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Abstract

123,3)3-Diphosphacyclobutadienes have been specifically generated for the first time through hexachloroethane-induced
extrusion of the organophosphorus ligands from dimeric zirconocene—phosphaalkyne complexes. The species were chemically
characterized indirectly by reactions with appropriate trapping reagents. Thus, the use of bis(acceptor)-substituted alkynes gave
rise to 2,5-diphosphabenzvalenes, whereas reactions with N-methylmaleinimide and donor-substituted alkynes such as bis(diethy-
lamino)acetylene resulted in the formation of 1,3-diphospha-Dewar-benzenes. Representatives of both classes of compounds were
analyzed by X-ray crystallography. Kinetically stabilized phosphaalkynes reacted similarly to furnish tetraphosphabishomopris-
manes through a sequence of [4 + 2] and [2 + 2 + 2] cycloaddition processes. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Cyclobutadienes [1] and azacyclobutadienes [2] bear-
ing sterically demanding substituents (‘corset effect’) are
stable and, accordingly, have attained major signifi-
cance in preparative chemistry. In contrast, the free
A-phospha- or A*,A3-diphosphacyclobutadienes are still
unknown. Up to now only n*complexed 1,2- and
1,3-diphosphacyclobutadienes (1A [3] and 1B [4]) or
1,2,3-triphosphacyclobutadienes (1C [5]), together with
compounds containing at least one five-coordinated
phosphorus atom have been reported. Examples of the
latter compounds are the 1,2-derivative 2 [6], the
12°,3)\>-diphosphacyclobutadienes 3 [7] and the te-
traphosphete 4 [8].

* Part 163: see Ref. 27.
* Corresponding authors. Fax: + 49-631-205-3921.
E-mail address: heydt@chemie.uni-kl.de (H. Heydt).
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We now report on the targeted generation and trap-
ping reactions of 1,3-diphosphacyclobutadienes. This
has opened, for the first time, a broad access to the as
yet only sparsely explored diphosphabenzene valence
isomer system. 1,3-Diphosphacyclobutadienes were re-
cently proposed as the decisive intermediates in the
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specific, metal-initiated
phacubanes [9,10].

synthesis of tetraphos-
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Thus, a plausible mechanistic explanation for the
reaction of the dimeric tricyclic phosphaalkyne complex
5a with the mild halogenating agent involves the pri-
mary generation of the 1,3-diphosphacyclobutadiene
(7a). The subsequent dimerization of the intermediate,
which cannot be detected by spectroscopy, to the simi-
larly not detectable tricyclic species 8 is followed by an

Table 1

intramolecular [2 + 2] cycloaddition to afford the pen-
tacyclic product 6.

2. Results and discussion

The above mentioned results prompted the present
work. In order to enable the chemical detection of the
title compounds, we ensured that suitable trapping
agents were present during the extrusion reaction of 5
with hexachloroethane [11]. At room temperature N-
methylmaleinimide (9) undergoes regioselective addi-
tion to the liberated 1,3-diphosphacyclobutadiene (7a)
to afford the endo-tricyclic species 10 that can be
isolated in the pure state by column chromatography
and crystallization, albeit with a significant loss in yield.
Elemental analyses and mass spectral data (Table 1)
indicate that the adduct 10 is formed from one equiva-
lent each of 1,3-diphosphacyclobutadiene (7a) and the
Z-alkene 9. The constitution of 10 was deduced from
its NMR data. The 3'P-NMR spectrum alone, showing
two signals at 6 = 66.9 (P1) and 6 = 425.0 (P3) unequiv-

Selected spectroscopic data for the heterocyclic compounds 10, 12-14 and 16 *

10: M.p.: 108 °C; 'H-NMR: & = 1.00 (d, “J(P,H) = 0.7 Hz, 9H, ¢-Bu), 1.10 (s, 9H, ¢-Bu), 2.60 (s, 3H, NCHS,), 2.62 (dd, 2J(P,H) = 21.0 Hz,
3J(H,H) = 8.0 Hz, 1H, H6), 3.14 (ddd, *J(H,H) = 8.0 Hz, 3J(P,H) = 3.1 and 1.3 Hz, 1H, H5); 3C-NMR: 6 = 31.6 (dd, 'J(P,C) = 16.5 and
10.6 Hz, C5), 40.2 (dd, J(P,C) =8.1 and 5.6 Hz, CI or C6), 43.7 (d, J(P,C) = 1.7, C6 or Cl), 174.2 (d, J(P,C) = 3.4 Hz, C=0), 176.0 (d,
J(P,C) = 3.4 Hz, C=0), 232.1 (dd, 'J(P,C) = 58.5 and 40.3 Hz, C3); 3'P-NMR: 0 = 66.9 (d, 2J(P,P) = 26.2 Hz, P2), 425.0 (d, 2J(P,P) = 26.2
Hz, P4); MS; m/z (%): 311 (41) [M~*], 57 (100) [¢-Bu*].

12: B.p.: 100-110 °C/10~* mbar; "H-NMR: 6 = 0.96 (t, *J(H,H) = 7.5 Hz, 6H, CH,CH.), 1.04 (t, *J(H,H) = 7.4 Hz, 6H, CH,CH,), 1.32 (s,
9H, ¢-Bu), 1.33 (d, *“J(P,H) = 0.5 Hz, 9H, ¢-Bu), 2.50-3.55 (m, 8H, CH,CHj;); '3C-NMR: 6 =43.1 (dd, 'J(P,C) = 28.8 and 17.8 Hz, C4),
136.2 (dd, J(P.C) = 26.3 and 21.5 Hz, C5 or C6), 1433 (dd, J(P.C) = 17.0 and 4.2 Hz, C6 or C5), 247.6 (dd, 'J(P.C) = 50.0 and 49.3 Hz,
C2); ¥P-NMR: & = 31.9 (d, 2/(P,P) = 16.0 Hz, P1), 329.9 (d, 2J/(P,P) = 16.0 Hz, P3); MS; m/z (%): 368 (37) [M*], 153 (100)

[(CNEt,), —CHJ].

13: 3P-NMR: § = 26.3 (d, 2J(P,P) = 34.9 Hz, P1), 233.3 (d, 2J(P,P) = 34.9 Hz, 'J(P,W) = 226.7 Hz, P3); MS; m/z (%): 692 (7) [M+], 73
(100) [HNEtS].

14: M.p.: 142 °C (dec.); 'P-NMR: ¢ = 53.2 (d, 2J(P,P) = 17.4 Hz, 'J(P,W) = 235.4 Hz, P1), 266.6 (d, 2J(P,P) = 17.4 Hz, 'J(P,W) = 226.9
Hz, P3); MS; m/z (%): 1015 (9) [M*], 215 (100) [C,oH,oNP5].

16a: B.p.: 110 °C/10~2 mbar; '"H-NMR: 6 = 1.14 (s, 18H, ¢-Bu), 3.34 (s, 6H, OCH,); 3C-NMR: & = 30.6 (t, 3J(P,C) = 3.8 Hz, C(CH.),),
34.8 (t, 2J(P,C) = 9.2 Hz, C(CH,),), 51.9 (s, OCH,), 109.6 (t, 'J(P,C) = 45.8 Hz, C1/C6), 163.5 (AXX/, 'J(P,C) = 68.0 Hz, 2J(P,C) = 4.0
Hz, C3/C4), 164.1 (AXX', 2J(P,C) = 23.0 Hz, 3J(P,C) = 4.0 Hz, 2J(P,P) = 12.0 Hz, C=0); 3'P-NMR: § = —19.3 (s); MS; m/z (%): 342 (5)
[M*], 327 (6) [M*+ —CH,], 311 (19) [M* —OCHS,], 285 (90) [M* —¢-Bu], 230 (100) [M* —2C,H], 169 (17) [P(Ct-Bu); ], 131 (5)
[Po(Cz-Bu)*], 57 (29) [t-Bu*].

16b: M.p.: 176 °C; 3'P-NMR: § = —26.0 (s); MS; m/z (%): 498 (22) [M*], 135 (100) [Ad*].

16c: '"H-NMR: 6 =091 (t, 3J(H,H) = 7.1 Hz, 6H, CH,CHy;), 1.12 (s, 18H, ¢-Bu), 3.95 (q, 3J(H,H) = 7.1 Hz, 4H, CH,CH;); '*C-NMR:
6 =14.0 (s, CH,CH,), 30.7 (t, *J(P,C) = 4.4 Hz, C(CH,)5), 34.8 (t, 2J(P,C) =9.1 Hz, C(CH,),), 61.4 (s, CH,CH,), 109.3 (t, 'J(P,C) = 45.0
Hz, C1/C6), 163.4 (AXX, 'J(P,C) = 64.1 Hz, 2J(P,C) = 4.0 Hz, C3/C4), 163.7 (AXX, 2J(P.C) = 23.6 Hz, *J(P,C) = 6.0 Hz, 2J(P,P) = 12.0
Hz, C=0); 3'P-NMR: 6 = —18.3 (5).

16d: M.p.: 61 °C; 3'P-NMR: § = —7.7 (s); MS; m/z (%): 362 (100) [M*].

16e: M.p.: 61 °C; 3P-NMR: 6 = —3.8 (s); MS; m/z (%): 378 (19) [M*], 105 (100) [COPh].

4 NMR: Bruker AMX-400, 'H-NMR (400.1 MHz) and '*C-NMR (100.6 MHz) in C¢Dg, 3'P-NMR (162.0 MHz) in C¢Dy (85% H;PO, external
standard), all at 7=25 °C; MS (EI, 70 eV): Finnigan MAT 90.
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ocally demonstrates the structure of a 1,3-diphosphacy-
clobutene unit [12]. The endo-addition is clearly visible
from the "H-NMR data; the cis-position of proton H6
(6 = 2.62) to the free electron pair at P1 is evident from
the large 2J(P,H) coupling of 21.0 Hz [13]. The second
skeletal proton H5 gives a signal at 6 =3.14 with a
characteristic splitting pattern. The skeletal carbon
atoms C4, C5 and C6 gave signals with chemical shifts
typical for a four-membered ring containing phospho-
rus (0 =31.6-43.7) [4e,12]. The signal for the phos-
phaalkene carbon atom C2 occurs at characteristic low
field (6 =232.1) [14]. The two 'J(P,C) coupling con-
stants of 58.5 and 40.3 Hz confirm the proximity to P1

and P3.
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The reaction with the ynediamine 11 as a trapping
reagent for the liberated 1,3-diphosphacyclobutadiene
(7a) proceeds selectively to afford the first member of
the new class of 1,3-diphospha-Dewar-benzenes. The
bicyclic compound 12 was isolated by bulb-to-bulb
distillation in 47% yield. Surprisingly, a valence isomer-
ization to furnish the corresponding 1,3-diphosphaben-
zene does not occur, even at 100-110 °C. The
constitution of 12 is demonstrated by its NMR data.
The presence of a 1,3-diphosphacyclobutene increment
is shown by the *'P-NMR [J = 31.9 (P1) and J = 329.9
(P3)] and the '*C-NMR signals [§ =43.1 (C4) and
0 =247.6 (C2)]. The C=C double bond in 12 is recog-
nized from the '*C-NMR signals of C5 and C6 at
0 =136.2 and 143.3. The oily consistency of the 1,3-
diphospha-Dewar-benzene 12 does not allow an X-ray
crystallographic analysis. Thus, in order to obtain a

Fig. 1. Structure of 14 in the crystal state (XP plot [26], thermal
ellipsoids with 50% occupancy probability). Selected bond lengths (A)
and bond angles (°): WI-P1 2.578(2), W2-P3 2.516(2), P3-C2
1.680(9), C5-C6 1.354(12), P1-C2 1.840(9), P1-C4 1.874(8), P1-C6
1.830(9), P3—-C4 1.895(9), C4-C5 1.531(12); W2-P3-C2 135.9(3),
W2-P3-C4 135.5(3), C2-P3-C4 88.5(3), C4-PI-C2 84.6(4),
C4-P1-C6 75.7(4), P3-C2-P1 97.1(5), P1-C4-P3 89.0(4), C5-C4-P1
86.6(5), C5-C6-P1 93.8(7), C6-C5-C4 103.8(8).

crystalline derivative of 12, we allowed it to react with
[W(CO)sTHF]. Irrespective of the stoichiometry, we
always obtained a mixture of the two complexes 13 and
14. Both metal complexes are less sensitive to hydrolysis
than the uncomplexed molecule 12 and can, thus, be
separated by column chromatography. The coordina-
tion of the pentacarbonyltungsten fragments at P3 (13)
or at P1 and P3 (14) is demonstrated by the respective
183W satellite signals in the *'P-NMR spectra (Table 1).
An X-ray crystallographic analysis of the bisfW(CO)s]
complex 14 obtained as the minor product impressively
confirmed the 1,3-diphospha-Dewar-benzene structure
(Fig. 1) [15]. At the same time it unambiguously proved
the constitution of the new diphosphabenzene valence
isomer 12. The bicyclic skeleton exhibits a pronounced
folding along the P1-C4 axis; the two idealized planes
defined by the atoms P1-C2-P3-C4 and
P1-C4-C5-C6, respectively, intersect at an angle of
109.6°. The P-C and C-C single bond lengths are in the
range 1.830(9)-1.895(9) A and around 1.531(12) A,
respectively, in good agreement with those of other
polycyclic systems [16]. The P3-C2 bond length of
1.680(9) A shows that the phosphaalkene function is
still intact after the m'-complexation [14].

The presence of various bis(acceptor) substituted
acetylenes 15 during the extrusion reaction of 5 with
C,Clg does not result in diphospha-Dewar-benzenes.
Instead, these reactions lead to the unexpected but
selective formation of the new diphosphabenzvalenes 16
that can be isolated in yields of up to 65% by column
chromatography.
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The constitutions of the highly stable, colorless tri-
cyclic compounds 16 were unequivocally demonstrated
from their elemental analyses and their mass and NMR
spectroscopic data (Table 1). This is illustrated below
by the discussion of the NMR data for the product 16a.
The two isochronous phosphorus nuclei P2 and P5 give
a >'P-NMR signal at 6 = — 19.3, an unusually low field
for phosphiranes [17]. However, this value is in good
harmony with that for the up to date only previously
known diphosphabenzvalene [18]. In the *C-NMR
spectrum, the two chemically equivalent skeletal carbon
atoms C1 and C6 give a signal at 6 = 109.6, an unusual
and dramatic shift to low field for a phosphacyclo-

Fig. 2. Structure of 16b in the crystal state (XP plot [26], thermal
ellipsoids with 50% occupancy probability). Selected bond lengths (A)
and bond angles (°): C1-P5 1.842(2), C6-P2 1.842(2), P2-C1 1.859(2),
P2-C3 1.843(2), C1-C6 1.499(4), C3-C4 1.328(5); C6-P2-Cl
47.78(10), C6-C1-P2 65.53(11), C3-P2-Cl 98.04(9), P5-C1-P2
100.12(9), C4-C3-P2 114.11(7).

propane [17]. The direct adjacency to the two P atoms
results in a triplet structure ('J(P,C)=45.8 Hz). The
signals of the two double-bonded carbon atoms (C=C;
0 =163.5 and C=0; 6 = 164.1) appear as an AXX' spin
system that can be resolved by simulations (Table 1). It
is then also possible to deduce a value of 12.0 Hz for
the not directly measurable 2J(P,P) coupling constants.

A suitable single crystal of the 1-adamantyl deriva-
tive 16b has also enabled the first ever crystallographic
analysis of a diphosphabenzvalene to be made (Fig. 2)
[19]. The standard criteria for characterizing a bicy-
clobutane system [20] are the folding angle between the
planes of the two three-membered rings and the length
of the bridging bond; in the case of 16b these were
found to be 114° and 1.499(4) A, respectively. In spite
of their incorporation in a tricyclic framework, the
phosphirane units still show their typical geometric
parameters [17], although the bond lengths P2-Cl1
(1.859(2) A) and P2-C6 (1.848(2) A) do differ slightly.
Also typical is the C3=C4 double bond length of
1.328(5) A.

The kinetically stabilized phosphaalkyne 18 also un-
dergoes a highly selective addition to the liberated
1,3-diphosphacyclobutadiene  (7a). The primarily
formed 1,3,5-triphospha-Dewar-benzene 19, however,
cannot be detected but rather participates in a sponta-
neous, regioselective homo-Diels—Alder reaction with a
further molecule of tert-butylphosphaacetylene (18)
[21b]. This results in the construction of the tetraphos-
phabishomoprismane 21 as the final product isolated in
82% yield.
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The cage compound 21 is also accessible by another
route [21]. Elimination of the Lewis acid from the
spirocyclic betaine 20 by dimethyl sulfoxide in the
presence of the phosphaalkyne 18 also leads to the
formation of 21 [21a]. The intermediate existence of the
1,3,5-triphospha-Dewar-benzene 19 is, thus, also plausi-
ble in the present reaction and can be rationalized by a
[1,2]-P shift subsequent to extrusion of AICl;. The
NMR data of the tetramer 21, prepared from Sa, are in
excellent agreement with those reported in the literature
[21a].
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3. Experimental

General procedure for the preparation of 10, 12, 16,
and 21: in a Schlenk pressure tube 5a or the analogous
1-adamantyl-zirconium complex Sb [9b] is dissolved in
an appropriate solvent [22]. At 25 °C the trapping
reagent and C,Cl, are added consecutively. After
completion of the reaction (*'P-NMR monitoring)
volatile materials are evaporated at 25 °C/10~3 mbar,
the residue is treated with n-pentane (4 x 15 ml) and
filtered through Celite™ (D3 glass sinter). The final
product is isolated either by column chromatography
on silica gel (63—200 um, heated for 16 h at 175 °C and
103 mbar, then deactivated with 4% Ar-saturated
water) or by bulb-to-bulb distillation.

3.1. 3,5-Ditert-butyl-8-methyl-8-aza-2,4-diphosphatri-
cyclo[4.3.0.0%°non-3-ene-7,9-dione (10)

Amounts: 5a (250 mg, 0.59 mmol), 9 (264 mg, 2.37
mmol), C,Cly (168 mg, 0.71 mmol) in 3 ml toluene;
reaction time: 7 days; column chromatography: eluent
n-pentane—Et,O (2:1), after removal of the solvent
mixture at 25 °C/10 ~3 mbar and recrystallization from
n-pentane at — 30 °C, lemon-yellow crystals of 10 are
obtained. Yield: 11 mg (6%).

3.2. 2,4-Ditert-butyl-N,N,N',N’' -tetraethyl-1,3-diphos-
phabicyclo[2.2.0]hexa-2,5-diene-35,6-diamine (12)

Amounts: 5a (469 mg, 1.11 mmol), 11 [23] (560 mg,
3.33 mmol), C,Cl; (394 mg, 1.67 mmol) in 4 ml CH,Cl,;
reaction time: 36 h; bulb-to-bulb distillation
(100—110 °C/10 3 mbar) furnishes 12 as a yellow oil.
Yield: 192 mg (47%).

3.3. Complexation of 12:
(2,4-ditert-butyl-N,N,N',N'-tetraethyl- 1,3-diphos-
phabicyclo[2.2.0]hexa-2,5-diene-5,6-diamino-3-yl)penta-
carbonyltungsten (13) and (2,4-ditert-butyl-N,N,N',N’-
tetraethyl- 1,3-diphosphabicyclo[2.2.0]hexa-2,5-diene-
5,6-diamino-1,3-diyl)bi(pentacarbonyltungsten) (14)

To a solution of [W(CO);THF] [24], prepared by
irradiation of W(CO), (153 mg, 0.43 mmol) in THF (50
ml), 12 (80 mg, 0.22 mmol) is added in THF (3 ml).
After 4 h the solvent is removed at 25 °C/10 3 mbar
and the residue is chromatographed on silica gel with
n-pentane. The first zone contains the bisfW(CO);]
complex 14 (yield: 13 mg (6%), red needles) and the
second zone the mono-complex 13 (yield: 25 mg (17%),
orange—red solid).

3.4. Dimethyl 1,6-ditert-butyl-2,5-diphospha[3.1.0.0%9]-
hex-3-ene-3,4-dicarboxylate (16a)

Amounts: 5a (490 mg, 1.16 mmol), 15a (827 mg, 5.82
mmol), C,Cl; (414 mg, 1.75 mmol) in 4 ml CH,Cl,;
reaction time: 5 days; column chromatography: eluent
n-pentane—Et,O (8:1), after removal of the solvent
mixture (25 °C/10 ~* mbar) 16a is obtained as a color-
less oil. Yield: 179 mg (45%).

3.5. Dimethyl 1,6-di(1-adamantyl)-2,5-diphospha-
[3.1.0.0%]hex-3-ene-3,4-dicarboxylate (16b)

Amounts: 5b (527 mg, 0.91 mmol), 15b (648 mg, 4.56
mmol), C,Cl; (323 mg, 1.37 mmol) in 4 ml CH,Cl,;
reaction time: 6 days; column chromatography: eluent
n-pentane—Et,O (10:1), after removal of the solvent
mixture (25 °C/10 ~* mbar) 16b is obtained as a color-
less solid. Yield: 172 mg (38%).

3.6. Diethyl 1,6-ditert-butyl-2,5-diphospha-
[3.1.0.0%%Jhex-3-ene-3,4-dicarboxylate (16¢)

Amounts: 5a (250 mg, 0.59 mmol), 15¢ (404 mg, 2.37
mmol), C,Cl; (163 mg, 0.69 mmol) in 5 ml CH,Cl,;
reaction time: 6 days; column chromatography: eluent
n-pentane—Et,O (first 150 ml 20:1, then 100 ml 5:1),
after removal of the solvent mixture (25 °C/10~3
mbar) 16c¢ is obtained as a colorless oil. Yield: 55 mg
(25%).

3.7. 1,6-Ditert-butyl-3,4-bis(trifluoromethyl)-
2,5-diphospha(3.1.0.0*Jhex-3-ene (16d)

Amounts: 5a (243 mg, 0.58 mmol), 15d (470 mg, 2.90
mmol), C,Cl; (206 mg, 0.87 mmol) in 4 ml CH,Cl,;
reaction time: 6 days; column chromatography: eluent
n-pentane—Et,O (20:1), after removal of the solvent
mixture (25 °C/10 ~* mbar) 16d is obtained as a color-
less solid. Yield: 163 mg (65%).

3.8. 2,3,5,8-Tetratert-butyl-1,4,6,7-tetraphosphatetra-
cyclo[3.3.0.0%*.0%%Joct-7-ene (21)

Amounts: 5a (220 mg, 0.52 mmol), 18 (104 mg, 1.04
mmol), C,Cl; (184 mg, 0.78 mmol) in 3 ml CH,Cl,;
reaction time: 2 days; after filtration through Celite™
and removal of the volatile materials at 25 °C/10~3
mbar 21 is obtained as a red oil; identification by
comparison of its NMR data with those of an authentic
sample [21a]. Yield: 171 mg (82%).

4. Supplementary material

Crystallographic data for the structural analysis have
been deposited with the Cambridge Crystallographic
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Data Centre, CCDC nos. 174178 and 174179 for com-
pounds 14 and 16b, respectively. Copies of this infor-
mation may be obtained free of charge from The
Director, CCDC, 12 Union Road, Cambridge CB2
1EZ, UK (Fax: +44-1223-336033; e-mail: deposit@
ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk).
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