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electrons. I n  addition 10.3 (9.88) electrons reside in copper's 
outer shells: 4s (0.53 (0.49)). 3d (9.7 (9.4)). 4p (0.04 (0.02)). 4d 
(0.06 (0.02)). A straightforward interpretation of the data is that 
copper functions its a d-base through the 3d,, ).: orbital, retriev- 
ing lost electronic charge by means of backbonding to the 4s, 4p, 
and 3d orbitals. The analysis places 3.3 (3.1) and 7.4 (7.5) elec- 
trons a t  carbon and fluorine atoms, respectively. Carbon is thus 
depleted by + 0.7 ( + 0.9) units of charge, while fluorine gains 
-0.4 ( -  0 . 5 ) .  The CF, groups carry 25.4 (25.5) electrons. pre- 
ciselq the average of three CF, groups and one CFT group. 
Charge neutralization in anion 3 by an ammonium cation to 
give ;I contact ion-pair causes no change in the electron distribu- 
ti on. 

Attemprs were made to force the SCF wavefunction to con- 
verge o n  the Cu"' state by switching filled copper d orbitals with 
the L U M O .  the high energy counterpart of 3's bonding SS2 MO 
in Figure I .  The numerical experiment led to a state with 1.99- 
2.00 electrons in a l l  d orbitals except d.,v. which had 1.1 elec- 
trons. The total energy of this state is 250 kcalmol-' above the 
full) relaxed d.,y orbital with 1.97 electrons. This is consistent 
with the SC'F result that the largely localized lone pair Cu d 
orbitals i n  3 are 193-218 kcalmol-I lower in energy than the 
HOMO. I n  the nwked Cu' monocation the same orbitals are 
degenerate and lie at the frontier orbital gap. An empirical argu- 
ment that might be made against the interpretation of 3 as a CU' 
complex is the appearance of a quasi square-planar structure in 
the solid state. the common geometry for d8 metal complexes. 
Though tetracoordinate d ' "  Cu' -1igand association ordinarily 
produces tetrahedral structures. square-planar approximations 
are not unknown.[-" - 3 3 1  

The pictiire that emerges for 3 is one in which the bonding 
between ( ' t i t  and the average of (CF;), and CF: (i.e. 
(CF,".'),) ib  principally ionic. The covalent component derived 
by the full cdculation is in complete accord with Figure 1 ,  Two 
delocalized tivc-center. two-electron bonds are accompanied by 
two nonbonding electron pairs. The description strongly implies 
that oxithtion of CuCF, has effectively removed electrons from 
a CF, Iigmd. and the charge depletion is then shared equally by 
the four trilluoromethyl substituents in product 3. Furthermore. 
the electron depletion at CF, depicted in Figure 1 suggests CF,- 
CF, t o  be ;in important thermal decomposition product, as has 
been observcd (D. Naumann and T. Roy. private communica- 
tion). Similar calculations show that analogous concepts apply 
t o  4.1'XI 

The apparent willingness of a powerful electronegative moi- 
ety such i i j  CF.; to undergo oxidation in preference to Cu' 
underscore> both the importance of the role of ligand in assess- 
ing oxidation pathways in metal complexes and the resistance of 
copper to ii5suine the Cu"' state. The principles outlined herein 
can be expected to apply to the mechanism of cuprate addition 
;is well a s  t o  contribute to a deeper understanding of other 
metal5 assigned high oxidation states in complexes. 
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285.  

1,3,5,7-Tetraphosphabarrelene : A New Cyclic 
Phosphaalkyne Tetramer** 
Paul Binger,* Gerald Glaser, Barbara Gabor, a n d  
Richard Mynott 

The chemistry of phosphaalkynes (RC=P) has gained consid- 
erable momentum through the use of transition-metal templates 
in cyclooIigomerization~.['~ The cyclodimerization of ~ t -  
butylphosphaacetylene 5 to give the cobalt[21 and rhodium[31 
q4-l ,3-diphosphacyclobutadiene complexes 1. the unexpected 
formation of the tricyclic zirconium and hafnium complexes 2 
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triphosphadewarbenzene complex 3 with vanadium as the cen- 
tral atom"] are important milestones in an area that is still 
rapidly developing. 

1 2 

M = Co, Rh M = ZI, Hf 

3 

Of these metal complexes with heterocyclic ligands, only the 
zirconium and hafnium compounds 2 have thus far emerged as 
viable starting materials for the synthesis of novel phospha- 
heterocycles.[4h. 61 In this context, the remarkable synthesis of a 
symmetrical tetraphosphacubane from 2 deserves a special men- 
t i ~ n . ~ ' ]  We report here the first successful cyclotetramerization 
of the phosphaalkyne 5 with the bis(cyc1ooctatetraene)-zirconi- 
uin complex 4 to yield the q4-l ,3.5,7-tetraphosphabarrelene- 
zirconium complex 6 and the reaction of 6 with hexa- 
chloroethane to liberate the 1.3.5,7-tetraphosphabarrelene 
derivative 7, a novel, cyclic tetramer of phosphaalkyne 5 
(Scheme 1 ) .  

4 6 

Scheme 1 
-[(cot)ZrCl,] 

'I toluene. 2 d. 70 C. -cot. h pcntdne. 12 h, -78-20 C. -C2CI,. 

The zirconium complex 6 was obtained as a dark green. mi- 
crocrystalline solid in 81 '% yield after prolonged heating of 4['] 
with excess lrrt-butylphosphaacetylene 5 at 70 "C. Although we 
have not yet been able to grow crystals suitable for a crystal 
structure analysis, the structure of 6 could nevertheless be estab- 
lished unambiguously through spectroscopic methods (mass 
spectrometry; 'H ,  I3C, and 31P N M R  spectroscopy). 

The mass spectrum of 6 exhibits a molecular ion peak at m/z  
594 and a base peak at n7/= 400 corresponding to a tetramer of 
5 (Table 1 ) .  This was the first significant clue that complex 6 
contained a tetramer of 5 that could be cleaved from 6 as a stable 
compound. In the 3'P N M R  spectrum of 6, three signals are 
observed for the four phosphorus atoms, in a ratio of 1 :2:  1 a t  
6 = 285.3, - 1 1  3.4, and - 137.6; these are assigned to the phos- 
phorus atoms 1 ,  2, and 3. respectively (for the atomic number- 
ing, see the structure formula for 6). As a result of the very 
similar coupling constants (J(P 1 ,P2) = 8.8, J(P 1 ,P3) = 

7.8 Hz), the signal for the P 1 atom appears as a pseudoquartet, 
whereas a doublet of doublets (J(P2,P3) = 16 Hz) is observed 
for the P 2  center. and a triplet of doublets for P3. 

As anticipated, the ' H N M R  spectrum of 6 features three 
singlets for the rcrr-butyl groups in the expected region and in a 

6: iHNMR[c]:6=1.0X(s.18H./BuatC-2). 1 . 2 3 ( ~ . 9 H . / B u a t C - 3 ) 1 . 2 9 ( s , 9 H .  
/Bu at  C-1). 6.89 (s. XH. cot): "CNMR.  ii = 37.72 (J,, ,.,> = 84.0. J,c.,i, = 69.6, 
J,<,*,) = 2.6 Hz. C - 3 ) .  37.70 (J ,<,?, ,  = 21.0. J,c,p2) = 17.4. Jlc,p,) = 2.8 Hz, C(CH,), 
at C-3). 31.3 ( 'J ,< = 125, Jtc (,,, = 12.0. Jl(,p21 = 6.9 HL. C(CH3), at C-3). 76.7 ( X  

42.8 HL. C-1) .  3X.O (J,c.,p2A, + J,c = 22.4. .Jc ,,,, =14.3 Hz. C'(CH,), 211 C-2). 
35 .9 ( ' J , ,  ,,,=125.J(, , , ,~,+J, ,- , , i , , ,=lO.l~,Jj , , , , ,=lO.l  Hr.C(CH,)stC-2),219.8 

22 7. 25.2 Hz. C'(CH3)3 at C-I).  35.7 ( ' J ,< =125,  J C  p , i .  J,c.pdl = 14.X. 9.1 Hz. 
C(C.H,), at C-I ) .  97.2 =168 Hr.  C-4); " P N M R :  (5 = 285.3 (J,,,,,,, = 8 X. 
J,p, ,,,,=7.XHr. P-I), -113.4 (J , , , , ,p l ,=8.X.  J , iP2 .P , ,=16 .0H~.  P-2). -137.6 
(4 ,,,. p3i=7.X. J,,,,,,=I6.OHz. P-3): MS (70eV). 4: [%I:  594 (.+It) [lh]. 537 
( M '  - /Bu) [19]. 463 ( M i  - /BuC-P - P)  [16]. 425 ( M '  - / B u C z P  - /BuC) 
[?I]. 400 ( M '  - cotZr) [lOtI]. 300 ((/BuP=C):) [lo]. 262 ((rBuC-P): - rBu,C2) 
[El. 16Y [X3] 

7 :  'H NMR: S = 2.01 (s. YH. /Bu).l.S2 (s. 27H. /Bu); "CNMR: 6 = 229.6 
(X component of a AB,MX spin system [d]: 'J(C,PI,) = 155.8 ,  'J(C,PI,) 
= k4.9.  'J(C.P2) = 45.8 Hz. C-I).  43.7(m. C(CH,)> at C-I).  12.7 (in, C(C'H,), at 
C-1). =16.1 Hz, 
C'(CH,>), at C-2). 32.7 (m. C(C'H,), at C-2): " P N M R :  6 = 324.1 (d. 

=13.0 Hz); MS (70eV) :  W z ( O / " ) :  4 0 0 ( M ) +  [41]. 

component o f a  ABMX spin system [d]; 1J,p2,\.(.l = 97.0. 'J(P?,,.C) = 3.7. J,,,,,, = 

- (J,< I.I, = 97.6. = 5.6. J,(.,pl, = 58.6 Hz. C-I), 43.6 (Jlc,p,l. - 

102.7 (dq. J,,.,,,,=70.8. J,<,,,?, = 7 . 5 H r .  C-2), 38.0 (q. J(< 

JIP p, =13.0 Hz). --87.0 (q.J,, 
300 (.w - P = C ~ B U ) +  [hi, 262 (M - c , ~ B u ~ ) ~  [ion]. ?no ( P , c , ( ~ B ~ ) ~ ) +  ~141 .  169 
1731 

[a] ' H  (300 MHL, TMS). "C (75.5 MHz. TMS). "P NMR spectra (121.5 MHz. 
8 5 %  H,PO,); 6 in [DJTHF: 7 in C,D,, MS: Varian-CHS. [h] For numbering of 
the C and P atoms. see structural formulae o f 6  and 7. [c] Assignments by "P-'H 
and "C ' H  correlation. [d] From simulation of the multiplets. The chemical shifts 
of A and B are different owing to "C isotope effects. 

ratio of 2 :  1 : 1 ; the protons of the q8-bound cyclooctatetraene 
ligand (cot) are assigned to a singlet at 6 = 6.89. The I3C NMR 
spectrum completes the structure determination for the q4- 
bound 1,3,5.7-tetraphosphabarrelene in complex 6: The four 
carbon atoms of the bicyclic system (C 1 -C 3) give rise to three 
groups of signals. The sp3 C atom (C3) resonates at highest 
field (6 = 37.7). The coupling constants to the four P atoms 
are J(C3.Pl)  = 84 Hz (d), J(C3.P2) = 69.6 Hz (t)? and 
J(C3,P3) = 2.6 Hz (d). As expected. the largest downfield shift 
to 6 = 219.8 is observed for the signal arising from the uncom- 
plexed P=C bond (C 1 ) .  which is split into a doublet of doublets 
of triplets (see Table 1) .  The C atoms of the n-coordinated P=C 
bonds (C2) give rise to a multiplet at 6 =76.7. which corre- 
sponds to the X component of an ABMX system (A, B, 
M = 31P; X = I3C; J(PI .C2)  not detectable). A simulation of 
the multiplet generates a value of 56.8 Hz for J(P2,,P2,) (for 
J(C,P), see Tdbk 1). The large upfield shift relative to the P=C 
signal in free tetraphosphabarrelene supports the presence of a 
strong interaction with the zirconium atom. 

The q4-bound tetraphosphabarrelene could be removed from 
complex 6 with the help of hexachloroethane. After the reaction 
mixture had been stirred for 12 h a t  20 'C .  7 was obtained as a 
yellow microcrystalline solid in 88% yield. Compound 7 was 
found to be sensitive to oxidation. but surprisingly thermally 
stable: for example, it sublimes unchanged in vacuo above ap- 
proximately 250'C. In the absence of  crystals suitable for a 
crystal structure analysis, the structure of 7 was determined 
spectroscopically. Both a correct elemental analysis and the 
molecular mass of 400 obtained by mass spectrometry confirm 
that 7 is a tetramer of 5. Because of the symmetry of the mole- 
cule, the 3'P NMR spectrum shows only two sets of signals for 
the four P atoms in an intensity ratio of 3: 1.  The doublet at 
6 = 324.1 (J(P.P) = 13.0 Hz) is assigned to the three equivalent 
phosphorus atoms of the P=C bonds, whilst the quartet at 
6 = - 87.0 corresponds to the triply coordinated P2  atom (see 
Table 1) .  Both signals lie in the expected region. The ' H N M R  
spectrum of  7 contains equally few signals: two singlets are 
found at 6 = 1 .52 and 2.01 in a ratio of 3: 1 ,  corresponding to the 
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two distinct tclrt-butyl groups bound to C 1 and C 2 (see struc- 
tural formula of 7 for atomic numbering). In agreement with 
our proposed structure, only two sets of signals are observed in 
the I3C N M R  spectrum of 7 for the four carbon atoms of the 
bicyclic structure: a multiplet at 6 = 229.6 for the three sp2 
carbon atoms (C 1) and a quartet of doublets at 6 = 102.7 
( J (C,Pl )  =70.8, J(C,P2) =7.5 Hz) for the sp3 carbon atom 
(C2).  The multiplet assigned to C 1  is the X component of an 
AB,MX spin system (A, B, M = 31P; X = I3C), which was 
likewise simulated. The chemical shifts of the ferf-butyl signals 
(see Table I )  require no further explanation. Thus, the structure 
of 7 corresponds to that of 1.3,5,7-tetraphosphabarrelene 
(1.3.5,7-tetraphosphabicyclo[2.2.2]octatriene). 

With the synthesis of tetraphosphabarrelene complex 6, it has 
for the first time been possible to cyclotetrainerize four phos- 
pharilkyne units at a metal center. The previously known phos- 
phaalkyne tetramers, such as, tetraphosphacubane[" or te- 
traphosphatricyclooctadiene,['] were accessed through the 
cycloaddition reactions of 1.3- or 1.2-diphosphets, which were 
in turn liberated from the corresponding metal-phosphaalkyne 
dimer complex (e.g., 2) .  The uniformity with which the cyclo- 
tetramerization of 5 proceeds is remarkable. Comparable cyclo- 
tetramerizations of alkynes at transition-metal centers to yield 
barrelenes are not known, although certain metal complexes 
d o  catalyze the cyclotetramerization of alkynes to cycloocta- 
tetraene.l'"] 

2x5 
oxid.  coup]. 

4- 
- cnt 

t i "  A 

B 

1.2-add. + 5  I 

D 

red. elim. 

1,2- add. I 

:B" 
C 

red. elim. I 

& 
E 

I 
6 

The question as to the pathway of this unusual tetrameriza- 
tion of 5 cannot be answered conclusively. A stepwise process 
seems plausible, with an oxidative coupling of two phos- 
phaalkyne molecules to give the 2-zircona- 1,4-diphosphacy- 
clopentadiene A as the initial step. This might be followed either 
by a 1 -2-addition of 5 to give C or by a [4 + 21 cycloaddition of 
5 to A to yield B. Complex 6 would then be formed by a 1.2-ad- 
dition of a fourth molecule of 5 to intermediate B and reductive 
elimination from D, or alternatively by a [4 + 21 cycloaddition 
of 5 to the 1.3,5-triphosphabenzene complex E. 

E.uperiincwtul Procedure 
6. A solution o f 4  (0.92 g. 3.1 mmol) and 5 (1.3 g. 13 minoll in  toluene (60 mL) was 
heated for 2 d  a t  70 C. A change in color from dark vinlet to dark green was 
observed. After removal ofsolvent. the residue was taken up !n ether (40 mL).  Small 
amounts of insoluble material were removed by filtration through a D 3 f'rit, and the 
clear solution was kept a t  -78 C After 2 d .  6 was filtcrcd off as a dark green 
microcrystalline solid. Yield. 1.50 g (81 'YO); m.p. 175 C (decomp.). 
7 from 6 :  Heuachlnroethane (0.47 g. 2 minol) hiis added to '1 wspension o f 6  (1.0 g. 
1.68 mmol) in  pentanc (50mL)  at -78 C. The mix tu r~ '  u:i\ alloued to warm to  
room temperarurc and was then stirred for 12 h. lnsolublc f(cnt)ZrCl,] and excess 
C,CI, were filtered off. and solvent was removed from the li1tr:ite at 0.5 inbar. Thc 
yellow-red solid residue \+as dissolved in  ether ( 5  mL) and cooled to -78 C After 
3 d.  a microcrystalline yellow precipitate wah liltcred off ;mi dried at lo-. '  mhar. 
Yield: 538 mg (88%,). m.p. 93 C. 
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