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Abstract-The reaction of I-phospha-2,8,9-trioxaadamantane with hexafiuoroacetone gives a crystal- 
line caged polycychc pentaoxyphosphorane. The ambient temperature fourier transform “C NMR 
spectrum of the phosphorane in CH,CI, solution, with proton noisedecoupling, shows one singlet for 
three equivalent methine carbons, and one singlet for three equivalent methylene carbons. Hence, the 
phosphorane undergoes a rapid permutational isomerization, which is confirmed by the observation of 
equivalency of the three methine protons and of the three groups of methylene protons in the ‘H NMR, 
and of equivalency of the four CF, groups in the “%’ NMR. The variable temperature ‘9: NMR spectra 
in a vinyl chloride-CHFCh solvent system disclose that the permutational isomerization of this phos- 
phorane cannot be prevented even at - IW, although there is a progressive line-broadening indicative 
of a decrease in the exchange rate. The “P NMR spectrum of the phosphorane has a signal at a higher 
magnetic field (a”P = + 42.4 ppm) than H,PO,; the shift is nearly identical in CH,Ch and in the acidic 
(CF&CHOH. The remarkably low energy barrier (< CQ 5 kcallmole) for the permutational isomeriza- 
tion of a compound as constrained as the caged oxyphosphorane is attributed to: (S) A small deviation 
from the perfect trigonai bipyramidal configuration, which raises the ground state energy. (2) The 
existence of a barrier configuration which can accommodate the constrains of the caged molecule, and 
is therefore of relatively low energy. The barrier configuration is deduced from the turnstile rotation 
mechanism of permutational isom&ization. 

INTROWJCTXON 

The first example of a caged poiycycfic pentaoxy- 
phosphorane, 3, has been reported in the form of 
prekninary notes,2-’ This paper furnishes the ex- 
perimental data for the synthesis of this compound. 
The manuscript also provides the experimental de- 
tails of variable temperature ‘“f; and ‘H NMR of 3, 
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which were given in the preliminary notes”’ as the 
basis for the introduction of a new mechanism of 
permutational isomerization of trigonal bipyramidal 
S-coordinate phosphorus compounds. Moreover, 
this manuscript provides unpublished additional 
support for the new mechanism of permutational 
isomerization, on the basis of “CFi’ NMR of 3. 

Synthesis of the caged polycyclic uxyphusphorane, 
3, and NM? spectra at ambient temperature 

Hexafhroroacetone (1) reacts with the adaman- 
tanoid phosphitet 2, to give the crystafline oxy- 
phosphorane, 3, in about 70% of the theoretical 
yield. The “P NMR spectrum of 3 exhibits the 
strongly positive chemical shift which is charac- 
teristic of molecules with five 0 atoms covalentfy 
bonded to phosphorus.9V’o Table 1 shows that the “P 
shift of 3 is insensitive to the nature of the solvent. 
This is particularly significant in the case of the re- 
iativeIy acidic hexafluoroisopropyl alcohol. 

The addition of limited amounts of water to a 
solution of 3 has no appreciable effect on the “P 
NMR shift, which is another indication of the rela- 
tively high degree of stability of this phosphorane. 
Table 1 includes comparable data for the monocyc- 
lic pentaoxyphosphorane, 4, made from trimethyl 
phosphite and hexaffuoroacetone,” and for other 



Table 1. “P NMR shifts” of stable and unstable oxyphosphoranesb under various conditions 

d3’P in Anhydrous solvents 
a”P in CDCl,+ 
1 Moleq of water 

Trivalent cDCI,+o~s cDC1,+ 1 
Compd phosphorus Carbonyi moles of moleq of After After 

No compound compound CDCI, DMF HFIP’ HFIP HFIP 0.5 hr 24 hr 

3 c6Hpo9’ Hexafiuoro- + 42.4’ + 41.2 + 44.1’ + 42-3 -f 42.4 + 42-O -t 42X) 
acetone 

4 (CH30)3P Hexafiuoro- + 49.7” + 48-9 -t 48*3’ + 4964 + 49.6 + 49.9” -t 49.8 
acetone 

5 (CH3trPGHs Hexafiuoro + lo*9 - - %.V + 9.5 + 9.0 -41.8 - 
acetone 

6 (CH3XPCJ.L Pheuanth- + 1.Y - - 85.3”’ - 28.7 - 5394 -39-P’ - 
renequi- 
none’ 

r3’P shifts in ppm us H3P0, = 0, at 259 
‘The oxyphosphoranes are made from the reaction of a trivalent phosphorus compound with a carbonyl compound. 
“DMP = dimethytiormamide: HTTP = hexafhroroisopropyl alcohol. 
’ I-Phospha-2,8,9&ioxaadamantanc. 
‘CO 0*2M sohl: 
$0 IM soin. 
‘ca 2M soh. 
“Probable structure: [(CH3)3(Cd&=O-C(CF3)30HJ((CF3)3CH~l. 
Probable structure: (CH3h(GHS)P0. 
‘The (CH30)3P-Phenanthrenequinone adduct has a3’P = + 44.7 ppm (in CDCG). 
‘The auaiogous (C3H,)3(C&s)P-phenanthrenequinone adduct has: a”P = - IO.8 ppm (in CH,CL) but - 0.9 ppm (in benzene) 

showing some “P NMR solvent dependence. 
‘Acyclic dipolar ion. 
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related compounds” that will becomes pertinent to 
further discussion, Le., 5, 5s and 6, 6a. 

The 3’P signal of 3 is a quartet with a relatively 
large9*” POCiJ coupling, J = 28 Hz. The signal be- 
comes a singlet with a3’P = + 42.6 ppm when the ‘H 
is decoupled with a frequency of 1022000 Hz. The 
“P signal of the precursor phosphite 2 appears as a 
singlet at a”P = - 136e4 ppm, under the same ‘H de- 
coupling frequency. 

The fourier transform “C NMR spectrum of the 

*The pertinent operational data are: R. F. Frequency = 
55.3330 MHz; Spectral width = 10,000 Hz; acquisition 
time = Oe4 set; pulse width = 7 ~stc; K-transient = 
21 a954. Carbons other than those in the adamantanoid 
moiety were not observed. 

TSolubility considerations prevent the study of the var- 
iable temperature ‘V NMR spectra of 3 in pure vinyl 
chloride down to - 155”; hence, the statements concerning 
the coalescence temperature and the changes in the ‘9; 
NMR signal which appear in Refs 3b, 4b, 5b, 6b, and 76 
are incorrect. The observations at temperatures above cu 
- 50” reported in those references, 3b-7b, and the in- 
ferences therefrom, are correct. 

SThe results of an initial examination of the variable 
temperature ‘H NMR spectra of 3 in the solvent system 
3 : 1 SO, :CRCl,, in the range - 50” to - 155*, are in error. 
The statement concerning the coalescence temperature 
which appears in Ref Sb is therefore incorrect. The obser- 
vations made above ca - 50” are correct. 

caged oxyphosphorane can be determined in 
CH& solution at ambient temperature, with pro- 
ton noise-decoupling.* The spectrum shows one 

singlet for three equivalent methine carbons (bH), 
with a chemical shift of -24.5 ppm downfield from 
internal CH&. The spectrum also shows one sing- 

let for three equivalent methylene carbons (bH2), 
with a chemical shift of + 20-5 ppm upfield from in- 
ternal CH2C12. 

The chemical shift of the methine carbons (;H) 
of the phosphorane 3 is displaced - 1096 ppm to 
lower field, while the shift of the methylene car- 

bons, @Hz) is displaced + 3.1 ppm to higher field, 
relative to the shifts of the respective carbons of 
the phosphite ester, 2. 

The ‘v NMR spectrum of the phosphorane 3 in 
CH2C12 solution shows one sharp and very narrow 
doublet, JEccop =0*3Hz with b”F= - 9*5 ppm ( DS 
CF&OOH = 0) for twelve equivalent fluorines. 

The ‘H NMR spectrum of 3 in CDC13 has one 
doublet, Jgcoe = 2800 Hz with 7 = 5Wppm due to 
three equivalent methine protons. There are also 
signals centered at 7 = 7.20 and 8.26 ppm for three 
groups of e&valent methylene protons. 

It is concluded from these data that the caged 
phosphorane 3 undergoes a relatively rapid posi- 
tional exchange of ligands at ambient temperature, 
as indicated in formulas 3 * 3’. 

Vurbble temperature ‘9mvMR spectra. The sol- 
vent system 70% vinyl chloride + 30% CHFC& per- 
mits? the study of the “F NMR spectra of the caged 
oxyphosphoranc 3 from ambient temperature to 
- 165’. The data are summarizd in Table 2. It is 
concluded that the energy barrier for the positional 
exchange of ligands is very low, probably less than 
5 kcdlmole and, therefore, the exchange process 
cannot be prevented even at - 165’. One can, how- 
ever, observe a progressive line-broadening at low 
temperatures, which is consistent with a decrease 
in the rate of the exchange. 

V&able te,lnperature ‘II NMR spectra. No sig- 
nificant changes are noted in the ‘H NMR spectra 
of CDCl, solutions of the oxyphosphorane 3 in the 
temperature range + 30” to - 50” allowed by solubil- 
ity considerations. In general, proton chemical shift 
differences are much smaller than “F chemical 
shift differences. In view of the results of the vari- 
able temperature ‘v NMR study, no further efforts 
were made to develop a solvent system* which 
would permit observations of ‘H NMR spectra at 
the lowest temperature allowed by the instrument. 

DISCUSSION 

The NMR data show conclusively that at ambient 
temperature the ligands in the caged pentaoxy- 
phosphorane, 3 G= 3’, undergo a relatively rapid 
exchange among the skeletal positions of a slightly 
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Table 2. Variable temperature ‘T NMR spectra of the caged 
polycyck pentaoxyphosphorane, 3“ 

Temp 
Oxyphosphorane 

frequency, Hz 
Lock 

frequency,* Hz A, Hz 

Ambient 3 143.2 
- 92*S” 3079.3 

- 112*5O 3069.3 
- 124*s” 3069.5 
- 148” 3 1760 
- 150” 3 184.7 
- 155” 3188*9 
- 165” 31760 

2495.4 - 647*8 
2495-7 - 583.6 
2495 -4 - 573.9 
2495.7 - 573.8 
2495.7 - 680.3 
2495.5 - 689.2 
2495.6 - 69393 
2495.7 - 676*8 

“Solvent: 70% vinyl chloride + 30% CHFCI,. 
Internal standard: CFJZOOGH,. R.F. frequency: 94.1 MHz; 

sweep width: 1000 Hz; sweep time: 500 sec. 

distorted TBP.* This is the geometry of the closely 
related caged tetraoxyazaphosphorane 7 as re- 
vealed by X-ray crystallography.‘3 It is inconceiva- 
ble that the observed equivalency of the methine 
carbons and hydrogens, and of the ~uorome~yi 
fluorines, are, in all cases, the result of accidental 
coincidences of the respective chemical shifts. 

The direct observation of the temperature at 
which the equivalent methine and methylene pro- 
ton signals, and the equivalent trifluoromethy1 
fluorine signal, should split as expected for a 
“frozen”, more or fess distorted TBP,* could not be 
achieved. Nevertheless, the progressive line- 
broadening of the low temperature ‘v spectrum is a 
good indication that the phenomenon of PI* does 
indeed occur in the caged phosphorane 3. The exact 
determination of the energy barrier for this PI* is 
beyond the present range of NMR studies. How- 
ever, that barrier must be very low indeed, proba- 
bly less than 5 k&/mole. 

a3’P = + 56.8 ppm (CH,Cl,) 
TCH = 5.26 ppm(CDC&) 
Jycop = 26.0 Hz 

*The following abbreviations will be used in the Discus- 
sion: TBP = trigonal bipyramid or trigonal bipyramidal, 
PI = PermutationaI Isomerization. BPR = Berry 
pseudorotation mechanism+ TR = Turnstile rotation 
mechanism. 

The exchange of Iigands between the coordina- 
tion sites of TBP* five-coordinate phosphorus com- 
pounds can occur by intramolecular bond deforma- 
tion processes (“regular processes”), or by break- 
ing and making of bonds (“irregular processes”)*-’ 
There are several conceivable types of irregular 
iigand exchanges,‘b’8 and some of them have actu- 
ally been observed. The sum total of several obser- 
vations strongty suggest, although do not rigorously 
prove, that the ligand exchange in 3 occurs by an 
intramolecular bond deformation or regular pro- 
cess. First, note the insensitivity of the “P NMR 
shift to the nature of the solvent; Table 1. Hexa- 
fluoroisopropyt alcohol! is relatively acidic and 
should affect the “P shift if there were dipolar ions 
with 6coordinate phosphorus in equilibrium with 
the pentaoxyphosphorane structure. This effect is 
indeed observed in the case of the less stable dioxy- 
phosphorane, 5, 5a, made from the reaction of di- 
methylphenylphosphine with hexatIuoroacetone.‘2 
In this case, the shift is strongly displaced toward 
lower magnetic field as the equilibrium is shifted to- 
ward the open dipolar form by solution in the al- 
cohol. The same phenomenon is observed in the 
dioxyphosphorane, 6, 6a, made from dimethyl- 
phenylphosphine and phenanthrenequinone.‘2 On 
the other hand, the 3’P shift of the pentaoxyphos- 
phorane 4 made from trimethyl phosphite and hex- 
afluoroacetone” is insensitive to the nature of the 
solvent (Table 1). 

The second piece of evidence against the occurr- 
ence of facile bond ruptures in the caged phos- 
phorane 3, and in its monocyclic analog 4, is their 
lack of reactivity toward water under conditions 
which cause the immediate decomposition of the 
less stable dioxyphosphoranes 5 and 6; cf Table 1. 

Finally, the energy barrier involved in the PI* of 
3 is simply too low to be accountable for in terms of 
bond ruptures. For example, an energy barrier of at 
feast 25 kcallmole has been estimated for an inter- 
molecular exchange of tigands between two differ- 
ent pentaoxyphosphoranes.” 1 
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An examination of molecular models reveals that 
the regular PI* of the caged phosphorane 3 cannot 
be carried out according to the Berry pseudorota- 
tion mechanism.“t The equatorial oxygens of the 
adamantanoid cage cannot function as the pivot in 
BPR.* As the 180” diapical angle is forced to con- 
tract toward the required 120”, the apical adaman- 
tanoid oxygen is pulled in one direction, while at 
the same time one equatorial adamantanoid oxygen 
is being pulled in the opposite direction by the ex- 
pansion of the 120” diequatorial angle toward the 
required 180”. Since those two oxygens, together 
with the pivot oxygen form part of the adaman- 
tanoid cage, the motions of the BPRi6 mechanism 
are forbidden in 3. Moreover, the equatorial oxygen 
of the five-membered ring cannot be the pivot in 
BPR* because this would require placing one ring 
of the adamantanoid cage in a diapical position. 

The occurrence of the extraordinarily rapid regu- 
lar PI*, 3 pi: 3’, can be explained by the turnstile ro- 
tation”’ mechanism, as shown in Scheme 1. The 
two 5-membered ring oxygens, O(4) and O(5), func- 
tion as the “pair”, and the three caged oxygens, 
O(l), O(3) and O(2), function as the *‘trio’*. In the TR* 
illustrated in Scheme 1, the trio-equatorial O(1) will 
remain equatorial in the new permutational isomer. 
The following motions occur simultaneously as the 
system moves toward the barrier configuration. 

The diequatorial angle of the trio, 0(1)-P-O(3) con- 
tracts from 120” to approximately 90°, while the 
pair, O(4), O(5) tilts as a unit approximately 9O to- 
ward the trio-apical O(2). Simultaneously, there is 
an internal rotation of the pair relative to the trio, 
which can be illustrated by means of the Newman 
projections in Scheme 1. In the internal rotation, 

*See footnote on previous page. 
*The extensive literature on the Berry pseudorotation 

mechanism has been thoroughly reviewed in Refs Z-7. 
$The reorientation in space of one of the Newman pro- 

jections in Scheme 1 is not au integral part of the TR 
process, but a convenient device to produce a new permu- 
tational isomer with the same skeletal space orientation as 
in the original drawing. 
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the pair-equatorial O(5) points toward the trio- 
equatorial O(1) that will remain equatorial. The in- 
ternal rotation reaches 30” at the barrier configura- 
tion, and 60” at the completion of the TR.* Past the 
barrier there is a simultaneous tilt of the pair, O(4), 
O(5), away from the ligand that will become apical 
in the new permutational isomer; also, there is a 
simultaneous expansion of the angle that will be- 
come a new diequatorial angle, 0(1)-P-O(2). The net 
result of these motions is to generate a new permu- 
tational isomer in which the pair, O(4), q5), has ex- 
change positions on the skeleton, while the trio, 
o(l), O(3), O(2) have apparently described the mo- 
tions of a turnstile.* 

In the caged phosphorane 3, the establishment of 
a TBP* arrangement of the phosphorus valencies 
involves a certain amount of distortion of the 
adamantanoid cage, and this requires some energy, 
This energy is released as the TBP* goes over into 
the 309TR barrier configuration, where the 
adamantanoid moiety possesses C& local sym- 
metry, An idealized model of the 30”-TR barrier for 
3 is depicted in Fig 1. The remarkably low energy 
barrier which accounts for the rapid PI* of 3 is due, 
in this hypothesis, to a relatively energetic distorted 
TBP* and to a favorable 30°-TR barrier conEgura- 
tion. 

These ideas are consistent with the results of an 
X-ray crystallographic analysis” of the caged tetra- 
oxyazaphosphorane, 7. The main d&&ions from 
the idealized D3h skeletal symmetry in 7 are as fol- 
10~s. (a) The 0(1)-P-O(3) angle is 106*2 rather than 
120”; this is the angle that contracts in the TR 
mechanism. (b) The 0(4)-P-O(2) angle is 169-8” 
rather than 180°, and the N(l)-P-O(2) and N(l)- 
P-o(4) angles are, respectively, 86-4” and 83*8”, 
rather than 909 These deviations are in the direc- 
tion of the tilting of the pair in the TR mechanism. 

The binding energies of various configurations of 
the PFs molecule related to the TR mechanism have 
been calculated by the CND0/2 approximation of 
the MO-LCAO methods*” The most stable 309TR 
barrier configuration model has an 85”F-P-F angle 
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Fig 1. Model of the 300-TR barrier situation in the 
adamatltanoid oxyphosphorane, 3. a- Oxygen, @ = 

Phosphorus. 

for the pair, and three 95” F-P-F angles for the trio. 
The angles observed for the azaphosphorane 
molecule 7 in the crystals are: N(l)-P-O(4) = 83.4” 
(the “‘pair”), and the set: 0(1)-P-O(3) = 1062*, 
0(1)-P-O(2) = 97* lo; 0(2)-P-O(3) = 98*4* (the %io*‘). 
From these data it would appear that the molecule 
7, and presumably the related 3, need only some re- 
latively minor adjustments to reach the 30*-TR bar- 
rier. 

The value of the “P and the ‘9 NMR of the 
polycyclic oxyphosphorane 3 and of its monocyclic 
analog” 4 are very similar. Moreover, as shown in 
Table 1 the monocyclic oxyphosphorane 4 dis- 
closes also a remarkable lack of sensitivity of the 
phosphorus NMR shift to the nature of the solvent 
and even to the addition of limited amounts of 
water to its solutions. The proton NMR spectrum 
of 4 has been followed to - loo” without sign&W 
changes. It thus appears that the oxyphosphoranes 
3 and 4, which are derived from the reactions of 
hextiuoroacetones with phosphide esters undergo 
relatively rapid reguiar permutational isomeriza- 
tions whether or not the phosphide esters are acyc- 
lic or polycyclic. 

-AL 

Elemental analysis are by Gaibraith Laboratories, Inc., 
Knoxville, Tennessee. 

I-Phospha-2,8,9_trioxaadumantane (2). The phosphite, 
m.p. 200-203” (after sublimation at 100-l 100, O-05 mm) 
was made in 58% of the theoretical yield by the procedure 
in the Lit using triethylamine in CH&l, as solvent. The 
phosphite had 3’P = - 1365 ppm; 7 = 5.76 ppm, 3,c0Z = 
6.3 Hz (methine H): 7 = 7-10 and 8+07 ppm, Hslctr = 14 Hz 

&ethylene H), in agreement with the values given by 
Verkade et A’ 

Reaction of hexafluoroacefone (1) with l-phospha- 
2,8,Ptrioxaudamanta (2). Hexatluoroacetone (3-6 ml) 
was added to a suspension of 2 (I l 6 g) in methylene 
chtoride (30 ml), kept at - 75*, under Nz. After 2 h at - ?I”, 
the mixture was allowed to reach 28” within 2 h. The sol- 
vent was evaporated at 400 (20 mm) and the residue was 
recrystallized from methylene chloride to give 3 in 70% of 
the theoretical yield, m-p. 166”-dec. 

Found: C, 29.2; H, 1.9; P, 6.4. Gale for ClaHoOrPFtl: C, 
29.4; H, 18; P, 6.3%. 

‘“State University of New York. We acknowledge the 
support of this research by Grants from the National 
Cancer Institute, U.S. Public Health Service (No. CA- 
04769), and from the National Science Foundation, 
(GP-23018); bTechnische-Universit&, Mttnchen; 
‘California State College, Long Beach 

“I. Ugi, F. Ran&z, D. Marquarding, H. Klusacek, G. 
Gokel and P. Gillespie, Angew. Chem. Internat, Edit, 9, 
725 (1970) 
‘OI. Ugi, F. Ramirez, D. Marquarding, H. Iuusacek and 
P. Gillespie, Accounts Chem. Res. 4,288 (1971); bJ&id p. 
294 

“F. Ramirez, 1. Ugi, S. Pfohl, E. A. Tsohs, J. P, Pilot, C. 
P. Smith, P. Gillespie, P. Hoffman and D. Marquarding. 
Phosphorus, 1, 1 (1971); ‘&id p. 5, Table 3 

“‘P. Gillespie, P. Hoffman, H. Klusacek, D. Marquard- 
ing, S, Pfohl, F. Ran&z, E. A, T&is and I. Ugi, Angew. 
Chem. Internat. Edit. 10,687 (1971); ‘&id. Footnote * in 
p. 712 

‘*F. Ram&z and 1. Ugi, Advances In Phystcal Organic 
Chemistry (Edited by V. Gold), Vol. 9, p. 25.. Academic 
Press, London (1971); “Ibid p, 75 

‘?. Ugi and F. Ramirez, Chemisrry in Britain 8, 198 
(1972); ‘fiti p* 206 

‘*J. 0. Verkade and R. W. King, Inog. C&m. 1, 948 
(lW2); ‘J. G. Verkade, R. W. King and C. W. Heitsch, 
ibid 3,884 (1964); “J. G. Verkade, T. J. Huttemann, M. 
K. Fung and R. W. King, Ibid. 4,83 (l%S); ‘H. Stetter 
and K. Steinacker, Chem. Bcr. 85,451 (1952); ‘K. Dim- 
roth and A. Nurrenbach, Ibid. 93, 1649 (1960) 

?. Ramirez, Accounts Chm. Res. 1, 168 (1%8) 
“DF, Ramiret, Bull. sot. chia Fr 3491 (1970) 
“*F. Ramirez, C. P. Smith, A. S. Gulati and A. V. Pat- 
wardhan, Tetrahedmn Letters 2151(1%6); bN. P. Gam- 
baryan, Yu. A. Cheburkov and I. L. Knunyants, BulL 
Acad. Sci USSR 8, 1433 (1%4) 

“*F. Ramirez, C. P. Smith and J. F. Pilot, J. Am. Chem 
Sot. !30,6726 (1968); bF. Ramirez, C. P. Smith, J. F. PiIot 
and A. S. Gulati, J. Org. C/tern. 33, 3787 (1%8) 

‘“w. C. Hamilton, J. Ricei, F. Ramirez, L. Kramer and P. 
Stem, J. Am. Chem. Sm. Accepted for publication 

“F. Ramirez, S. Lee, P. Stem, I. Vgi and P. D. Gillespie, 
Phosphorus 2 (1973) 

‘“J. I. Musher, Angew. Chem. Intemat. Edit. 8,54 (l%P) 
‘“J. I. Musher, J, Am Chm. Sot. W, 5662 (1972) 
“T. A. Furtsch, D. S. Dierdorf and A. H. Cowley, Ibid 92, 
5759 (1970) 

“H. Dreeskamp and K. Hildebrand, 2. Naturforsch 26B, 
269 (1971) 

‘*. S. Berry, J. Chem. Phys. 32, 933 (1960) 


