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ware equipment and can be performed on a 10-20-g 
scale. The effect of increased substitution to inhibit the 
cycloaddition reaction became apparent in the at­
tempted reaction of ethyl sorbate with the pyrrolidine 
enamine of isobutyraldehyde (entry 4). The failure of 
ethyl cyclohexadienecarboxylate to react with the pyr­
rolidine enamine of propionaldehyde and isobutryalde-
hyde (entry 7 and 8) also might reflect the unfavorable 
electronic effect of an a-substituent. 

For the reaction of dienamines with enoic esters, ene 
nitriles, and enones (i.e., conjugated acceptors) again it 
was found that the cycloaddition proceeded well at room 
temperature and generally in higher yield and shorter 
reaction time than the thermally induced process. In 
the pressure range studied, similar steric and/or elec­
tronic effects of the added /3-substituent in the conjugate 
acceptor were found; i.e., in going from pent-3-en-2-one 
(entry 12) to mesityl oxide (entry 13) the reaction was 
inhibited. Of particular interest was the finding that 
under pressure the reaction of isophorone dienamine 
with methyl acrylate (entry 19) and with acrylonitrile 
(entry 20) yielded only the Diels-Alder type adduct. 
These same reactions have been studied thermally and 
found to give different product distributions.6 Thus, 
the use of high pressure can effect a change in the course 
of a reaction as well as provide product specificity. 

A sensitivity of the cycloaddition to pressure was 
found for entry 11; at 9.8 kbar pressure none of the 
desired product was obtained but at 13.9 kbar pressure 
the product was obtained in 70% yield. This pressure 
dependency warrants further study, especially in those 
cases where no product was obtained. 

The last four examples (entries 21-24) involve the 
preparation of hindered systems. It was found that by 
double activation of the conjugate acceptor it was pos­
sible to overcome the deleterious effect of two /3-sub-
stituents. The reaction of l-pyrrolidino-l,3-butadiene 
with ethyl 2-cyano-3-methyl-2-octenoate can, in fact, 
be done at atmospheric pressure and room temperature. 
However, this cyano ester failed to react with 1-pyr­
rolidine-1,3-pentadiene even at 80° for a prolonged 
period. This latter reaction was effected in quantita­
tive yield at 20 kbar pressure in 10 min. Attempts to 
purify the products of the last four reactions by pre­
parative vpc or Kugelrohr distillation at reduced pres­
sure resulted in retrocycloaddition. 

The use of high pressure is extremely valuable in those 
cases where steric hindrance to reaction or thermal 
instability of a reactant precludes the use of conven­
tional means to accelerate sluggish reactions. Fur­
thermore, in the pressure reaction the amino compound 

(6) H. Nozaki, T. Yamaguti, S. Veda, and K. Kondo, Tetrahedron, 
24, 1445 (1968). 

can be isolated if so desired; this is not possible for 
most thermal reactions.7 

(7) The authors are greatly indebted to Mr. Duane Newhart for his 
assistance in the fabrication and maintenance of the pressure equipment 
and to Professor G. Jura for the hydraulic press equipment. 
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A Photoelectron Spectroscopic Study of Polyphosphines. 
The Question of p7r:d7r Bonding 

Sir: 

Polyphosphines have been the subject of much recent 
attention.1 Such compounds, unlike their monophos-
phine analogs, show intense uv absorption, and it has 
been generally believed23 that this is due to the dereal­
ization of phosphorus lone pair electrons into higher 
orbitals of appropriate symmetry of juxtaposed phos­
phorus atoms. This model has, however, been ques­
tioned both on structural grounds4 and from considera­
tion of electronegativity.5 Here we wish to report some 
preliminary results of a study of polyphosphines by 
photoelectron spectroscopy (pes) which have a bearing 
on this problem. 

The observation of more than one peak in the phos­
phorus lone pair region for a cyclopolyphosphine can be 
attributed to interactions between the phosphorus lone 
pairs. In the case of (CF3P^ (1) the molecular sym­
metry is known6 to be D2d. Hence the MO's derived 
from the lone pairs are of symmetry B2, E, and Ax, 
having the forms indicated in Figure 1. In A1, all four 
nearest neighbor interactions are antibonding, in B2 all 
are bonding, while in E all such interactions are non-
bonding. The order of increasing orbital energy, and so 
of decreasing ionization potential, should therefore be 
B2 < E < A1. Furthermore, the transannular inter­
actions in A1 and B2 are bonding but in E antibonding; 
the A1-E separation should therefore be less than the 
E-B2 one. The first three ionization potentials (Z1, 
I2, Is) follow this pattern and can be assigned respec-

(1) For reviews, see, e.g., A. H. Cowley, "Compounds Containing 
Phosphorus-Phosphorus Bonds," Dowden, Hutchinson, and Ross, 
Stroudsburg, Pa., 1973; A. H. Cowley, and R. P. Pinnell, Top. Phos­
phorus Chem., 4, 1 (1967); A. H. Cowley, Chem. Rev., 65, 617 (1965); 
A. B. Burg, Accounts Chem. Res., 2, 353 (1969); B. O. West, Rec. Chem. 
Progr., 30, 249 (1969); E. Fluck, Prep. Inorg. React., 5, 103 (1968); L. 
Maier, Progr. Inorg. Chem., 5, 27 (1963); J. E. Huheey, / . Chem. Educ., 
40, 153 (1963). 

(2) W. Mahler and A. B. Burg, / . Amer. Chem. Soc, 80, 6161 (1958). 
(3) L. R. Grant and A. B. Burg, / . Amer. Chem. Soc, 84, 1835 (1962). 
(4) R. L. Kuczkowski, H. W. Schiller, and R. W. Rudolph, Inorg. 

Chem., 10,2505 (1971). 
(5) H. W. Schiller and R. W. Rudolph, Inorg. Chem., 10, 2500 (1971). 
(6) G. J. Palenik and J. Donohue, Acta Crystallogr., 15, 564 (1962) 
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Table I. Pes Ionization Potential" Data for Polyphosphines and (CF3)3P 
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Compound 

(CF3P)4 

(CFa)4P2 (trans)4 

(CFs)3P 
(CF3P)6 

CF3 CF3 

\ / 
C = C 
I I 
P - P 

«Jo. 

1 
2 
3 
4 

Lone pair IP's 

10.18, 10.58, 12.38 
10.71, 12.11 
11.70 
9.71, 10.16, 10.70, 

11.21, 11.73 

Mean lone 
pair IP 

10.93 
11.44 
11.70 
10.70 

P-P 

12.89 
13.09 

12.32, 12.67 

10.97 10.97 12.62 

P-C 

13.50 
13.49 
13.52 
13.89 

13.78, 
14.11 

Other 

C = C , 12.14 

CF3 CF3 

(CF3)8PP(CH3)2 

(CHs)4P2 (trans)6 

9.37, 10.38 

7.88,9.54 

9.88 

8.71 

11.64 

10.33 

11.64 
13.29 
11.22, 

11.33 

" Vertical ionization potential in electron volts. h Similar data were obtained for the gauche rotamer. See ref 7. 

A 
Figure 1. MO's derived by mutual interaction of the phosphorus 
lone pair AO's in (PCFs)4. 

tively to Ai, E, and B2 (Figure 2a). The observed ioniza­
tion potentials lead to the following interaction param­
eters: /3i2, 1.10 eV; B13, 0.90 eV. Note also that I2 

is more intense than I1 or I3, as would be expected since 
the E level is doubly degenerate. 

The next two pes peaks (U, Ii) can be assigned to ioniza­
tion of P-P and P-C a-bonds, respectively, by compari­
son with the corresponding peaks in 27 and 3 (Table I). 

Since the cyclopentaphosphine, (CF3P)5 (4), is devoid 
of symmetry,8 five nondegenerate lone pair ionizations 
are anticipated. The first five pes peaks of 4 (Figure 
2b) are therefore assigned to phosphorus lone pair 
ionizations. Arguing by analogy with the pes of 1, 
2, and 3 (Table I), the most reasonable assignment for 
peak T8 (13.89 eV) is ionization of the P-C <r-bond. 
In turn this implies that peaks /6 and I1 (12.32 and 12.67 
eV) are due to ionization of the P-P cr-bonds. The 
observation of two such peaks is consistent with the 
wide scatter of P-P bond distances in 4.s 

Arguments analogous to the foregoing have been 
used to assign the phosphorus lone pair and the P-P 
and P-C (7-bond ionizations in 5 (Table I and Figure 
2c). The remaining low energy peak (I2, 12.14 eV) is 
therefore ascribed to ionization of the carbon-carbon 
double bond. The observation of two peaks (U and 
I-o) in the P-C cr-bond region is presumably due to the 
fact that 5 contains both endo- and exocyclic P-C 
bonds. 

The pes bands of the hybrid diphosphine 6 can be 
assigned unambiguously by comparison with those of 
the two corresponding symmetrical diphosphines 2 and 
7 (Table I). 

(7) A. H. Cowley, M. J. S. Dewar, D. W. Goodman, and M. C. 
Padolina, / . Amer. Chem. Soc, 96, 2648 (1974). 

(8) C. J. Spencer and W. N. Lipscomb, Acta Crystallogr., 14, 250 
(1961). 
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Figure 2. He(I) photoelectron spectra of (a) (PCFs)4 (1), (b) 
(PCFs)5 (4), and (c) (F3C)2C2P2(CF3), (S). 
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Since the interactions between the phosphorus lone 
pair AO's do not alter their total energy, the average 
lone pair binding energy in a polyphosphine should be 
equal to minus the average of the corresponding IP's. 
The values found in this way (allowing for the degen­
eracy of I2 in 1) are shown in Table I. It will be seen 
that those for 1-4 can be quite well explained in terms 
of a simple inductive effect by the CF3 groups. Thus 
the average values rise in the order (1 -—' 4) < 2 < 3, and 
while extrapolation of the values for 1, 2, and 4 leads 
to an estimate (12.06 eV) for 3 which is larger than that 
(11.70 eV) observed, the difference is small and could 
very well be due to increased bond angles at phosphorus, 
and consequent increase in lone pair s character, in 3. 
If p7r:d7r bonding were important, it would increase 
the lone pair binding energy in 1, 2, and 4 relative to 3. 
Our results therefore indicate that such bonding must 
be relatively unimportant. 

The mean lone pair binding energies of the other com­
pounds listed in Table I also seem to follow a simple 
inductive pattern. Thus the values for 1 and 5 are al­
most identical, as would be expected on this basis, and 
that for 6 is close to the mean (10.07 eV) of the values 
for 2 and 7. It is interesting that only one lone pair 
signal was obtained from 5. This could be due to orthog­
onality of the two phosphorus lone pair orbitals (Pi and 
P3), combined with a negligible coupling to the C = C ir 
MO. Alternatively the splitting by mutual interaction 
between Pi and P2 into a lower antisymmetric (to C2) 
combination (Px + P2) and a higher symmetric one (P1 — 
P2) could be just balanced by an equal interaction be­
tween the former and the antisymmetric bonding C = C 
TT M O . 

Acknowledgment. The authors are grateful to the 
National Science Foundation (Grant GP 38027X), the 
Air Force Office of Scientific Research (Contract 
F44620-71-C-0119), and the Robert A. Welch Founda­
tion (Grants F-126 and F-135) for generous financial 
support. 

A. H. Cowley,* M. J. S. Dewar,* D. W. Goodman, M. C. Padolina 
Department of Chemistry, University of Texas at Austin 

Austin, Texas 78712 
Received November 3, 1973 

Nonlinear Quenching and Variable Excited State 
Lifetimes in the Photochemistry of Mixed Chromophores1 

Sir: 
The classic Stern-Volmer (S-V) quenching technique2 

remains the simplest, most widely used method of 
determining excited state lifetimes when a single quench-
able excited state is involved. If two or more excited 
states of a compound are reactive and/or are quenched, 
S-V quenching plots usually curve. Extracting excited 
state lifetimes in such cases is nontrivial, since both the 
initial and final slopes of such curved plots are com­
posite functions of the decay kinetics of both states.3-5 

(1) Triplet Energy Transfer. IX. Work supported by NSF Grant 
G. P. 19850. 

(2) A. A. Lamola, Tech. Org. Chem., 14,17 (1969). 
(3) J. C. Dalton and N. J. Turro, MoI. Photochem., 2, 133 (1970). 
(4) M. D. Shetlar, MoI. Photochem., S, 311 (1973). 
(5) P. J. Wagner, MoI. Photochem., 3, 23 (1971); "Creation and De­

tection of the Excited State," Vol. IA, A. A. Lamola, Ed., Marcel 
Dekker, New York, N. Y., 1971, p 173. 

Only one paper has been published exemplifying such 
complications, in compounds displaying irreversible 
singlet -*• triplet intersystem crossing.6 

Excitation transfer within "bichromophoric" com­
pounds7 is attracting increased attention as photo-
chemists expand their studies to polyfunctional sys­
tems. On the other hand, mixtures of different mole­
cules with similar absorbances have received little, if 
any, quantitative study, despite the excellent possibility 
that this situation may be widespread in biological and 
environmental systems. Both mixtures and bichromo-
phores are obvious candidates for the complicated 
quenching kinetics which can attend the presence of 
more than one quenchable excited state. We have re­
cently described a nonconjugated diketone in which ex­
citation is rapidly equilibrated between the lowest 
triplets of both chromophores.8 In such cases S-V 
quenching plots are linear (slopes proportional to 
equilibrium lifetimes) at quencher concentrations suf­
ficiently low that thermal interconversion of the states 
is not impeded.5 We now report the first example of 
nonlinear quenching due to interference with excited 
state interconversion in systems containing two in­
dependent absorbing chromophores. 

We have studied various combinations of the benzoyl 
and />methoxybenzoyl (anisoyl) chromophores, either 
as mixtures of two ketones or as a,w-diaroylalkanes. 
These two chromophores were chosen since they have 
similar triplet excitation energies6 and very different 
triplet lifetimes.9 For example, with mixtures of 
nonanophenone (NB) and p-methoxynonanophenone 
(NA), 313-nm10 irradiation of degassed benzene solu­
tions produces both acetophenone and ^-methoxyaceto-
phenone, indicating that each chromophore undergoes 
Norrish type II photoelimination.11 Relative quantum 
yields of these products in the presence of various con­
centrations of 2,5-dimethyl-2,4-hexadiene (an efficient 
quencher of triplet ketones)12-13 were determined by glc 
analysis following the usual parallel irradiation of 
samples.12 Figures 1 and 2 exemplify the kind of S-V 
quenching plots obtained in such systems. Figure 1 
plots acetophenone formation from NB both in the 
absence and presence of 0.01 M NA. The measured 
kqj value for nonanophenone alone is 31 M-1.14-15 

(6) N. C. Yang, N. H. Hui, and S. A. Bellard, J. Amer. Chem. Soc, 
93,4056(1971). 

(7) See, among others, (a) O. Schnepp and M. Levy, / . Amer. Chem. 
Soc, 84,1972 (1962); (b) A. A. Lamola, P. A. Leermakers, G. W. Byers, 
and G. S. Hammond ibid., 85, 2670 (1963); (c) S. A. Latt, H. T. Cheung, 
and E. R. Blout, ibid., 87, 995 (1965); (d) R. A. Keller and L. J. Dolby, 
ibid., 91, 1293 (1969); (e) R. D. Rauh, T. R. Evans, and P. A. Leer-
makers, ibid., 90, 6897 (1968); (f) D. R. Roberts and E. H. White, ibid., 
92, 4861 (1970); (g) A. A. Lamola, ibid., 92, 5045 (1970); (h) R. P. 
Haugland, J. Yguerabide, and L. Stryer, Proc. Nat. Acad. Sci. U. S., 63, 
23 (1969); (i) D. Cowan and A. A. Baum, / . Amer. Chem. Soc, 92, 2153 
(1970); (j) R. Brainard and H. Morrison, ibid., 93, 2685 (1971); (k) N. 
Filipescu and D. S. C. Chang, ibid., 94, 5990 (1972); (1) D. DeKeu-
eleire, E. C. Sanford, and G. S. Hammond, ibid., 95, 7904 (1973). 

(8) P. J. Wagner and T. Nakahira, J. Amer. Chem. Soc, 95, 8474 
(1973). 

(9) P. J. Wagner, A. E. Kemppainen, and H. N. Schott, J. Amer. 
Chem. Soc, 95, 5604 (1973). 

(10) A potassium chromate filter and a Hanovia 450-W mercury arc 
together provide light mostly centered around 313 nm with ~ 1 0 % 
centered around 302.5 nm. Relative extinction coefficients, «NA/«NBI 
are 2.25 and 2.7 at these two wavelengths. 
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