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ing to the porphyrinato-N atoms may also play a role 
(N . . . H = 2.48-2.51 A; Figure 2). 

Trapped deeply in a hydrophobic environment and bonded to 
an unusually hybridized oxygen atom, the acidity of the p-hy- 
droxo proton is of both thermodynamic and kinetic interest. 
There is a conceptual parallel to acidic protons buried in protein 
structures. Obtaining a pK, value in a suitable solvent for such 
measurements (e.g., CH,CN, dimethyl sulfoxide (DMSO)) is 
complicated by the tendency of such solvents to act as ligands. 
The chemical shift of the 'H NMR signal of the hydroxo group 
proton of 1 or 2 (6 = 11.6) in bromobenzene solvent cannot be 
used as a criterion of acidity because of chemical shift contribu- 
tions from the paramagnetism of iron. Nevertheless, the acidity 
can be bracketed by H,O; in dry arene solvents (which proto- 
nates the p-0x0 conjugate base) and a two-phase arenelaqueous 
H i  system. Addition of a drop of water to a solution of the 
p-hydroxo species in bromobenzene causes deprotonation. 

Kinetically, the lack of angular change at the oxygen atom 
upon protonation/deprotonation should contribute to a fast 
rate of proton transfer.[51 On the other hand, the iron atoms 
must move about 0.15 A upon proton transfer and this will 
contribute to a slowing of the rate. Experimentally, there is no 
proton exchange between the p-0x0 and p-hydroxo species on 
the 'H NMR timescale. In [DJbromobenzene at 25 "C, separate 
pyrrole resonances are observed in a mixture of the two species 
and the chemical shifts are unchanged from those of single com- 
ponent measurements (6 = 13.8 and -42, respectively). This 
probably reflects the steric impossibility of close approach of the 
protonated Fe-O(H)-Fe moiety to the unprotonated Fe-O- 
Fe moiety. Traces of smaller proton carriers such as hydronium 
ions, which must inevitably be present even in dried solvents, are 
apparently also ineffective at mediating proton exchange on the 
NMR timescale. This experiment suggests that the nature of the 
proton carrier and the accessibility of the base must be consid- 
ered along with structural and electronic reorganizational barri- 
ers when rationalizing slow proton transfer rates. Given the 
interest currently being paid to proton transfer rates in bioinor- 
ganic chemistry,'22. 231 and the possibility that systems such as 
[(tpp)Fe-O(H)- Fe(tpp)]+ may be useful in partitioning the 
various contributions to these rates, these aspects warrant more 
detailed study. 
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Thermal or metal-induced cyclooligomerizations of phos- 
phaalkynes in many cases provide a surprisingly simple access to 
polycyclic phosphorus-carbon cage compounds1" '1 The phos- 
phaalkyne cyclotetramers have been investigated in most detail 
and are available in good yields by specific syntheses. Thus, for 
example, the tetraphosphacubane l,I3] the tetraphosphatri- 
cyclooctadiene 2,[41 and the tetraphosphabarrelene 315] may 
be considered as milestones along this road. 
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We now report on a new phosphaalkyne cyclotetramer, the 
tetraphosphasemibullvalene 7. Although no valence isomeriza- 
tions have yet been described for 1-3, compound 7 can be both 
final and starting product for reactions of this type. 

First evidence for the formation of the tetraphosphasemibul- 
lvalene 7 during the thermal cyclotetramerization of the phos- 
phaalkynes 4 was surprisingly found in the reaction of 4 with 
tropone (5) at 95 "C, in which the diphosphatetracyclodienone 6 
was formed by a sequence of Diels-Alder and homo-Diels- 
Alder reactions (Scheme 

v 
U 

95 'C,  no solvent 
p=c-/fiu 

B U  
6 

4 

Scheme 1 

Work-up of the reaction mixture by column chromatography 
at - 30 "C gave in addition to 6 the tetraphosphasemibullvalene 
7 as an orange-red oil that was still contaminated with s 5 YO (by 
31P NMR spectroscopy) of a further novel phosphaalkyne cy- 
clotetramer. The latter was assigned the tetracyclic structure 13 
on the basis of its NMR data (see Scheme 3). 

The presence of tropone (5) has a significant but not yet 
understood influence on the course of the reaction. This is evi- 
dent from the fact that the thermolysis of pure 4 at 95 OC['] leads 
to the formation of a different cyclotetrameric distribution : af- 
ter 8 h the main product is the tetraphosphatetracyclooctene 
13,c8] formed together with 7 and 12r3c1 in a ratio of 55: 25: 20 (by 
"P NMR spectroscopy). 

Although semibullvalene itself undergoes a rapid, degenerate 
Cope rearrangement at - 110 'C,"] a Cope rearrangement for 
the tetraphosphasemibullvalene 7 cannot be detected even at 
room temperature. Higher temperatures cannot be used on ac- 
count of thermal isomerization of 7 to furnish 12 (see Scheme 3). 
The constitution of 7 is confirmed by its NMR spectroscopic 
data. In the 31P NMR spectrum the four phosphorus nuclei give 
rise to signals at 6 = - 49.0 (P-7), - 14.9 (P-I), 127.7 (P-4), and 
332.0 (P-3); in the 13C NMR spectrum the P=C and C=C units 
are characterized by signals at 6 = 156.8 (C-6), 170.5 (C-5), and 
208.8 (C-2), while, as expected, the signal for C-8 is shifted 
markedly to high field (6 = 57.9). The coupling patterns as well 
as the P,C coupling constants (Table 1) are in accord with the 
proposed structure. 

Compound 7 reacts with [W(CO),.thf] by extrusion of te- 
trahydrofuran to furnish exclusively the dark-red complex 8 
(Scheme 2), which is thermally more stable than the noncom- 
plexed molecule. A skeletal rearrangement to afford the 

Table 1. Selected spectroscopic data for the tetraphosphapolycyclic compounds 
7-9 [a]. 

7: 'HNMR(400MHz):6 = 0.87(s,9H;C(CH3),), 1.29(d,4J(P.H) =1.6Hz,9H; 
C(CH,),), 145  (d, 4J(P,H) = 1 . 6 H ~ ,  9 H ;  C(CH,),), 1.47 (d, 4J(P,H) =1.8 Hz, 
9H;  C(CH,),); ',C NMR (100.64 MHz): 6 = 29.4 (m; C(CH,),), 34.7 (d, 
'J(P,C) = 14.4 Hz; C(CH,),), 34.9 (dd, 3J(P,C) = 12.3 and 9.3 Hz; C(CH,),), 35.0 
(C(CH,),), 35.6 (d, 'J(P,C) = 11.9 Hz; C(CH,),), 38.4 (d. 'J(P,C) = 28.8 Hz; 
C(CH,)J, 39.5 ( 4  'J(P,C) = 21.2 Hz; C(CHJ,), 42.1 (dd, 'J(P,C) = 22.0 Hz, 

156.8 (d. 'J(P,C) = 65.5 Hz; C-6), 170.5 (d, 'J(P,C) = 34.2 Hz; C-5), 208.8 

'J(P,P) ~ 1 6 7 . 9  HZ, 'J(P,P) = 22.9 Hz; P-7), - 14.9 (ddd, 'J(P,P) =167.9 Hz, 

'J(P,C) = 12.7 Hz; C(CH,),), 57.9 (ddd, 'J(P,Cj = 49.0 and 42.2 Hz (2 x ) ;  C-8). 

(pseudo-t, 'J(P,C) =79.7 Hz; C-2): ,'P NMR (161.98 MHz): 6 = - 49.0 (dd, 

'J(P,P) = 22.9 and 15.3 Hz; P-lj ,  127.7 (ddd, 'J(P,P) = 259.4 Hz, 2J(P,P) = 22.9 
and 15.3 Hz; P-4). 332.0(dd, 'J(P.P) = 259.4 Hz, 2J(P,P) = 22.9 Hz; P-3); MS (EI, 
70eV): mjz (%): 400 (52) [ M + ] .  343 (3) [Mf - tBu], 300 (4) [ M +  - rBuCP], 262 

169 (100) [P(rBuC):], 131 (29) [P,(/BuC)+], 100 (11) [tBuCP'], 57 (47) [/But]. 
8: 'HNMR (400MHz): 6 =087.  1.28, 1.46 (each s, 9H; C(CH,j,j, 147 (d, 
4J(P.H) = 2.6 Hz, 9H;  C(CH,),); ',C NMR (100.64 MHz, skeletal carbon atoms 
only): 6 = 55.2 (ddd. 'J(P,C) = 44.1 and 37.2Hz (2x ) ;  C-8), 159.4 (d, 

196.9 (d. 'J(P,C) = 6.8 Hz, 'J(W,C) =125.5 Hz; CO-eq.), 200.6 (d, 'J(P,C) = 
27.2 Hz; CO-ax.), 210.6 (dd, 'J(P,C) = 89.9 and 25.4 Hz; C-2); ,'P NMR 

(89) [Mi  - (fBuC)J, 247 (8) [M' - (IBuC), - CH,)], 200 (9) [M' - ~IBuCP] ,  

'J(P,C) 59.4 HZ; C-61, 167.5 (dd, 'J(P,C) = 35.6 Hz, 2J(P,C) = 10.2 Hz; C-5). 

(161.98 MHz): 6 = - 6f.9 (ddd. 'J(P.P) = 188.2 Hz, 'J(P,P) = 15.3 Hz(2 x); P-7), 
9.2 (ddd, 'J(P,Pj = 188.2 Hz, 2J(P3P) =15.3 Hz (2 x ) ;  P-l), 144.2 (ddd, 
'J(P,P) = 305.2 Hz, 'J(P,P) = 15.3 HZ (2 x ) ;  P-4). 312.6 (d, 'J(P,P) = 305.2 Hz, 
'J(W,Pj = 218.7 Hz; P-3). 
9: 'H NMR (400 MHz): 6 = 1.15 (d, 4J(P,H) = 2.0 Hz, 9H;  C(CH,),), 1.18, 1.38, 
1.48 (each s, 9H;  C(CH,),), 2.04 (s, 3H;  4-CH3), 2.52 (s, 6H;  2,2'-CH,), 6.70 (s, 
2 H ;  3,3'-CH,f; "C NMR (100.64MH~): 6 = 20.9 ( s ;  4-CH3), 2 2 0  (d, 
4J(P,C) = 5.7 Hz; 2,2'.CN,), 29.0 (dd. '4P.C) =7.2 Hz ( 2 ~ ) ;  C(CH3)3), 30.8 (s, 
C(CH,),), 34.1 (dd, 'J(P,C) =14.0 Hz, 4J(P,C) = 2.7 Hz; C(CH,),), 34.4 (d, 
'J(P,C) = 13.6 Hz; C(CH,),), 35.5 (m. C(CH,j,), 38.8,38.9 (each s, C(CH,),), 40.0 
(dd, 'J(P,C) = 21.9 and 17.8 Hz; C(CH,),), 56.2 (ddd. 'J(P,C) = 49.9 and 37.8 Hz 
(2x ) ;  C-l)? 125.9 (dd, 'J(P,C) =71 2 and 53.8Hz, C-3), 127.2 (d, 'J(P,C) = 
16.1 Hz; C-l arom.), 129.6 (s; C-3.3' arom.), 137.6 (s; C-2,2' arom.), 138.3 (s; C-4 
arom.), 150.2 (dd, 'J(P.C) = 63.4 Hz, 'J(P,C) =15.2 Hz; C-10). 158.9 (dd, 
'J(P,C) = 48.2 Hz, 'J(P,C) = 8.0 Hz; C-6), 164.3 (dd, 'J(P,C) = 20.3 Hz, 
'J(P,C) = 9.3 Hz; C-9); "P NMR (161.98 MHz): 6 = - 2.8 (ddd, 'J(P.P) = 
219.1 Hz. 'J(P,P) =16 3 and 9.1 Hz; P-2), 2.7 (dd, 'J(P,P) = 219.1 Hz, 
'J(P,P) = 21.4 Hz; P-ll) ,  62.5 (dd, 'J(P,P) = 272.0 Hz, 'J(P,P) = 9.1 Hz; P-7), 
154.1 (ddd, 'J(P,P) = 272.0Hz, 'J(P,P) = 21.4and 16.3 Hz;P-8);MS(CI,200eV): 
m/z (%): 562 (2) [ M *  +HI; MS (EI, 70eV): mjz (%): 561 (0.02) [ M + ] ,  SO4 (2) 
[M' - tBu], 416 (12) [ M +  -MesCN], 400 (5) [M' -MesCNO], 300 (2) 
[M' - MesCNO, -tBuCP]. 262 (18) [M' - MesCNO, -(rBuC),], 169 (100) 
[P(tBuC):l, 131 (11) [P2(tBuC)+]. 119 (4) [Mes'], 57 (51) [tBu']. 

[a] NMR: Bruker AMX-400, 'H and I3C NMR in C,D,; 3'P NMR in C,D, with 
85 % H,PO, as external reference, all spectra recorded at T = 25 'C; MS: Finnigan 
MAT 90. 

WU 

I W U  

-78 +25'C ~ 

13+4 

9 

Scheme 2 

W(CO), complex of the structure 12 does not occur either in the 
solid state or in solution. Coordination of the metal fragment at 
P-3, the signal of which is shifted only slightly to higher field 
(6 = 312.6), is confirmed by the Is3W satellites ['J(P,W) = 
218.7 Hz] (for further NMR data, see Table 1 ) .  
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Mesityl nitrile oxide undergoes rapid addition to the phos- 
phaalkene unit of 7 in toluene to furnish the crystalline, poly- 
cyclic product 9 (Scheme 2), which is isolated in 92 % yield after 
work-up by column chromatography. The NMR data unequiv- 
ocally demonstrate the cycloaddition to the P-C double bond 
as well as the regiochemistry of the reaction. The signals for 
both reaction centers in 7 are shifted significantly to higher field: 
P-7 from 8 = 332.0 to 8 = 62.5, C-3 from 6 = 208.8 to 
6 = 125.9. The unusual lowfield position of the signal for C-3 is 
reasonable when the oxygen of the dipole is bonded at this 
position. The remaining question of the stereochemistry of the 
cycloadduct 9 was resolved in favor of an exo-arrangement of 
the newly formed five-membered ring by a crystal structure 
analysis (Figure 1); an endo attack of the dipole is apparently 
prevented by the tert-butyl substituents at the C-C double 
bond. At the same time the structure of this novel phos- 
phaalkyne cyclotetramer is confirmed."'] 

Figure 1. Structure of 9 in the crystal (XP-Plot, thermal ellipsoids drawn at 50% 
probability level). Selected bond lengths [A] and angles ['I: P2-Pll  2.2185(13), 
P7-P8 2.2095(12), P7-C3 1.865(3), P2-C3 1.892(3), P8-C9 1.869(3), P2-C1 
1.855(3), PX-Cl 1.845(3), P11-C1 1.836(3), Pl1 -C10 1.851(3),ClO-C9 1.357(4); 
Cl-P2-PI1 52.65(10). CI-P2-C3 103.49(14), C3-P2-Pll 116.12(10), CI-P11-Cl0 
100.21(14). CI-Pll-P2 53 45(10). ClO-Pll-P2 115 66(11), Pll-Cl-PS 108.0(2). 
PII-Cl-P2 73.89(12). P8-Cl-PZ 116.9(2). 

The P-C single bond lengths in the tricyclic phosphorus-car- 
bon skeleton of 9 are between 1.836 and 1.892 8, (average value 
1.856 A) and thus in good agreement with those of other poly- 
cyclic compounds.["l The P2-PI1 bond length of 2.219 8, lies 
at the upper limit for diphosphiranes."'] In accord with this, the 
angle P2-CI-Pll in the three-membered ring is larger (73.9') 
and the angles Cl-PlI-P2 (53.5") and CI-P2-P11 (52.7') are 
smaller than those in other polycyclic systems containing a 
diphosphirane element." 31 

Valence isornerizations in phosphaalkyne cyclotetrarner sys- 
tems were previously unknown. We report here on reactions of 
this type that also make the tetraphosphasemibullvalene 7 ac- 
cessible from the polycyclic systems 10- 13 (Scheme 3). 

14] and coexist as a 
1 : 1 equilibrium mixture (by "P NMR spectroscopy) upon irra- 
diation of the one or the other in C,D, (mercury high-pressure 
lamp Phillips, HPK 125W, Duran-50 filter). When each of the 
two isomers is heated separately at 150°C, compound 12 (100 
and 48 %, respectively) is formed by a skeletal rearrangement; 
the latter product is also accessible directly from the thermal 
cyclotetramerization of the phosphaalkyne 4 at 180 0C.[3c1 
When 12 is photolyzed under the conditions mentioned for the 
equilibrium l o e l l ,  the valence isomer 7 is formed (up to 75 %); 

The compounds 10 and 11 are 

hv,  B 280 nm. ""FA: C.0,. 10- 15 "C 
WU 

"P<' 
10 WU WU 11 

150 "C \ 150 'C / 

WU 
8 L P 4  

Scheme 3. 

the reverse isomerization of 7 occurs relatively slowly at 25 "C in 
C,D, (ca. 20% 12 after 7 d, both by 31P NMR spectroscopy). 
Finally, 13 can undergo complete photochemical isomerization 
to furnish an isomeric mixture of 7 and 12 (80:20). 

Experiment a1 Sect ion 
7:  In a 15-mL-pressure Schlenk tube, tropone (5) (0.14 g, 1.3 mmol) was added to 
phosphaalkyne 4 1151 and the two-phase system was heated with magnetic stirring 
under argon pressure ( 5  bar) for 17 h a t  95 'C. After the mixture had cooled to 25 "C, 
unconverted phosphaalkyne 4 (2.15 g, 21.5 mmol) was recovered by coqdensation 
(0.003 mbar, received -192 T ) .  Column chromatography ( 1 . 4 ~  30 cm) on silica 
gel(63-200pm. bakedfor 1 6 h a t  175"Cand 10-3mbaranddeactivated wi th4% 
argon-saturated water) at - 30 "C afforded the following in sequence: a) elution 
with n-pentane (500 mL) gave after evaporation of the solvent at mbar,'25'C 
the orange-red, oily 7. Yield: 32 mg (4.9%, with respect to converted 4); stored at 
-25 "C; b) elution with n-pentaneldiethyl ether 10/1 (50 mL) gave a dark orange- 
red, unidentified "polymer"; c) elution with n-pentane/diethyl ether 511 (70 mL) 
gave the pale yellow, oily tetracyclic product 6. 
8: Compound 7 (70 mg, 0.17 mmol) in tetrahydrofuran ( 5  mL) was added to a 
solution of [W(CO),.thf],'16' prepared by irradiation of [W(CO),] (92 3 mg. 
0.26 mmol) in tetrahydrofuran (60 mL). After 17 h the solvent wils evaporated at 
25 Cjl0- mbar, the oily residue was eluzed with n-pentane (20 mL) and subjected 
to chromatography on silica gel (column: 1.8 x 37 cm) with ti-pentane. Yield: 
85.5 mg (69%) dark red oil, which could becrystallized from n-pentane at -80°C. 
M.p. 8-13°C (in thawing cold bath). 
9: Mesityl nitrile oxide (40 mg, 0.25 mmol) in toluene (3 mL) was added dropwise 
with stirring at - 78 ' C to the tetraphosphasemibullvalene 7 (100 mg. 0.25 mmol) in 
toluene (3 mL), and the mixture was stirred for further 3 h at 25 ^C. After evapora- 
tion(25 'C/IO-' mbar), dissolution in n-pentane(l.5 mL), and chromatographyon 
silica gel (as described for 7, but with water-cooling) the following were obtained in 
sequence: a) elution with n-pentane (80 mL) gave after evaporation about 5 mg of 
I2 formed by isomerization of 7;  identification by a comparison of the NMR 
spectrum with thar of an authentic sample [3cl; b) elution with n-pentanejdiethyl 
ether 2Sj l  (50 mL) gave the pale yellow cycloadduct 9. Yield: 129 mg (92%). m.p. 
123'C (from n-pentane at -20°C) .  
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Rotational Spectroscopy of Mixtures of 
Trimethylamine and Fluorine : Identification 
of the Ion Pair [(CH,),NF] + * * - F-  
in the Gas Phase** 
Hannelore I. Bloemink, Stephen A. Cooke, 
John H. Holloway, and A. C. Legon* 

Reactions of elemental fluorine with organic compounds are 
notorious for their violence. They are assumed usually to pro- 
ceed by a chain mechanism that is initiated by the facile ho- 
molytic dissociation of F, into atoms. The next step (propaga- 
tion) is presumably the abstraction of an H atom from a CH, 
group to give -CH,- and HF, which is strongly exothermic and 
makes the reaction difficult to control. Consequently, the prod- 
ucts are often predominantly HF, CF,, and carbon. The large 
value for the energy of heterolytic dissociation F, = F+ + F- 
(1370 kJmol- ' ) [ I 1  means that reactions in the gas phase involv- 
ing the F' ion are unlikely to be common. Are there reactions 
of F, in which heterolysis of the diatomic molecule needs to be 
invoked? 

We report herein the identification and characterization of a 
complex formed by trimethylamine with Fz in the gas phase. 
Interpretation of spectroscopic constants derived from analyses 
of the rotational spectra of three isotopomers leads to the con- 
clusion that the observed species is best described as a Mulliken 
complex [(CH,),NF]+ . . . F- of the inner type, that is, one in 
which the F+  ion has been transferred from F, to the Lewis 
base. This is a surprising result, not only because of the reluc- 
tance of F, to dissociate heterolytically but also because, for all 
complexes B . . . F, previously investigated (B = NH, ,['I 
HCNJ3] CH,CNJ41 H,SJ51 and H,0L6]), the interaction be- 
tween the Lewis base and F, is very weak. 

The rotational spectrum of the complex [(CH,),N, F,] was 
observed by using a pulsed-nozzle, Fourier-transform mi- 
crowave ~pectrorneter['~ fitted with a fast-mixing nozzle.['] This 
latter device consists of two concentric, nearly coterminal tubes 
and ensures that the two components (trimethylamine flowing 
continuously through the inner tube and F,/Ar mixture pulsed 
down the outer tube) do not mix until they expand simulta- 
neously into the evacuated Fabry- Perot cavity of the spectro- 
meter. The reasons why the fast-mixing nozzle is effective in 
inhibiting the production of F atoms, and therefore in preclud- 
ing violent chain reactions of the type alluded to earlier, have 
been discussed elsewhere.161 

The ground-state rotational spectrum of the isotopomer 
[(CH,),14N, F,] is characteristic of a symmetric-top molecule 
carrying a 14N ( I  = 1) nucleus on the unique axis. Analysis ofthe 
14N nuclear quadrupole hyperfine structure in the J = 2 + l ,  
3+2,4+3, and 5-4 transitions yielded the rotational constant 
Bo,  the centrifugal distortion constants D, and D,,, and the 
I4N-nuclear quadrupole coupling constant x( 14N) (Table 1).  
A partially resolved substructure, arising from coupling of the 
various I = 1/2 (H and F )  nuclei, together with the small magni- 
tudes of x(I4N) and D,,, resulted in a complex and congested 
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