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[1,4-Bis(trimethylsilyl)-~a-cyclooctatetraene]-Z,4,~-tri-~er~- 
butyl-1,3,5-triphospha-7-hafnanorbornadiene (3) rearranges 
nearly quantitatively to the corresponding 3,5,fi-tri-tert-bu- 
tyl-l,2,4-triphospha-?-hafnanorbornadiene complex 5 upon 
heating at 70°C. Treatment of complex 5 with trimethylphos- 
phane at 50°C induces the displacement of di-tert-hutylace- 

tylene to give the new (11'-triphosphacyc1obutadiene)haf- 
nium complex 7 ,  the crystal structure of which has been de- 
termined by X-ray analysis. From complex 5 ,  3,5,6-tri-tert- 
butyl-l,2,4-triphospha Dewar benzene (6) can be synthe- 
sized by a redox reaction with hexachloroethane. 

It is now well-established that kinetically stabilized phos- 
phaalkynes, c.g. tcrt-butylphospliaacctylcnc 2, behave like 
acetylenes. i.e. they are easily cyclooligomerized under the 
influence of appropriate transition-metal complexes"]. 
However, unlike acetylenes, which are catalytically trans- 
formed by a wide range of transition-metal complexes into 
benzene dcrivatives121: phosphaalkynos most frequently 
forin metal complexes in which the phosphaalkyne is bound 
to the metal center as a cyclodimer"]. Until recently, only 
onc unambiguous example was known in which 2 is cyclo- 
trinierized to give a stable 1.3,s-triphospha Dewar benzene 
derivative. this being a complex of vanadium[4a]. In 1996. a 
scandium triple-decker complcx incorporating a 1,3,5-1ri- 
phosphabenzene moiety as  the middle deck was de- 
scribed [4bJ. 

In the meantime, we have discovered that (qx-cyclooctate- 
tracne)(ii'-cyclooctatetraene)zirconium and (q*-cycIoocta- 
tetraene)(if-I ,3-butadiene) complexes of zirconium and 
hafnium (la). as wcll as thc corrcsponding [ i i 8 -1  ,4-bis- 
(trimetliylsilyl)cyclooctatetraene]hafnium complex 1 b, read- 
ily cyclotetramerize 2 by displacement of the q4-bonded un- 
saturated hydrocarbons to produce thc corresponding 
( 1.3,5,7-~etraphosphabarrelene)zirconiuin and -hafnium 
complexes in high yield~[~l l~l .  The only products of the reac- 
tions of in situ generated "CpzZr" and "Cp2Hf" with 2 are 
1,3-dipliosphabicyclo[ I .  1 .O]butanediyI complexes of these 
metalloce~ies[~l. Moreover, it was found that the degree of 
cyclooligomerizatiori of 2, especially with the (if-cycloocta- 
tetraene)hafnium complexes l a  and 1 b, depends on the re- 
action temperature[6]. The tetramers are formed at 20-60 
"C, while at 140 "C only the dimers are produced. On the 
other hand. lowering of thc reaction temperalure to -78 
(la) or 0 "C ( lb)  resulted in the formation of two different 
cyclotrimer cornplexcs of 2 with hafnium, the structures of 

which have yet to be fully characterized. From these low- 
temperature products. metal-free 1,3,5-triphosphabenzene 
and 1,3.5-triphospha Dewar benzene were liberated upon 
treatment w i t h  hcxachloroetliaiieIG1. Thus, overall, starting 
with l b  and 2 the reaction sequence of eq. 1 can be realized. 

3 P=C--'Bu (2) 

2h, O°C 

I b  3 

4 

In order to fully elucidate the structure of complex 3. we 
recorded its NMR spectra at various temperatures. In the 
course of these investigations it became apparent that the 
complex is unstable in  solution. Even at room temperature, 
a slow rearrangement takes place, leading to the formation 
of the new, unsymmetrical 1 ,?,4-triphospha-7-hafnanorbor- 
nadiene complex 5. At 70 "C, this rearrangement is com- 

Chem Brr/Rrrut.i11997.130,1491- 1494 OWILEY-VCH h l a g  GmbH, D-69451 Wrinheim, 1997 0009-2940/97/1010-1191$17 50+ 5010 1491 



P. Binger, S. Leininger, K. Giinther, U. BergstraDer FULL PAPER 
plete after 1 h and complex 5 can be isolated as reddish- 
brown microcrystals in 88 % yield. 

Si(CH,), e Hf Si(CH3)3 

P’ ‘P 
‘Bu 

‘Bu ‘Bu 

3 5 

Complex 5 is stable at room temperature a9 a solid as 
well as in solution. Moreover, in contrast to complex 3L6], 5 
shows no dynamic behavior in solution. Therefore, its struc- 
ture can be clucidated by NMR spectroscopy. In its 31P- 
NMR spectrum, three signals are found for the three phos- 
phorus atoms at 6 = 234.3 (Jp%p = 354 and 62 Hz, P-2), 
6 = 156.8 (Jp,p = 62 Hz. P-4) and 6 = 108.2 (Jp.p = 354 
H L ,  P-1). Consequently, in the ‘H-NMR spectrum, three 
singlets for the tert-butyl groups are observed, while in the 
I’C-NMR spectrum the three ring carbon atoms (2-3, C-5 
and C-6 give rise to sharp, distinct signals in the region 
typical of sp’-carbon atoms, each having its own character- 
istic Jc,p coupling pattern (sec Experimental Section). The 
C, symmetry of complex 5 is reflected in the observation 
that distinct signals are observed for all eight carbon atoms 
of the cyclooctatetraene ligand. 

Further strong evidence to support the structure of 5 de- 
termined by NMR spectroscopy is provided by the product 
formed upon reaction of the complex with hexachloro- 
ethane. As found earlier with complex 3, this mild chlorin- 
ating agent readily displaces the triphospha heterocycle 
from complex 5 at room temperature in a redox reaction to 
give the new triphospha Dewar benzene 6 in an isolated 
yield of 49 % as a pale-yellow powder. No other phos- 
phorus-containing products can be detected by 31P NMR. 

‘ZC16 
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The 1,2,4-triphospha Dewar benzene 6 is an air-sensitive 
solid, which is indefinitely stable in an inert atmosphere. at 
least at room temperature. The unsymmetrical structure of 
6 is unequivocally established by a combination of mass 
spectrometry and NMR spectroscopy. The mass spectrum 
of 6 exhibits a molecular ion peak at rn/z = 300, and the 
intensitics and patterns of the fragment ion signals are quitc 
different froin those found in the mass spectrum of 1,3,5- 
triphospha Dewar beniene 4. 

The 31P-NMR spectrum of 6 exhibits three signals as 
double doublets at 6 = 350.4 (P-2), 6 = -28.4 (P-4) and 
6 = - 154.9 (P-l), with characteristic coupling constants 
(JP-I,~.~ = 191.8; Jp.I.p-4 = 4.2; Jp-2,p-4 = 87.2 Hz). In the 
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‘H-NMR spectrum, two singlets in the ratio 2:l are found 
for the three rut-butyl groups, while three distinct signals 
for ring sp2-carbon atoms are observed in the I3C-NMR 
spectrum (see Experimental Section). 

An unexpccted displacement of di-tert-butylacetylene 
was observed when complex 5 was hcated to 50°C in the 
presence of trimethylphosphane. The new hafnium complex 
thu3 obtaincd was identificd as the q4-triphosphacyclobuta- 
diene (triphosphete) derivative 7. Complex 7 could be iso- 
lated in 55%) yield as yellow needles, which allowed the un- 
ambiguous determination of its structure by X-ray analysis. 

Scheme 1 ,  Propoqed mechanism of the formation of 7 

4 H 3 ) 3  P(CH,), I 50°C 
Jf SGHJ3 - 

The X-ray analysis revealed compound 7 to be a hafnium 
sandwich complex, with the two ligands almost parallel to 
one another. Whereas the triphosphete moiety is completely 
planar, the eight-membered ring is slightly bent towards the 

Figure 1. Molecular structure of 7Lal 

la] Selected bond lengths [A] and angles [“I: Hf-CI 2.540(6), 
Hf-P1 2.668(2), Hf-1’2 2.637(2), Hf-P3 2.672(2). C1 -PI 
1.754(6), C1-P3 1.771(9), PlFP2 2.173(2), P2-P3 2.173(4); 
P l - C l b P 3  107.8(5), Pl-P2-P3 81.9(1 l), P2-C3-C1 84.9(3), 
C1-P1 -P2 85.3(3). 
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metal along the C4--C8 axis (2.2'). At 2.173 A, the two 
P-P bond lengths in the triphosphete are only slightly 
shorter than the P-P distance in 3,4-di-tert-butyl- 1,2-di- 
hydro-I ,2-diiododiphospliete [2.192(4) but arc percep- 
tibly longer than P=P bonds [2.019-2.045 AIL9]. The same 
P-P distance has been found in an (q4-1 ,2-diphosphete)- 
titanium complex[")]. The two P-C distances P1-C1 and 
P3 - C 1 [ 1.754(6) A and 1.77 1(9) A] are similar and fall in 
a region intermediate between P-C single and P=C double 
bond lenglhs" 'I. Since the angles at the phosphorus atoms 
are considerably smaller than 90" (81.9-85.3") and the 
P-C-P angle is greater than 90" (107.8"), the triphospliete 
ring is deforined towards a rhombic arrangement. The same 
phenomenon was observed in the first triphosphcte com- 
plex, prepared by the reaction of tricarbonyl(to1uene)mo- 
lybdenuni with the phosphaalkyne 2[121. 

In agreement with the single-crystal structure, the three 
phosphorus atoms give rise to two signals in the ratio 2 1  
in the "P-NMR spectrum of complex 7. at 6 = 246 (d, 
Jp.p = 239 Hz) and 6 = 53 (1, Jp,p = 239 Hz). The 13C- 
NMR spectrum of 7 features one signal for the triphosphete 
C atom at 6 = 194.2 [Jcp = 74.6 (t) and 15.2 Hz (d)]. 

Whereas the mechanistic pathway for the transformation 
of complex 5 into complex 7 can most likely be formulated 
as a retro Diels-Alder reaction (see Scheme l ) ,  this is not 
as obvious for the isomerization of complex 3 into complex 
5. As shown in Scheme 2 {path A) a retro [4+2] cycload- 
dition would liberate one phosphaalkyne unit, which may 

Scheme 7. Proposed mechanisms for the rarrangement of 3 to 5 

dissociate from the complex or stay bonded to the hafnium 
center during the whole rearrangement procedure as a rc- 
complex. Substitution experimcnts using a second phos- 
phaalkyne or some disubstituted alkynes (e.g. tolane) show 
that the isomerization is an intramolecular process, since no 
trace of the new dienophile is incorporated into thc re- 
arranged complex. Hence, path B also needs to be con- 
sidered as a possible mechanism. Here, the rearrangement 
would begin with an isomerization into a prismane-like haf- 
nium complex. Opening of the newly formed three-mem- 
bered rings and rearrangement of thc thus obtained 1,2,5- 
triphospha Ilewar benzene complex via a 1,2,4-triphos- 
phabenzene complex would also lead to the synthesized 
complex 5. As yet, we are unable to decide which of these 
two mechanisms is in operation. 

This work was supported by the Ueutsclie Fo,:sc~hungJgemcin- 
s(.hufl (Graduiertenkolleg ,,Phosphor als Rindeglied verschiedener 
chemischer Disziplinen") and by the GowvnmcJnt of Rheiizlmd- 
Pfulz. 

Experimental Section 
All experiments were carried out under argon in anhydrous sol- 

vents. - MS: E'innigan MAT 90. - 'H and 'jC NMK: Bruker AC 
200 arid A M X  400: chemical shifts relative to the solvent signals, 
calibrated to TMS. - 31P NMR: Bruker AC 200, external standard 
H3P04. - Elemental analysis: Perkin-Elmer EA 240. ~ [1.4-Bis(tri- 
methylsilyl)-qs-cyclooctatetraene]-2,4,~-tri-~evf-butyl-l .3,5-triphos- 
pha-7-hafnanorbornadiene (3)L6] was prepared according to a pub- 
lished procedure. 

- 

3 
I 

[4+21 I 
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[Bis (triniet/zylsilyl) cyclooctatetraene J-3,5, 6- lri( tert-butyl) - I ,2,4- 
t~iplios~~lra-7-hc~lia~iovhonia-2,5-ilienc (5 ) :  A solution of 3 (430 nig. 
0.592 nimol) i n  toluene (20 ml) was heated to 70°C for I 11 under 
stirring. The toluene u'as then rcinovcd in vacuo and the residue 
was taken up in pentanc. The solution was filtered through Celite 
and the filtrate was conccntrated to one third o f  its original volume. 
At -30"C, red-brown microcrystals of 5 were obtained; yield 380 
mg (88 %), in. p. 184°C (dec.). - ' I i  NMR (C6D6. 200 MHz): S = 

0.61 (s, 18 H, %Me3); 1.48 (s, 9 H). 1.54 (s, 9 H). 1.70 (s, 9 H) 
(tBu); 6.1-6.9 (in; 6 H, COT). - "C{'H) NMR (C6D6, 50 MHz): 
6 = 213.3 (ddd. lJc.p = 112 and 100 Hz; ?Jc,p = 3.4 Hz, C-3): 
164.9 (dd, lJcc.p = 61.1, 2Jc,p = 11.9 Hz, C-6); 153.1 (d. 'Jc,r = 

57.6 IIz, C-5); 45.1 [ddd, 2Jc,p = 20.4 and 12.1 Hz, ;JCp = 3.4 Hz, 
C(CH3)3 at C-31; 36.7 [pseudo t, 3Jc,p = 9.2 Hz. C(CH,)3 a1 C-31: 
41 .0 [d, zJc.p = 28.9 Hz; C'(CH& at C-51; 34.6 [d. iJc,p = 9.0 HZ, 
C(CH,), at C-51; 41.3 [d, 2Jc,p =: 32.7 Hz. C(CH,), at CX]; 34.3 
[d, 3Jc,r = 9.5 Hz, C(CH& at C-61; 100.5, 100.3, 99.9, 99.7, 96.1, 
95.9. 95.8. 95.5 (8 s, COT); 0.78. 0.71 (2 s, SiMej at COT). - "P 
NMR (C6D6, 80.8 MHz): 6 = 234.3 (dd, lJp,p = 354 Hz. 2Jp,p = 

Hz, P l ) .  - MS (70 eV); m l z  (%): 728 ( I )  [M+], 589 (6) [Mt - 
CIoHIX], 301 (84) [(tBuCP),H+], 175 (90) [CIOT(SiMe3)+], 131 (71 ) 
[C5H9PT], 73 (100) [SiMe:]. - ClqHilHfPISiz (727.3): calcd. C 
47.86, H 7.01, P 13.20: found C 47.31, H 6.94, P 13.08. 

3.5,6- Pi( tert-hut?/) - 1,2,4-tripIio,~phu Dewcir Benzene (6): To a 
solution of coniplex 5 (820 mg. 1.13 mmol) in toluene (10 i d )  at 
20°C was added hexachloroethane (270 mg, 1 . I 3  mniol). After stir- 
ring for 2 h, (he color of the solution had changed from brown to 
yellow. The loluene was evaporated at 0.5 bar and the residue was 
taken up in pentane (10 ml). The deposiled (COT)HfCI, was re- 
moved by filtration through Celik; the remaining (COT)HKI? 
could be removed by cooling to -20°C and filtering once more. 
After evaporation of the solvent, 6 was obtained as a pale-yellow 
oil; yield 160 mg (46.9'%,). - 'H NMR (C(,D(,, 200 MHz): 6 = 1.29 
(s, 18 H; tBu), 1.37 (s, 9 H, tBu). - 13C('H) N M R  (C<>D(:, 50 
MHz): 6 = 251.0 (ddd, '.Tc.,p = 76.1, 57.0 Hz. 'J/c.p = 7.8 Hz, C- 

160.3 (ddd, 'Jc,p = 33.5 Hz, *Jc ,p  = 25.0 Hz, ?Jc,p = 12.7 Hz) (C- 

62 Hz. P-2). 156.8 (d, 'Jp.p = 62 Hz, P-4), 108.2 (d, 'Jp,p = 354 

3); 165.3 (ddd, IJc.p = 32.6 Hz. 3Jc.p = 11.4 Hz, 3Jc,p = 8.1 Hz). 

5 and C-6); 44.8 [ddd, Jc.p = 11.4, 7.2 and 2.1 Hz. C(CH,), at C -  
31, 31.6 [dd, Jc,p = 9.3 and 5.1 Hz. C(CH,),], 37.7 [d. J C p  = 16.1 
Hz. C(CH&], 32.2 [d, Jc.p = 8.5 Hz, C(CH,),], 37.1 [d, J c p  
13.6 Hz, C(CH,),], 30.3 [d, Jc~.,p = 7.6 Hz. C(ClI:),]. - , 'P NMR 
(CGD,, 80.8 MHz): S 350.4 (dd. IJp,p = 191.8 Hz; 'Jp,p = 4.2 
Hz, P-2). -28.4 (dd, 'Jp,p = 87.2 Hz. 2Jp.p = 4.2 Hz, P-4), -154.9 
(dd, lJ,,p = 191.8 and 87.2 Hz, P-1). - MS (70 eV); nil: ( 
(100) [M']. 169 (28) [PC2tBu:], 162 (35)  [P;CtBuH+], 147 (44). - 
C1sH27P3 (300.3): calcd. C 59.99. H 9.06; found C 59.70, H 8.79. 

(~~-1 ,4-Bi . r (  trimcthylsilyl) c ~ ~ c l o o c t a t c t r a e n e ~ [ ~ ~ - l  .Z,J-triphos- 
pliac~clobutadiene/hufniuni (7): To a solution of complex 5 (860 mg. 
I ,  I8 niinol) in tolucnc (20 ml) was added trimethylphosphaae ( I  
ml) and the mixture was warmed to 50°C for 2 h i n  a pressure 
vessel. The solvent was then removed (0.5 bar) and the residue was 
redissolved in diethyl ether (20 ml). After filtration of some in- 
soluble particles, the filtrate was concentrated to a volume of ca. 
10 rnl and coolcd to -30°C. Thc yellow nccdles thus obtained were 
collected by filtration and dried at 0.5 bar; yield 380 mg (55%). 
1n.p. >230"C (dec.). - 'H NMR (ChDh. 400.1 MHz): 6 = 1.22 (F, 
9 H. tBu), 0.50 [s, 18 H, Si(CH3),1, 6.88 (s; 2 H. 2-H); 6.39 (AA'BB' 
spin system, 7.J4B = 11.5 Hz, 3JAA = 11.2 Hz, 4JKB = 1.1 Hz, 
calcd. by simulation, 2 H; 4-H), 6.87 (AABB. spin system, 2 H, 5-  
H )  (for numbering see Schemc 1). - '3C{LH) NMR (C6D6. 100.8 

[pseudo q. 2Jc.p = 'Jc.,. = 7.3 H L ,  C(CH,), a1 C-I], 32.4 It, 3Jc,p = 

MHz): 6 = 194.2 (td, IJc,p = 74.6 Hz, 2Jc ,p  = 15.2 Hz. C-I), 42.6 

6.4 HY. C(CHJ3 at C-11; 99.8 (s, (2-4). 99.7 (s, C-5), 94.4 (s, C-3). 
94.2 (8 ,  C-2), 0.27 [s, Si(CH,),] (for numbering see Scheme 1). - 

'JeP = 239 Hz). - MS (CI-POS, isobutane, 120 eV); nil: (%): 589 

[COT(SiMe3)2H+]. 176 (31) [COT(SiMe3)'HC], 162 (33) [P3CtBu !], 
147 (36) [P3CtBuMci~], 73 (100) [SiMe:]. 

X-rq, Crjlstal Strzictztrd Ana&si.r (tf 7["1: Single crystal from 
Et20: 0.5 X 0.2 X 0.2 mni, Siemcns P4 diffractometer, Mo-K, radi- 
ation (graphite monochromator, h = 0.71073 A); empirical formula 
CI9H3,HfP& space group P2 ,212~ [Flack parameter: 

0.016(12)]; unit cell dimensionx a = 7.606(2). h = 16.274(3), c = 

20.037(4) A; dCcnlcd. = 1.577 g.cm-', I' = 2480.2(9) A?, p (Mo- 
K,) = 44.98 ci~1-I. Z = 4; range for data colleclion: 1.61 to 24.98"; 
index ranges: -9 5 / I  5 8, -5 5 1; 5 19, -6 5 1 5  23: reflections 
collected 325 I :  independent reflections 3040 (R,,,, = 0.0288), pa- 
rameters 235; absorption corrcction: DIFABS. Structure solution 
(SHELXS-86["~): Patterson method, st~-ucturc refincment 
(SHELXL-Y3['5]): full-matrix least squares on p, R1 = 0.0276, 
wR2 7 0.0653 (all data: R1 = 0.0351, wR2 = 0.0885). 

"P NMR (CbDb, 80.8 MHz): 6 246 (d, 'Jp,p = 239 Hz). 53 (t; 

(100) [M+ + HI, 488 (29) [M+ - PCtBu], 250 (33) 

'' Dedicated to Professor C. G Kreiter on the occasion o f  his 
60th birthday. 
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