1.690(8) 2.042(2)  1.744(8) 358.7
7 1.709(9) 1.737(10) 1.718(9) 2.026(4)  1.729(10) Close to 360.0°

Replacement of this hydrogen by a methyl group in 6, or a
benzyl group in 7, makes the triphosphole rings more planar
(Figures 2 and 3). The crystal structure refinements for
compounds 6 and 7 were plagued by disorder, with the
heterocyclic ring flipping 180° along with the methyl group of
compound 6 and benzyl group of compound 7. terz-Butyl groups
also showed typical rotational disorder. Compound 7 refines in
space group Cmca, and the heterocyclic ring has been con-
strained to sit on a crystallographic mirror plane, causing the
sum of the angles to be artificially 360°. An examination of the
thermal ellipsoids shows the ring is slightly disordered above
and below the mirror plane, meaning the planarity is less than
perfect. So far, it has been necessary to place a bulky substituent
such as a bis(trimethylsilyl)methyl group at the ¢°,4*-phosphorus
atom of the triphosphole to achieve a planar system (sum of
bond angles = 358.7°).*! 6 and 7 have tricoordinate tervalent
phosphorus atoms, which are among the closest to planarity
known for such heterocycles.

Figure 2. ORTEP drawing of 1-methyl-3,5-bis(2,4,6-tri-tert-bu-
tylphenyl)-1H-[1,2,4]triphosphole (6). Thermal ellipsoids are drawn
at the 50% probability level. Disordered tert-butyl groups and
methyl and heterocyclic ring atoms are omitted for clarity.
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Figure 3. ORTEP drawing of 1-benzyl-3,5-bis(2,4,6-tri-tert-bu-
tylphenyl)-1H-[1,2,4]triphosphole (7). Thermal ellipsoids are drawn
at the 50% probability level. Disordered tert-butyl groups and
methyl and heterocyclic ring atoms are omitted for clarity.
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Table 2. 3P NMR Spectra of
3,5-Bis(2,4,6-tri-tert-butylphenyl)-1H-[1,2,4]triphospholes 5—7

O P4 (ppm) O P2 (ppm) O Pl (ppm)  'Jep (Hz) “Jpp (Hz)
5 310.22 (s) 299.20 (d) 76.40 (dd)* 405.9 N/A
6 282.73 (d) 199.08 (dd) 151.86 (d) 549.7 38.8
7 281.90 (d) 197.20 (dd) 161.71 (d) 553.3 38.0

* Sample was run at — 80 °C, 'Jpy = 128.2 Hz.}

As seen from Table 1, there is an averaging of C=P and
C—P bond lengths in these triphosphole systems, indicating
electron delocalization. The P—P distances (2.042 A for 6 and
2.026(4) A for 7) are closer to the value of Yoshifuji’s original
diphosphene, with a P=P double bond of 2.034(2) A, than for
a P—P single bond (2.22 A).lc The structures are disordered,
and this is why we are not comparing in more detail the
structural features.

The 3'P NMR spectra of §, 6, and 7 contain very similar
chemical shifts for the tri- and dicoordinated phosphorus atoms,
suggesting a delocalization of electron density in these 1H-
[1,2,4]triphosphole rings. Tricoordinated phosphorus atoms in
6 and 7 with methyl and benzyl groups have chemical shifts at
151.86 and 161.71 ppm (Table 2). Those are substantially
deshielded resonances from the chemical shifts of parental
trimethylphosphine (—62.0 ppm) and tribenzyl phosphine
(—10.4 ppm) with pyramidal phosphorus atoms (for example,
the sum of bond angles at the ¢°,A*-phosphorus atom for
trimethylphosphine is 297.3°, and 296.4° for tribenzylphos-
phine).” Dicoordinated phosphorus atoms in 6 and 7 have
chemicals shifts that range from 310.22 to 197.20 ppm and are
typical of dicoordinated phosphorus atoms in a triphosphole
environment. The direct phosphorus—phosphorus coupling
constants in 5, 6, and 7 are rather large (from 405.9 Hz for 5 to
553.3 Hz for 7), which is a further indication of the delocal-
ization of electron density in this triphosphole system.*® There
is a vicinal coupling between two dicoordinated phosphorus
atoms in 6 and 7 with normal values of 38.8 and 38.0 Hz.

The room-temperature 3'p NMR spectrum of 3,5-bis(2,4,6-
tri-tert-butylphenyl)-1H-[1,2,4]triphosphole (5) shows only one
broad peak at 314.21 ppm. A series of successive [1,5]-
sigmatropic hydrogen shifts between P1 and P2 is occurring so
quickly that only the P4 is manifested in the *'P NMR spectrum.
Slowing down the exchange by cooling to —80 °C produces
the expected spectrum for 5 containing three chemical shifts: a
singlet at 310.22 ppm (P4), a doublet at 299.20 ppm ('Jpp =
405.9 Hz) (P2), and a doublet at 76.40 ppm (P1) with the same
coupling constant. Details are shown in our previous com-
munication.?

The carbon atoms for the five-membered ring of 6 have the
typical '*C NMR downfield signals for carbon—phosphorus
double bonds at 185.24 ppm as a triplet of doublets with average
(P4 and P2) 'Jpc= 70.0 Hz and %Jpc = 27.6 Hz and at 171.83
ppm as a doublet of triplets with average (P4 and P1) 'Jpc=
69.2 Hz and *Jpc = 10.4 Hz.

Planar triphospholes are not expected to be chemically inert.
The destruction of the aromatic system of such triphospholes
in any chemical reaction can be compensated by the energeti-
cally favorable pyramidalization of the tricoordinated phospho-
rus or an oxidation reaction of the phosphorus lone pair of
electrons.”™* In order to test the reactivity of planar 1H-
[1,2,4]triphosphole (7), the reaction with elemental sulfur was
undertaken. No reaction was observed at room temperature,

(5) (a) Tong, J.; Liu, S.; Zhang, S.; Li, S. Z. Spectrochim. Acta, Part A
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1155.

lonkin et al.

Scheme 3. Reaction of 1-Benzyl-3,5-bis(2,4,6-tri-tert-butylphenyl)-
1H-[1,2,4]triphosphole (7) with Elemental Sulfur
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pointing to the relative stability of 7 toward oxidation. However,
heating of 7 with elemental sulfur in toluene resulted in the
oxidative expansion of the five-membered ring across of the
P—P bond and, second, an oxidative 1,3-shift of the benzyl
group affording 8 (Scheme 3). The cleavage of the P—P bond
was expected since the reaction of triphosphole 1 with elemental
sulfur was known to result in oxidative cleavage of this bond.®
However, the 1,3-shift of the benzyl group was unexpected: no
1,3-shift of a bis(trimethylsilyl)methyl group was reported in
the reaction of sulfur with 1.° The benzyl group has more
propensity to migrate than the bis(trimethylsilyl)methyl group.
For example, a 1,3-shift of the benzyl group in the Claisen
rearrangement is probably the most prominent case by far in
organic chemistry.” There are a few cases of 1,3-shifts of benzyl
groups in organophosphorus chemistry.® Notably, the reaction
in Scheme 3 represents the first example of a 1,3-shift of a
benzyl group in triphospholes. Moreover, compound 8 is the
first example of a C,P3S4 folded heterocycle. The folded six-
membered rings with two phosphorus atoms, not with three
phosphorus atoms, have been described.’

The *'P NMR spectrum of 8 consists of a triplet at 140.83
ppm with 2Jpp = 58.9 Hz, which is characteristic for tricoor-
dinate five-valent phosphorus atoms, and a doublet at 28.25 ppm
with the same coupling constant for the P,S4 moiety of the ring.’
The chemical shift of tricoordinate five-valent phosphorus atoms
of 8 is within the range of chemical shifts (84.7 to 204.5 ppm)
of bis(methylene)phosphoranes stabilized by four trimethylsilyl
groups.'® The mass spectrum of 8 is also consistent with the
structure showing the expected MH™" ion at 827.32, correspond-
ing to C45HecP3S4. The structure of 8 was proven by X-ray
analysis. However, due to low resolution, the structure serves
only to establish the connectivity for this study.

In conclusion we present here a synthesis of neutral 1H-
[1,2.4]triphospholes 6 and 7 with 6°,A*-phosphorus atoms, which
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are among the phosphorus atoms with the least deviations from
planarity known for such heterocycles. It is likely that the
repulsive interactions of two supermesityl groups in the 3 and
5 positions of the ring contribute to the planarity of 6 and 7 to
some degree. Novel phosphorus—sulfur heterocycle 8, with more
heteroatoms than carbons in the ring, was synthesized and
characterized by X-ray crystallography. The use of 6 and 7 in
homogeneous catalysis will be further investigated and reported
in due time.

Experimental Section

All air-sensitive compounds were prepared and handled under a
Ny/Ar atmosphere using standard Schlenk and inert-atmosphere box
techniques. Anhydrous solvents were used in the reactions. Solvents
were distilled from drying agents or passed through columns under
an argon or nitrogen atmosphere. Dioxane, iodomethane, benzyl
chloride, methanol, and THF were purchased from Aldrich. Melting
points are uncorrected. The mass spectra were collected on an
Orbitrap mass spectrometer (ThermoFisher Scientific Breman,
Germany). All NMR experiments were run on a Bruker 500 Avance
DRX spectrometer.

3,5-Bis(2,4,6-tri-tert-butylphenyl)-1H-[1,2,4]triphosphole (5).
A 0.50 g (0.457 mmol) sample of the cesium salt of 3,5-bis(2,4,6-
tri-tert-butylphenyl)-4 H-[1,2,4]triphosphole (4)* and 0.01 mL of
water in 20 mL of dioxane were stirred for 5 min at ambient
temperature. The reaction mixture was purified by chromatography
on silica gel, starting with hexane as eluent and increasing the
polarity of the eluent to 20% ethyl ether and 80% hexane. The
yield of 3,5-bis(2,4,6-tri-tert-butylphenyl)-1H-[1,2,4]triphosphole
(5) was 0.23 g (81%) as orange crystals with a mp of 240 °C (dec).
'H NMR (500 MHz, toluene-dg, TMS): 6 1.30 (s, 18H, Me), 1.42
(s, 36H, Me), 6.90 (d, >Jpy = 1.0 Hz, 2H, Ar—H), 7.10 (d, >Jpy =
1.0 Hz, 2H, Ar—H). *'P NMR (500 MHz, toluene-ds, 30 °C): 6
314.21 (br). *'P NMR (500 MHz, toluene-ds, —81 °C): 6 310.22
(s, 1P), 299.20 (d, "Jpp = 405.9 Hz, 1P), 76.40 (dd, "Jpp = 405.9
Hz, 'Jpy = 128.2 Hz, 1P). 3,5-Bis-(2,4,6-tri-tert-butylphenyl)-1H-
[1,2.4]triphosphole (5) was identified by mass spectrometry (ASAP
method), which gave an MH" ion at 608.38, corresponding to
CsgHsoP3. The structure was determined by X-ray analysis.

1-Methyl-3,5-bis(2,4,6-tri-tert-butylphenyl)-1H-[1,2,4]triphos-
phole (6). A 0.60 g (0.549 mmol) sample of the cesium salt of
3,5-bis(2,4,6-tri-tert-butylphenyl)-4H-[1,2,4]triphosphole (4) and
0.16 g (1.13 mmol) of iodomethane in 20 mL of dioxane were
stirred for 12 h at ambient temperature. The reaction mixture was
purified by chromatography on silica gel, starting with hexane as
eluent and increasing the polarity of the eluent to 20% ethyl ether
and 80% hexane. The yield of 1-methyl-3,5-bis(2,4,6-tri-tert-
butylphenyl)-1H-[1,2,4]triphosphole (6) was 0.26 g (75%) as golden
crystals with a mp of 215—216 °C. "H NMR (500 MHz, CD,Cl,,
TMS): 6 1.42 (s, 18H, Me), 1.44 (s, 18H, Me), 1.49 (s, 9H, Me),
1.50 (s, 9H, Me), 2.23 (dd, *Jpy = 13.0 Hz, *Jpy = 3.6 Hz, 3H,
P—Me), 7.80 (br, 4H, Ar—H). *'P NMR (500 MHz, C¢Dy): 0
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282.73 (d, *Jpp = 38.8 Hz, 1P), 199.08 (dd, 'Jpp = 549.7 Hz, *Jpp
= 38.8 Hz, 1P), 151.86 (d, 'Jpp = 549.7 Hz, 1P). The structure
was determined by X-ray analysis.

1-Benzyl-3,5-bis(2,4,6-tri-tert-butylphenyl)-1H-[1,2,4]triphos-
phole (7). A 0.40 g (0.366 mmol) sample of the cesium salt of
3,5-bis(2,4,6-tri-tert-butylphenyl)-4H-[1,2,4]triphosphole (4) and
0.093 g (0.731 mmol) of benzyl chloride in 20 mL of dioxane were
stirred for 12 h at ambient temperature. The reaction mixture was
purified by chromatography on silica gel, starting with hexane as
eluent and increasing the polarity of the eluent to 20% ethyl ether
and 80% hexane. The yield of 1-benzyl-3,5-bis(2,4,6-tri-tert-
butylphenyl)-1H-[1,2,4]triphosphole (7) was 0.16 g (63%) as golden
crystals with a mp of 252—253 °C. "H NMR (500 MHz, C¢Ds,
TMS): 0 1.10 (s, 9H, Me), 1.19 (s, 9H, Me), 1.22 (s, 9H, Me),
1.24 (s, 9H, Me), 1.33 (s, 9H, Me), 1.38 (s, 9H, Me), 3.28 (dd,
2Jpu = 13.7 Hz,>Jpy = 3.0 Hz, 2H, CH,—Ph), 6.48 (br, 1H, Ph),
6.70 (br, 2H, Ph), 6.81 (br, 2H, Ph), 7.30 (br, 2H, Ar—H), 7.53 (s,
1H, Ar—H), 7.59 (s, I1H, Ar—H). *'P NMR (500 MHz, C¢Dy): &
281.90 (d, 2Jpp = 38.0 Hz, 1P), 197.20 (dd, 'Jpp = 553.3 Hz, *Jpp
= 38.0 Hz, 1P), 161.71 (d, "Jpp = 553.3 Hz, 1P). The structure
was determined by X-ray analysis. 1-Benzyl-3,5-bis(2,4,6-tri-tert-
butylphenyl)-1H-[1,2,4]triphosphole (7) was identified by mass
spectrometry (ASAP method), which gave an M™ ion at 698.43,
corresponding to CssHesPs.

3-Benzyl-2,4-bis(2,4,6-tri-tert-butylphenyl)-6,7-dithia-1,315,5-
triphospha-bicyclo[3.1.1]hepta-2,3-diene 1,5-Disulfide (8). A
0.05 g (0.0715 mmol) sample of 1-benzyl-3,5-bis(2,4,6-tri-tert-
butylphenyl)-1H-[1,2,4]triphosphole (4) and 0.00916 g (0.286
mmol) of elemental sulfur in 5 mL of toluene were refluxed for 30
min. Upon cooling the reaction mixture to rt, orange crystals were
formed. The yield of 3-benzyl-2,4-bis(2,4,6-tri-tert-butylphenyl)-
6,7-dithia-1,34° ,5-triphosphabicyclo[3.1.1]hepta-2,3-diene 1,5-di-
sulfide (8) was 0.0402 g (68%) as orange crystals, mp 196—197
°C. 'H NMR (500 MHz, CD,Cl,, TMS): 6 1.37 (s, 9H, Me), 1.39
(s, 9H, Me), 1.43 (s, 18H, Me), 1.45 (s, 9H, Me), 1.52 (s, 9H,
Me), 3.20 (br, 2H, CH,—Ph), 6.80 (br, 1H, Ph), 6.85 (br, 2H, Ph),
7.12 (br, 2H, Ph), 7.40 (br, 2H, Ar—H), 7.90 (s, 2H, Ar—H). *'P
NMR (500 MHz, CD,Cl,): ¢ 140.83 (t, 2Jpp = 58.9 Hz, 1P), 28.25
(d, *Jpp = 58.9 Hz, 2P). The structure was determined by X-ray
analysis. 3-Benzyl-2,4-bis(2,4,6-tri-tert-butylphenyl)-6,7-dithia-
1,3A%,5-triphosphabicyclo[3.1.1]hepta-2,3-diene 1,5-disulfide (8)
was identified by mass spectrometry (ASAP method), which gave
an MH" ion at 827.32, corresponding to C4sHgsP3S,.
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