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interpretation of the origin of the observed transitions. 
We have used a carbon SCF 2p atomic wave function 
which avoids the parameterization introduced by using 
a Slater orbital with arbitrary exponent. However, in 
the absence of SCF functions for aromatic molecules, 
the use of this atomic SCF function introduces an un
avoidable approximation, the quantitative effect of 
which we are unable to assess. 

The rotation about the carbon-carbon single bond 
between sp2-sp2 hybridized carbon atoms gives rise 

to rotational isomers of varying stability. A variety of 
techniques, such as infrared,1-3 Raman,4 microwave,6 

and ultraviolet6-7 spectroscopy have been used to study 
conformations in butadiene and substituted buta
dienes, while ultrasonic relaxation techniques8 have been 
applied to the study of acrolein and several substituted 
acroleins. Nmr techniques, however, which have been 
extremely valuable in elucidating conformational equi
libria in cyclohexane9'10 and substituted ethanes,11 

have been only recently applied to problems of this 
type. Anet and Ahmad12 have investigated benzal-
dehyde and several para-substituted benzaldehydes, 
and Dahlqvist and Forsen13 have reported results for 
2-furanaldehyde. We wish to report here the results 
for a similar study on the molecule acryloyl fluoride. 

The equilibrium process in acryloyl fluoride is as
sumed to be between an s-trans and an s-cis form, al
though the data do not rule out a skew form in place of 
the s-cis one. The rotational barrier is evidently lower 
here than it is in the case of benzaldehyde12 and 2-furan
aldehyde, i 3 and an averaged spectrum is observed over 
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i n 
the temperature range +37 to —95°. Changes in the 
three-bond HF coupling constant (3J15), however, can 
be used to follow the equilibrium. A method similar 
to that used to study the internal rotation in substituted 
ethanes11,14 allows one to deduce a value for AH, al
though inclusion of a AS term in the analysis introduces 
considerable uncertainty in the calculation of AH by 
this method. The chemical shifts are quite temperature 
and solvent dependent, an effect which is probably due 
to intermolecular attraction in the liquid. 

Experimental Section 
Materials. The sample of acryloyl fluoride was prepared as 

described by Briigel.15 The absence of stray nmr peaks and agree
ment with its reported boiling point (34.5° at 760 mm) was taken as 
a criterion of its purity. 

Sample Preparation. The samples were vacuum degassed and 
sealed in 5-mm o.d. nmr tubes. Variable temperature studies were 
made on a sample containing approximately 50% fluorotrichloro-
methane as a solvent. Room temperature spectra were also an
alyzed for the pure compound and 5 % solutions of the compound 
in the respective solvents fluorotrichloromethane, carbon disulfide, 
and acetonitrile. A trace of TMS was added to each sample as an 
internal reference. 

Spectra. The proton spectra taken above —60° were recorded 
at 60 MHz on a Varian A-60 equipped with the V-6040 variable-
temperature accessory. The temperature was calibrated against 
the methanol peaks separation before and after recording the spec
trum. The spectra were sidebanded with a General Radio 1161-A 
frequency synthesizer, and the average of four separate spectra at 
each temperature was used in the calculations. A Varian DP-60, 
equipped with a variable-temperature probe, was used to record 
the 60-MHz proton spectrum at —95°. Temperature calibration 
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Abstract: Solvent and temperature effects (+80 to —95°) on the nmr spectrum of acryloyl fluoride have been 
used to study the rotational equilibrium in this molecule. AH for an assumed s-trans to s-cis equilibrium is cal
culated to be 800 ± 250 cal/mole. The large uncertainty in AH arises mainly from the indeterminable value of AS. 
The data cannot exclude the possibility of a threefold barrier. 
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Table I. Nmr Parameters for H 2 C=CH-CF=O 0 

(1,2) (3) (4) 

way 
W(I) 
wo) 
Jm 
Ju(cis) 
Jn 
J23 

Ju 
J Zi 

+8O6 

-370.29 
-392.98 
-365.66 

0.64 
10.61 
3.08 

17.37 
-0 .36 

8.10 

+ 37 

-370.54 
-393.70 
-365.50 

0.82 
10.56 
2.92 

17.34 
-0 .37 

8.51 

+ 18 

-374.76 
-395.94 
-368.37 

0.76 
10.66 
2.77 

17.28 
-0 .37 

8.97 

T 
0 

-375.85 
-396.68 
-369.03 

0.63 
10.68 
2.81 

17.32 
-0 .41 

9.35 

emperature, 0C 
-17 .5 

-377.16 
-397.43 
-369.66 

0.64 
10.60 
2.80 

17.29 
-0 .38 

9.62 

- 3 0 

-378.53 
-398.28 
-370.46 

0.64 
10.63 
2.68 

17.26 
-0 .40 
10.00 

- 4 5 

-379.42 
-398.85 
-370.95 

0.63 
10.54 
2.62 

17.20 
-0 .36 
10.24 

- 5 8 

-381.14 
-399.96 
-371.92 

0.65 
10.50 
2.43 

17.20 
-0 .36 
10.76 

- 9 5 

0.59 
10.51 
2.04 

17.06 
-0 .29 
11.83 

Approximately 50% in CFCl3.
 b Approximately 50% in hexachloroacetone. c Hz downfield from TMS at 60 MHz. 

was checked with a copper-constantan thermocouple. The fluorine 
spectrum was measured only at room temperature and on the same 
spectrometer operating at 56.4 MHz. All spectra recorded on the 
DP-60 were taken in the frequency sweep mode. The field-fre
quency lock was accomplished with a Research Specialties Inc. 
spin decoupler. The frequency was swept by externally controlling 
the General Radio 1161-A frequency synthesizer. 

Table I. The chemical shifts, especially W(I), are 
quite temperature dependent. It is felt that these 
changes do not represent solely conformational changes 
but can be attributed also to increased association at 
lower temperatures. This point will be discussed fur
ther in the section on solvent effects. 

I ^ W M J U K 

Figure 1. Observed (top) and calculated ambient temperature 
proton magnetic resonance spectrum of acryloyl fluoride (60 
MHz). 

Spectral Analysis. The nmr spectrum of acryloyl fluoride is 
reported by Briigel,16 but the parameters given there are inconsistent 
with those reported for most vinylic couplings. A reanalysis of the 
ABCX spectrum was performed by treating it as a superposition of 
two ABC spectra. The two ABC spectra were located by the 
method of Castellano and Waugh16 and the lines assigned to a trial 
spectrum calculated by the computer program LAOCOON II.1' 
The program was then used to iterate to a least-squares error fit of 
the observed spectrum. The complete ABCX spectrum was then 
calculated, and the agreement with the observed spectrum, as shown 
in Figures 1 and 2, was very good. The appearance of the spectrum 
is quite sensitive to temperature and solvent changes, and for each 
such change a recalculation of the spectrum was necessary. 

Results and Discussion 

The nmr parameters found to fit the observed spec
trum best, taken at eight temperatures, are given in 

(16) S. Castellano and J. S. Waugh, J Chem Phys., 34, 295 (1961). 
(17) S. Castellano and A. A. Bothner-By, ibid., 41, 3863 (1964). 

Figure 2. Observed (top) and calculated ambient temperature 
fluorine magnetic resonance spectrum of acryloyl fluoride (56.4 
MHz). 

The coupling constants, except for Zi4 and Ju, are 
essentially temperature independent. The small change 
in the geminal coupling is probably real and becomes 
more noticeable as the solvent polarity is changed. 
It has been suggested18 that the H C C F coupling con
stant follows an angular dependence similar to that of 
the H H coupling.19 This being the case, SJS in isomer 
I should be greater than in II. The increase in 3J9 with 
decreasing temperature is consistent with a more stable 
isomer I as expected. The long-range couplings 4 /c 

and V t
20 (the four bond couplings following cis and 

trans paths, respectively, through the double bond) 
should also be sensitive to conformational changes.2 1 '2 2 

(18) J. C. Schug, P. E. McMahon, and H. S. Gutowsky, ibid., 33, 
843 (1960). 
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3451 (1965). 
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Although this is noted here in 4Jt, 4Jc is invariant. In a 
similar study of several 3-fluoro-l,3-butadienes,23 

*Jt proved to be invariant while V0 changed only 
modestly. It is felt that changes in these long-range 
couplings should be used with caution in monitoring 
conformational equilibria. 

The change in 4J4 here is in the correct direction if 
one assumes that this coupling is a maximum when H 
and F are separated by a zig-zag24 arrangement of the 
bonds, as in II. The decrease in 4J t at low temperatures 

I II 

again argues in favor of I as the lowest energy form. 
It is interesting that the magnitude of *Jt lies between 
that of analogous HF coupling in fluoroprene25 (+1.19 
Hz), which is reportedly s-trans,5 and the meta-HF 
coupling in aromatic compounds26 ( + 6 to + 7 Hz) 
which corresponds to a cis conformation of the double 
bonds. 

Temperature Effects. Although an averaged spec
trum is obtained at all temperatures, changes in V8 

can be used to follow the rotational equilibrium. If 
it is assumed that only conformational changes are 
affecting 3J8, the observed coupling constant, J, can be 
written 

J = PJt + (1 - PVc (1) 

or on rearranging 

J = Jc + P(Jt - Jc) (2) 

where P and 1 — P are the populations, and Jt and Jc are 
the 3J8 couplings in the s-trans and s-cis conformers, 
respectively. The equilibrium constant, K, is given by 
the expression 

K = (1 - P)IP (3) 

or 

1 + K 1 + exp[(AS/R) - (AHIRT)] v ' 

At this point it is often assumed11 that entropy changes 
are small and can be neglected. In acryloyl fluoride 
one is tempted to make this assumption since the rota
tion about the single bond corresponds to an inter
change of only a fluorine and oxygen atom. Aside from 
the fact that the vibrational frequencies in the two forms 
may differ sufficiently, other factors such as differences 
in molecule-molecule and solvent-molecule attractions 
in the two forms may give rise to a AS term. For this 
reason a more general treatment in which AS is retained 
is given here. 

According to eq 2 a plot of J vs. P will be linear 
provided the correct values for AS and AH are chosen. 
A program was therefore written to calculate values 
of P at the experimental temperatures T for a series of 
AS and AH values. The program entered these values 

(23) A. A. Bothner-By and D. F. Koster, to be published. 
(24) C. N. Banwell and N. Sheppard, Discussions Faraday Soc, 34, 

115(1962). 
(25) A. A. Bothner-By and R. K. Harris, J. Am. Chem. Soc, 87, 3445 

(1965). 
(26) H. S. Gutowsky, C. H. Holm, A. Saika, and G. A. Williams, 

ibid., 19, 4596 (1957). 
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Figure 3. AH vs. AS for the minimum in the sum of the residual 
squared (SRS). 

of P along with observed coupling constants J into eq 2 
and performed the appropriate least-squares fit. The 
sum of the residuals squared (SRS) from the least-
squares fit for each AS and AH value were arranged in 
a two-dimensional map so that AS and AH values lying 
on the same SRS contour could be linked. Unfortu
nately, such a treatment does not afford a unique or 
even narrow range of allowed AH and AS values, as is 
shown in Figure 3. The sloping line represents the 
minimum in the SRS, with each value of AS and AH 
along this line satisfying the data equally well. The 
values of Jc are seen to follow a series of curved con
tours. Since the large negative values are unrealistic 
(those less than —10 to —15 Hz) this portion of the 
curve can be excluded. If a suitable analogous s-cis 
compound was available, the range on Jc could be 
narrowed to give a more reliable AS and AH. In the 
absence of such a molecule a crude assumption can be 
made. In fluoroprene25 the 3J8 HF coupling is +25.19 
Hz, while in the near s-cis butadiene (III)27 this coupling 
falls to + 7 Hz, a reduction of 18 Hz. Along the line 

0 
Jv^CH3 

HI 

representing the minimum in the SRS, Jt (3Z8 in isomer I) 
is 14.5 ± 0.5 Hz. If, as a first approximation, it is 
assumed that the HF angular dependence in acryloyl 
fluoride follows about that in the fluorobutadienes, 
then Jc should be approximately —3.5 Hz. This value 
of Jc would put AH at approximately 850 cal/mole and 
AS = 1.3 eu. The approximations involved here are 
quite severe, however, and about all that can be deduced 
is that AS > 0 and AH = 800 ± 250 cal/mole. It 
also appears that Jc will be negative. The results 
obtained from infrared measurements28 on acryloyl 
fluoride give a considerably lower value for AH (~300 
cal/mole) and an approximate AS of 1.8 eu. The latter 

(27) E. Moser and A. A. Bothner-By, to be published. 
(28) W. G. Fateley, G. L. Carlson, and R. E. Witkowski, to be pub

lished. 
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Table II. Solvent Effects on the Nmr Parameters for Acryloyl Fluoride" 

Parameter 

W(\f 
W(I) 
WO) 

JlZ 

Ju 
Jn 
J23 

Jii 

JM 

Neat 

-373.30 
-395.08 
-367,73 

0.64 
10.63 
3.01 

17.31 
-0 .35 

8.67 

50% in 
CFCl3 

-370.58 
-393.72 
-365.46 

0.89 
10.55 
2.96 

17.29 
-0 .32 

8.46 

5% in 
CFCl3 

-365.85 
-392.39 
-363.78 

0.93 
10.57 
2.92 

17.36 
-0 .31 

7.95 

5% in 
CS2 

-367.92 
-391.86 
-363.59 

0.93 
10.60 
2.79 

17.23 
-0 .33 

8.22 

5% in 
CH3CN 

-377.11 
-396.84 
-370.78 

0.63 
10.60 
2.95 

17.24 
-0.28 

9.02 

° The numbering system is identical with that of Table I. b Hz from TMS at 60 MHz. 

measurements were made in ca. 2 % CS2 solution which 
may account in part for the discrepancy. 

The negative value for Jc may cause concern since 
only positive values for vicinal HF couplings are 
known.29 The carbonyl group has, however, reduced 
Jt with respect to the analogous coupling in fluoro-
prene.25 A similar reduction is noted in the 3/s coupling 
in going from butadiene30 to acrolein31 (10.41 to 7.40 
Hz), and it is therefore reasonable to expect Jc to be less 
than it is in restrained cis systems ( ~ + 7 Hz). It is 
also known that the cis HF coupling changes sign ( + 
-*- —) in going from fluoroethylene to trifiuoroethyl-
ene.32 If acryloyl fluoride is written in the resonance 
form IF, the negatively charged carbonyl group may be 

H H 

O ) - O-
II II' 

sufficient to make Jc negative. 
The value of AH obtained either by nmr or infrared 

is lower than those reported for acrolein and substi
tuted acroleins8 (1.1-3.0 kcal/mole). A similar low 
AH value is found for several 3-fluoro-l,3-butadi-
enes23,28 a n c i j n s o m e way must be attributed to the 
introduction of the fluorine nucleus. One possible 
explanation may lie in the known resonance ability of 
fluorine which would tend to stabilize the s-cis form. 

H F H 
H 

Up to this point we have assumed that the rotational 
barrier is a twofold one. If, however, we now assume 
it is threefold, that is, the less stable form is skew rather 
than s-cis, eq 4 becomes 

1 1 
1 + 2K 1 + 2[exp(AS/i?) - (AH/RT)] 

(5) 

If in (5) AS* = 0, the expression for P will be identical 
with that in (4) with AS = R In 2 ( = 1.38). It is inter
esting that Dahlqvist and Forsen13 report AS for the 

^X S 3 - ^ X c -H 

(29) D. F. Evans, S. L. Manatt, and D. D. Elleman, J. Am. Chem. 
Soc. 85, 238(1963). 

(30) R. T. Hobgood and J. H. Goldstein, J. MoI. Spectry., 12, 76 
(1964). 

(31) A. W. Douglas and J. H. Goldstein, ibid., 16, 1 (1965). 
(32) D. F. Evans, MoI. Phys., 5, 183 (1962). 

equilibrium in 2-furanaldehyde to be 2 eu, although they 
do not cite the cause for such a large entropy change. 
The data could be fitted equally well to a threefold 
barrier with a smaller AS term. This is not to suggest 
that the barrier is actually a threefold one, but rather 
that it cannot be definitely excluded. Recently Mon-
nig33 has reported a microwave and far-infrared study 
of 2-furanaldehyde and at least in the gas phase the 
molecule exists in two planar forms. The one in which 
the oxygen atoms are trans is the more stable. 

A few comments should be made regarding the 
assumption that only conformational changes are 
affecting Vs. Two other factors which might affect 
3/s are (1) changes in the population of the torsional 
levels for torsional vibration about the carbon-carbon 
single bond and (2) an inherent temperature sensitivity 
of yHF. The first point can be neglected since such an 
effect was not observed on the analogous HH coupling 
constant in the cis,cis- and cw,/ra«5-l,4-dichloro-l,3-
butadienes26 when these compounds were reanalyzed34 

at —55°. However, an increase of about 0.3 Hz in 
SJS in acrolein itself is noted over the temperature range 
+ 37 to — 55 °,34 but again this is probably due to an 
increase in the s-trans population. An inherent temper
ature dependence of HF couplings has not been pre
viously reported and was not found in the SJC and Ut HF 
couplings in the 3-fluoro-l,3-butadienes.23 

Solvent Effects. The spectrum was reexamined in 
solvents of varying polarity and concentration to see if 
the large temperature effects on the chemical shifts 
could be attributed to molecular association. The 
results are summarized in Table II. 

The solvent effects can be more easily discussed if 
we consider the resonance forms I ' and I I ' of the two 
rotational isomers. I', with a larger charge separa-

H H 

H, 

H 
II 

H H 

„H-o-
/ 
F 

H 

II' 

(33) F. Monnig, Physikalische Institut der Universitat Freiburg i, 
Br., 8th European Congress on Molecular Spectroscopy, Copenhagen, 
August 1965, Abstract 410. 

(34) D. F. Koster, unpublished work. 

Journal of the American Chemical Society / 88:22 / November 20, 1966 



5071 

tion, would have a larger dipole moment than II ' . 
It, therefore, should be associated to a greater extent 
and be favored in more polar solvents. Except for the 
anomaly in the 5% CS2 solution, the chemical shifts 
tend to lower field as the solvent polarity increases. 
The greater change in W(I) can be attributed to either 
a predominance of intermolecular hydrogen bonding to 
this proton or greater electron withdrawal from this bond 
by the carbonyl group in I ' . 

The solvent effects on the coupling constants also 
follow in that V5 should increase with an increase in I ' . 
The decrease in the geminal HH coupling in highly 
polar solvents can be attributed to the increased elec
tron-withdrawing ability of the carbonyl group in I ' , 
which should tend to make Jgem more negative.33 

Similar solvent effects on geminal coupling constants 
have been reported by Shapiro, et a/.,36 in formal-
doximes. 

(35) A. A. Bothner-By and J. A. Pople, J. Chem. Phys., 42, 1339 
(1965). 

Nitrous acid cannot be obtained in the pure state 
and as a result rather little has been determined 

about its accurate molecular structure. Its chemical 
reactions in aqueous solution are very well known,23 

but it is only comparatively recently that the existence 
of nitrous acid as a gaseous species has been firmly 
established, mainly on the basis of the infrared2b,3a 

and ultraviolet4 spectra. Detailed vibrational analyses 

(1) (a) The results of this research were presented in part at the Ohio 
State Symposium on Molecular Structure and Spectroscopy, June 1965; 
(b) The University, Bristol; (c) National Bureau of Standards; NRC-
NBS Postdoctoral Research Associate 1964-1966. Present address: 
Department of Chemistry, University of Michigan, Ann Arbor, Mich. 

(2) (a) See, for example, T. A. Turney and G. A. Wright, Chem. Rev., 
59,497 (1959); (b) E. J. Jones, / . Am. Chem. Soc, 65, 2274 (1943); 
L. D'Or and P. Tarte, / . Chem. Phys., 19, 1064 (1951). 

(3) (a) L. H. Jones, R. M. Badger, and G. E. Moore, ibid., 19, 1599 
(1951); (b) G. E. McGraw, D. L. Bernitt, and I. C. Hisatsune, Ohio 
State Symposium on Molecular Structure and Spectroscopy, June 1965. 

(4) P. Tarte, Bull. Soc. CMm. Beiges, 59, 365 (1950); L. D'Or and P. 
Tarte, Bull. Soc. Roy. Sci. Liege, 20, 685 (1951); G. Porter, / . Chem. 
Phys., 19, 1278 (1951). 

It is difficult to evaluate to what extent association 
plays an important part in the chemical shift variations 
since they and 3/s are both solvent and temperature 
dependent. A plot of any chemical shift vs. 3/s as a 
function of solvent or temperature is essentially linear 
although the slope of the plots differ considerably. It 
is found that solvent changes have greater effect on the 
chemical shifts (relative to 3/s) than do temperature 
changes. 
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of the infrared spectrum3 have shown the molecule to 
occur in comparable amounts of cis and trans tauto
meric forms, with the trans form being lower in energy 
by about 530 cal/mole. The potential barrier restricting 
internal rotation of the OH group for the cis form was 
found to be about 10.8 kcal/mole.3b In the matrix 
at 2O0K this barrier has been estimated as 9.7 ± 0.7 
kcal/mole.5 

In the gas phase nitrous acid can be studied only in 
the presence of its dissociation products NO, NO2, 
and water vapor, together with N2O4, N2O3, and nitric 
acid. The various equilibria concerned have been 
studied by a number of authors.6 The available data 
indicate that at room temperature and at a pressure of 

(5) R. T. Hall and G. C. Pimentel, ibid., 38, 1889 (1963). 
(6) L. G. Wayne and D. M. Yost, ibid., 19, 41 (1951); A. P. Altshul-

ler, J. Phys. Chem., 61, 251 (1957); P. G. Ashmore and B. J. Tyler, 
/ . Chem. Soc, 1017 (1961); D. M. Waldorf and A. L. Babb, / . Chem. 
Phys., 39, 432 (1963); and Errata, ibid., 40, 1165 (1964). 
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Abstract: Mixtures of NO, NO2, and H2O in a wave guide cell have produced pressures of nitrous acid sufficient 
for the assignment of the trans isomer by microwave spectroscopy. Accurate values of the B and C ground-state 
rotational constants have been determined for the normal, deuterated, and nitrogen-15 species of trans-nitrous acid. 
The data are consistent with the expected planar configuration and on this basis the following structure has been 
calculated for fraw-nitrous acid: N-O(H) = 1.433, N=O = 1.177, and O—H = 0.954 A; L ONO = 110° 39' 
and Z NOH = 102° 3'. Quadrupole coupling constants for the nitrogen-14 nucleus in the normal and deuterated 
species have been determined; the values for trans HNO2 are: %aa = 1.91, xw> = -5.39, and xcc = 3.48 Mc/ 
sec. The components of the dipole moment in the nitrogen-15 molecule have been determined to be y.a = 1.387 ± 
0.01 and w = 1.223 ± 0.06 D., and yield a value for the total dipole moment of 1.85 ± 0.06 D., inclined at an 
angle of 41D 24' ± 24' to the a principal axis. The structure of fra/w-nitrous acid is discussed on the basis of these 
data. 
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