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Table I. Substituent Chemical Shifts" 
in Substituted 1-Fluoroalkanes 

Table II. Substituent Chemical Shifts of Acyclic and 
Bicyclic Fluorides 

Compound 

CH2OH(CH2)2F 
CH3CHOH(CH2)2F 
CH3CHOH(CHz)3F 
CH3CHOH(CHj)5F 
CH3CHOT,(CH2)2F 
CH3CHOTs(CH2)3F 
CH3CHOTs(CH2)5F 
CH2(02CCF3)(CH2)2F 
CH3CH(02CCF3)(CH2)2F 
CH3CH(02CCF3)(CH2)3F 
CH3CH(02CCF3)(CH2)5F 

SCS" 

CFCl3 

3.99 
2.50 

-0 .51 
-0 .21 

2.45 
1.29 
0.12 

in solvent 

CF3CO2H (e 

7.54 
6.44 
2.75 
1.61 
4.78 
4.52 
3.10 
9.63 
8.16 
4.38 
2.11 

A8 
:sterification) 

2.09 
1.72 
1.63 
0.50 

"Positive values for substituent chemical shifts (SCS) are ex
pressed as parts per million upfield from the average value for 
1-fluorohexane and 1-fluorodecane. The chemical shifts of these 
reference compounds in parts per million upfield from fluorotri-
chloromethane were found to be respectively: 219.22 (in CFCl3), 
212.41 (in CF3CO2H), 219.27 (in CFCl3), and 212.59 (in CF3CO2H). 

electrical effects of substituents on 19F shifts in aryl 
fluorides4 and more recently in alicyclic and bicyclic 
fluorides5,6 is a subject of controversy. A study of 
aliphatic fluorides potentially may resolve some of the 
issues involved. In methyl fluorides the expected de-
shielding effect is observed when the hydrogens of methyl 
fluoride are successively replaced by electronegative 
groups. However, in very recent studies of polycyclic and 
bicyclic molecules the effect of more remote electronega
tive substituents was a shielding effect in each instance.5'6 

The chemical shifts of our electronegatively substituted 
aliphatic monofluorides, calibrated on a Varian A-56/60 
spectrometer, are given in Table I. Chemical shifts were 
obtained for 20, 10, and 5% solutions in fluorotrichloro-
methane or trifluoroacetic acid (containing 2% fluorotri-
chloromethane as internal reference) and extrapolated to 
infinite dilution. The column labeled A8 (esterification) 
gives the difference in chemical shift between the alcohols 
(taken approximately 2 min after mixing with trifluoro
acetic acid) and their corresponding trifluoroacetate esters 
formed by slow reaction with the solvent (taken after 
several hours). Any solvent effect of water upon chem
ical shifts should have been approximately nullified by 
extrapolation to infinite dilution. 

The upfield (positive) shift with electron-withdrawing 
substituents, observed for most of our compounds, and 
also for the alicyclic and bicyclic fluorides,5,6 is not easily 
rationalized on the basis of empirical knowledge or the
oretical predictions. That this shift for our compounds 
is not simply a function of chain length is indicated by a 
published study7 in which the chemical shift of the 
1-fluoroalkanes from 1-fluoropropane through 1-fluoro-
heptane was found to vary by less than +0.4 ppm. 

Representative substituent chemical shifts in nonpolar 
solvents for the bicyclooctanes6 and for selected examples 
of our compounds are compared in Table II. Anderson 
and Stock5 discussed the possible origin of their upfield 

(4) (a) M. J. S. Dewar and A. P. Marchand, / . Am. Chem. Soc, 
88, 354 (1967); (b) M. J. S. Dewar and J. Kelemen, / . Chem. Phys., 49, 
499 (1968). 

(5) G. L. Anderson and L. M. Stock, / . Am. Chem. Soc, 90, 212 
(1968). 

(6) M. J. S. Dewar and T. G. Squires, ibid., 90, 210 (1968). 
(7) D. L. Hooper, N. Sheppard, and C. M. Woodman, / . MoI. 

Spectrosc, 24, 277 (1967). 

X ~ f ^ ~ F 

SCS" X 

X~0~F \>r? 
H H H H 

SCS" SCS" 

H 0.00 H 0.00 
CO 2 C 2 H 5 4.47 OH - 0 . 5 1 

9.23 OSO 2C 6H 4CH 3 1.29 

0.00 
2.50 
2.45 

° Parts per million in CCl4.. * Parts per million in CFCl 

shifts, noting that "the positive SCS may be rationalized 
on the basis of the idea that there is an important repulsive 
interaction between the more electropositive bridgehead 
carbon atoms of the bicyclic molecules, leading to an 
elongation of the structure and an increase in the p charac
ter of the endocyclic carbon-carbon bonds." Although 
such an effect would indeed tend to pull the bicyclic C-C 
bonds (shown dark in the heading of Table II) nearer to 
90°, it is not at all clear that a similar distortion of the C-C 
and C-H bonds (cf. Table II) in our acyclic compounds 
would occur. On the other hand, the remarkable ability 
of trifluoroacetic acid to increase the magnitude of sub
stituent chemical shifts (cf. Table 1) could be explained by 
changes in conformer populations and the attendant bond 
anisotropy effects. A possible explanation is that tri
fluoroacetic acid may hydrogen bond both to the oxygen-
containing substituent8 and to the fluorine,9 increasing the 
mutual repulsion of the electronegative groups and in
creasing the population of elongated conformers. 

Our preliminary results clearly point to the need for 
much more extensive studies of aliphatic fluorine chemical 
shifts in series of polar and nonpolar, protic and aprotic 
solvents, which should definitely include trifluoroacetic 
acid. Additional studies (by P. E. P.) are in progress. 

(8) For references see P. E. Peterson, D. M. Chevli, and K. A. Sipp, 
/ . Org. Chem., 33, 972 (1968). 

(9) Moderately strong hydrogen bonding of phenol to aliphatic 
fluorine has been observed by R. West, D. L. Powell, L. S. Whately, 
M. K. T. Lee, and P. von R. Schleyer, J. Am. Chem. Soc, 84, 3321 
(1962). 

(10) NASA Trainee, St. Louis University, 1964-1967. The research 
reported in this paper was supported in part by NASA Traineeship 
Grant NsG(T)-74 and in part by NSF 7 Grant GP291. 

(11) Contribution No. 1533. 
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A Symmetry Rule for Predicting Molecular 
Structure and Reactivity 

Sir: 

Symmetry considerations have proved to be a powerful 
means of predicting the course of certain chemical reac
tions. The Woodward-Hoffmann rules are outstanding 
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examples.1 Recently Eaton2 has proposed similar rules 
for reactions of transition metal complexes. 

In an important paper, which appears to have been 
largely overlooked, Bader3 outlined a symmetry rule for 
predicting the specific way in which any molecule will 
decompose upon activation. Such a rule is potentially of 
great value since, in principle, it can be applied to all 
molecules. The purpose of this note is to call attention to 
the Bader rule and to show how its usefulness can be 
extended. 

The basis of the rule is the second-order Jahn-Teller 
effect.4 The first-order effect5 deals with degenerate 
electronic states and actually has not been of great chem
ical significance. The second-order effect deals with 
electronic states that are merely close to each other (within 
about 4 eV) and concerns a very much larger number of 
molecules. Using second-order perturbation theory, the 
energy of a molecule, after a small distortion from the 
stable configuration, can be written as3 

£ = £o + V + i -^ -e 2 (i) 

where Q is a normal coordinate for the distortion, E0 is 
the undistorted energy, and Ek's are the various excited 
state energies. Also we have the expressions 

V'oo = JVo(S2 VJdQ2^0 dx 

V0k = Ji>0{5VJdQ)^kdx 

where \|/0 is the ground-state wave function, \|/k is an 
excited-state wave function, and V is the nuclear-nuclear 
and nuclear-electronic potential energy. 

The first correction, YzV00Q
2, is always positive and 

the second correction, ~L[V0k
2j(E0 — Ek)]Q2, is always 

negative. If the latter is comparable in size to the former, 
reaction along the coordinate corresponding to Q will 
occur with low (or zero) activation energy. As Bader has 
shown,3 only the lowest lying excited state (or two or three 
states, if very close) seems to be important in the summa
tion of eq 1. The symmetry properties are then brought 
in by realizing that the integral V0k only has a nonzero 
value if the direct product of the representations of i|/0 

and tyk contains the representation of the displacement Q. 
Hence the symmetries of the ground electronic state and 
the lowest excited electronic state(s) determine which kind 
of nuclear displacement occurs most easily, i.e., the mode 
of decomposition or rearrangement of the molecule. 

The symmetry properties of electronic states can only 
be expressed at the present time in terms of molecular 
orbital theory. The representation of \|/0vK is then the 
same as that of 0,4>y-, where Q)1 is the MO occupied in \|/0, 
and Oj is the MO occupied in its place in \|/fc.

3 They corre
spond to the highest occupied and lowest unoccupied 
MO's and are just the levels with which visible and uv 
spectroscopy is concerned. 

(1) R. Hoffmann and R. B. Woodward, Accounts Chem. Res., 1, 17 
(1968); R. B. Woodward and R. Hoffmann, / . Am. Chem. Soc, 87, 
395, 2511 (1965). 

(2) D. R. Eaton, Ibid., 90, 4272 (1968). 
(3) R. F. W. Bader, Can. J. Chem., 40, 1164 (1962). 
(4) U. Opik and M. H. L. Pryce, Proc. Roy. Soc. (London), A238, 

425 (1957). 
(5) H. A. Jahn and E. Teller, ibid., A161, 220 (1937). 

Accordingly, any molecule with a big energy gap 
between those levels is predicted to be quite stable toward 
chemical change. Equivalently, we can say that colored 
substances are more reactive than colorless substances. 
The most interesting applications of Bader's rule should 
be to substances that are known to have low-lying excited 
states, or those that are known to interconvert readily 
from one form to another. An example is provided by 
XeF6, where Bartell and Gavin6 have shown that an 
excited state of the appropriate symmetry lying 3.5 eV 
above the ground state leads to a fluctuating structure. 

As a further example, consider the possible isomeriza-
tion of four-coordinated complexes of the transition metal 
ions between tetrahedral (Td) and square-planar (D4h) 
structures. The normal mode which takes a tetrahedral 
structure into a planar one is of E symmetry.7 The 
molecular orbital scheme (needed to express the sym
metries) is generally agreed to be 

(I1) or (I2)KeXt2)Ka1) 

with the d manifold separated by dashed lines.8 

Since T1 (or T2) x E = T1 + T2, there is no low-lying 
transition which causes a tetrahedral complex to re
arrange to a planar complex. This is true for all systems 
from d0 tod1 0 . 

However, first-order Jahn-Teller effects are important 
for many of these complexes. Only d0, d2, high-spin d5, 
d7, and d10 complexes have A1 or A2 ground states and 
are stable. All others are E, T1, or T2 states. Since 
E x E = A1 + A2 + E, and T1 x T1 = T2 x T2 = 
A1 + E + T1 + T2, all of these allow a distortion in the 
direction leading toward a planar structure.9 

Since a D2 d , or distorted tetrahedral structure, is 
sufficient to lift the orbital degeneracy in every case except 
low-spin d3, we cannot tell whether the initial distortions 
will continue on to a planar structure. To get further 
information we must now look at the stability of the 
possible planar forms. 

The generally agreed on MO scheme for D4h symmetry 
i s8d,10 

(a2g)(°2U)i(alg)(eg)(b2g)(blg)j(a2u) 

The vibration which takes a planar complex into a tetra
hedral one is of B2u symmetry.11 The transitions which 
can give the correct symmetry are (b2u) -» (a]g) and 
(big) ~* (a2U)- It seems likely that the energy gap in both 
cases is only 2-3 eV.10 

This leads to the conclusion that low-spin d2, d4, d5, d6, 
d7, and d8 complexes are stable as square-planar struc
tures. Low-spin d3 is orbitally degenerate. In all other 
cases an excitation is possible which favors the B2u vibra-

(6) L. S. Bartell and R. M. Gavin, Jr., / . Chem. Phys., 48, 2466 
(1968). 

(7) See, for example, G. Herzberg, "Infrared and Raman Spectra," 
D. Van Nostrand Co., Inc., New York, N. Y., 1945, p 100. 

(8) (a) C. J. Ballhausen and A. D. Liehr, / . MoI. Spectry., 2, 342 
(1958); (b) A. Carrington and C. K. Jorgensen, MoI. Phys., 4, 395 
(1960); (c) A. Viste and H. B. Gray, Inorg. Chem., 3, 1113 (1964); (d) 
P. Ros, Thesis, Eindhoven, 1964, "Bronder-Offset," Publisher, Rotter
dam. 

(9) The first-order Jahn-Teller effect depends upon a necessarily 
nonzero value of Q J v o O ^ / 9 0 V o dx for some displacement other 
than a totally symmetric one. 

(10) W. R. Mason and H. B. Gray, / . Am. Chem. Soc, 90, 5721 
(1968); F. A. Cotton and C. B. Harris, Inorg. Chem., 6, 369 (1967). 

(11) K. Nakamoto, "Infrared Spectra of Inorganic and Coordina
tion Compounds," John Wiley and Sons, Inc., New York, N. Y., 1963, 
p 113. 
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Table I. Stable Structures for MX 4 Systems 

d0 

d1 

d2 

d3 

d* 
d5 

High spin 

T„ 
D2d 
Ta 
D2d 
D2d 
T, 

Low spin 

Td 
D2d 
Dih 
a 
D41, 
D4h 

d6 

d7 

d8 

d9 

d10 

High spin 

D2d 

Td 
D 2 d" 
D2d 
Td 

Low spin 

D4h 
D4h 
D4h 
D2d 
Td 

" Less than D 2 d symmetry. " Spin-orbit forces can remove the 
first-order Jahn-Teller effect. NiCl4

2" has Td symmetry: L. Sacc-
oni, Transition Metal Chem., 4, 199 (1968). 

tion. This means a low, or zero, activation energy for 
conversion into either D2 d or Td symmetry. In combina
tion with the conclusions from the first-order Jahn-Teller 
effects, we can assign a most stable structure for each four-
coordinate system according to the number of d electrons 
and the spin state. Table I summarizes the results for all 
systems. 

The predictions are in accord with experimental facts 
where known. Note that the conclusions for D4 h are 
based on no interaction with other groups above and 
below the plane. Such interactions could raise the (a2u) 
level markedly and stabilize the planar form. Four simple 
ligands such as halide or cyanide lead to D2d structures in 
solution for copper(II) complexes,12 so that axial solvent 
perturbations are not sufficient in these cases to create 
planarity. 

It is clear that Jahn-Teller effects can be used to predict 
the stable structures of molecules in general. In practice 
an MO scheme is required which need be only qualitatively 
correct. It also follows that an incorrect MO scheme 
may predict structures wrongly. A test for stability to 
second-order Jahn-Teller distortions should always be 
applied to MO calculations. 

(12) D. Forster, Chem. Commun., 113 (1967); O. M0nsted and J. 
Bjerrum, Acta Chem. Scand., 21, 1116 (1967). 
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Cyclic Peroxyesters. II.1 A Novel Ketene 
Elimination and Decarboxylation Reaction2 

Sir: 

Acyclic peroxides are reduced by phosphines and 
phosphites into the corresponding deoxy derivatives.3 

The equation below illustrates this general oxygen extru
sion reaction for acyclic peresters and triphenylphos-
phine.4 However, only few cyclic peroxides have been 

RCO3-J-Bu + (C6H5)3P -> RCO2-J-Bu + (C 6H 5) 3 PO 

submitted to this reaction. For example, ozonides are 
reduced to ketone products,5 ascaridole is converted to its 

(1) For paper I in this series, see F. D. Greene, W. Adam, and G. A. 
Knudsen, J. Org. Chem., 31, 2087 (1966). 

(2) Presented in part at the 152nd National Meeting of the American 
Chemical Society, New York, N. Y., Sept 1966. 

(3) (a) L. Horner and W. Jiirgeleit, Ann., 591, 138 (1955); (b) J. I. G. 
Cabogen, Quart. Rev. (London), 16, 208 (1962). 

(4) D. B. Denney, W. F. Goodyear, and B. Goldstein, / . Am. Chem. 
Soc, 82, 1393 (1960); 83, 1726 (1961). 

(5) A. G. Davies, "Organic Peroxides," Butterworth & Co. (Pub
lishers) Ltd., London, 1961, p 133. 

endooxide,3a while phthalic anhydride is formed from 
phthaloyl peroxide6 when these cyclic peroxides are 
treated with triphenylphosphine. In this communication 
we describe an unusual fragmentation reaction resulting 
from the reduction of (3-peroxylactones by trivalent 
phosphorus. 

The union of equimolar amounts of P-alkyl-P-phenyl-
P-peroxypropiolactone (1) and triphenylphosphine in 
«-hexane at room temperature leads to quantitative pre
cipitation of triphenylphosphine oxide and the evolution 
of a gas. Examination of the reaction mixture by vapor 
phase chromatography indicates the presence of ot-alkyl-
styrene (2) and alkyl phenyl ketone (3). Infrared analysis 
shows in addition small quantities of P-alkyl-P-phenyl-
P-propiolactone (4), as evidenced by its characteristic 
carbonyl stretching frequency at 1830 cm"1. This 
thermally labile product does not survive gas chromato
graphic analysis and decomposes into carbon dioxide and 
the substituted styrene (2).7 The product composition of 
this novel fragmentation reaction is illustrated in Scheme I. 
As indicated in this scheme, the formation of ketone prod
uct requires that ketene is present in the gaseous products 
besides carbon dioxide. Indeed, the ketene was trapped 
by menthol, benzyl alcohol, and phenol and identified by 
means of infrared spectra and retention times with the 
authentic acetates. 

In order to elucidate the mechanism of this unprece
dented ketene elimination and decarboxylation reaction, 
the effect of the solvent, the P-alkyl substituent of the 
peroxylactone, and the nucleophilic character of the tri-
arylphosphine were examined. The quantitative product 
data are summarized in Table I. In all cases a quantita
tive balance in terms of styrene (2) and ketone (3) products 
was obtained. The product data show that with increas
ing size of p-alkyl substituent the proportion of ketene 
elimination is increased over decarboxylation (entries 
1-4 in Table I) On the other hand, the proportion of 
decarboxylation is increased over ketene elimination with 
increasing polarity of the solvent (entries 4-7 in Table I). 
Similarly, increasing electron donation by the triaryl-
phosphine substituent (entries 9-11 in Table I) promotes 
the degree of decarboxylation over ketene elimination. 

The kinetics of this reaction was studied by following 
the rate of disappearance of the characteristic 1810-cm 1 

carbonyl stretching frequency of the peroxylactone. 
Most of the triarylphosphines reacted too rapidly with the 
peroxylactones to provide accurate kinetic data, and for 
this reason the phosphites were used. Since triphenyl 
phosphite (entry 8 in Table I) gave the same products as 
the triarylphosphines, the use of the phosphites to study 
the kinetics of this reaction is justified. 

The kinetic data, summarized in Table II, were obtained 
by running the reaction directly in a thermally equil
ibrated infrared cell, using the variable temperature 
accessory of Barnes Engineering Co. The wavelength 
drive mechanism of the Perkin-Elmer 237B Infracord was 
locked at the desired frequency, and the signal output was 
relayed to a Heath servorecorder using the ordinate scale 
expansion accessory. The rate constants in Table II were 
computed from the kinetic runs using an IBM 1130 com
puter. The reaction follows the second-order rate law, 
first order in both the peroxide and nucleophile, through 

(6) L. Horner and M. Brueggemann, Ann., 635, 27 (1960). 
(7) (a) E. Grovenstein, Jr., and D. E. Lee, J. Am. Chem. Soc, 75, 

2639 (1953); (b) H. J. Hagemeyer, Jr., Ind. Eng. Chem., 41, 765 (1949). 
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