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Abstract:
8000-40,000 MHz.

transitions for PF,N(CH3), and PF,N(CD;),, respectively, are as follows:

The microwave spectra of PF.N(CH;), and PF.N(CD;), have been measured in the frequency range
The values of the rotational and distortion constants (in MHz) obtained from the measured

A, 4315.6 = 2.7, 37488 = 1.0; B,

2164.75 = 0.01, 1940.08 = 0.02; C, 2090.95 = 0.01, 1803.41 & 0.02; Dj;, 0.0009019 = 0,0000770, 0.0006047 =+
0.0001444; D;x, 0.0006928 = 0.0003480, 0.0002452 = 0.0003766. The structural parameters consistent with the
experimental data show that the molecule has a semiplanar structure in which phosphorus, nitrogen, and the two
carbons lie in the same plane, which is the symmetry plane for the molecule in good agreement with the results of the

X-ray analysis for such a molecule.

No reasonable fitting of rotational constants has been found for a “gauche”

conformation with a “‘short” P-N bond length and a PNC; angle lower than 175° in contrast with the electron

diffraction results.

Some interest has been shown in recent years for the
study of the P-N bond nature. In many cases a
(p—d)m-type bond has been postulated as deriving from
the delocalization of the lone pair electrons of nitrogen
into empty d orbitals of the phosphorus atom.! A re-
cent X-ray structure of PF;N(CHj;), by Morris, ef al.,?
has shown a structure in which phosphorus, nitrogen,
and the two carbons are in the same plane, which is a
symmetry plane for the molecule. Moreover the P-N
bond has been found to be anomalously short (~1.625
A)indicating a probable adduct (p—d)= in the solid state.

We decided to analyze the microwave spectrum of
PF;N(CH;), to see if the planar conformation of the
molecule is maintained in the gas phase. As we were
completing the structural calculations, a paper on the
structure of PF,NH, and PF,N(CH;). obtained from
electron diffraction was published by Holywell, ez al.?

The results obtained by these authors led to a non-
planar gauche structure for both r{lolecules, while still
finding a short P-N bond (=~1.66 A). Apart from the
P-N bond length, these results are in contrast with the
planar structure obtained by Brittain, ez a/.,* for
PF,;NH, from its microwave spectrum. In fitting the
structural parameters of PF;N(CH;), to our experi-
mental data we took into consideration both possible
conformations.

Experimental Section

The PF:N(CH;): sample and the analogous hexadeuterated
compound were prepared by gas-phase reaction between HN(CHj3),

(1) (a) K. A, R. Mitchell, Chem. Rev., 69, 157 (1969); (b) A. H.
Cowley, M. J. S. Dewar, W. R. Jackson, and W, B. Jennings, J. Amer.
Chem. Soc., 92, 5206 (1970); (c) A. B. Burg and P. J. Slota, ibid., 80,
1107 (1958); G. Ewart, D. S. Payne, A, L. Porte, and A. P, Lane, J.
Chem. Soc., 3984 (1962); (e) R. R. Holmes and R. P. Carter, Inorg.
Chem., 2, 1146 (1963); (f) W. A, Hart and H. H. Sisler, ibid., 3, 617
(1964); (g) R. Schmutzler, ibid., 3, 415 (1964); (h) A. H. Cowley and
R. P. Pinnell, J. Amer. Chem. Soc., 87, 4654 (1965); (i) A. H. Cowley
and M. H, Hnoosh, ibid., 88, 2545 (1966); (j) K, Cohn and R, W, Parry,
Inorg. Chem., 7,46 (1968); (k) J. F. Nixon and M. D. Sexton, J. Chem.
Soc. 4, 1089 (1969); (1) R. M. Kren and H. H. Sisler, Tnorg, Chem., 9,
836 (1970).
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J. Chem. Soc. A, 785 (1971).

(4) A.H.Brittain, J. E. Smith, P. L. Lee, K, Cohn, and R, H, Schwen-
deman, J. Amer. Chem. Soc., 93, 6772 (1971).

and PF3.5 The samples were purified by fractional distillation and
their purity was tested by ir spectroscopy. The microwave spectra
were obtained with an HP-MRR 8400 C-type spectrometer in the
range 8000-40,000 MHz. Transition frequencies were measured
with an estimated maximum error of 0.02 MHz.

A fast-scan broad-banded spectrum showed a series of nearly
equidistant bands due to unresolved Re-type transitions. This type
of spectrum gives an approximate value of B + C and implies that
the molecule is a nearly prolate symmetric top. A search for
lines outside the Ra-bands proved to be unsuccessful and a-type
transitions only have been observed for both isotopic species. The
high-resolution scan of each observed band showed a rather large
number of excited-state lines. The ground-state lines showed up
as singlets, and no analysis of the excited-state lines has been at-
tempted. All measurements were made at Dry Ice temperature,
and the intensity of the spectrum rapidly decreased at higher tem-
perature, disappearing completely at 0°.

Owing to the complexity of the spectrum, due to the presence of a
large number of excited states, the first assignments were made by
double resonance experiments on the / = 2-3 and J = 3-4 bands.

For the same reason every attempt to make an analysis of the
Stark effect proved to be unsuccessful, and therefore no informa-
tion on the dipole moment of the molecule has been obtained.

The quadrupole hyperfine structure due to the nitrogen atom
was not resolved, and because of the consequent broadening it did
not prove possible to measure the lines of the J = 1-2 band with
good accuracy. In Table I the experimental and calculated fre-
quencies are listed for the measured transitions of both isotopic
species.

In Table II the rotational and the centrifugal distortion constants
obtained from the analysis of the spectrum are listed.

Molecular Structure

The experimental values were insufficient for the de-
termination of the molecular structure using a substitu-
tion method, because of the lack of isotopic species rela-
tive to phosphorus and fluorine. Therefore an approxi-
mate method of calculation was used to obtain confor-
mational information on this molecule. An iterative
procedure was then carried out by using relations of the
form

04

R, etc.
;ORR’CC

where the R’s are the structural parameters to be fitted
to the experimental values of the rotational constants.
By starting with an assumed value of the rotational

Aexptl — Acaled =

(5) R. G. Cavell, J. Chem. Soc., 1992 (1964).

Journal of the American Chemical Society | 95:3 | February 7, 1973



Table I. Rotational Spectrum (in MHz) of PF:N(CHj;): and of PF;N(CDs),
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PF,N(CHj;), —— ———————PF,N(CD;)y~—————
Transition Obsd Caled Obsd Caled
2,2 — 313 11,020.90 11,020.87
200 = 30.3 11,200.65 11,200.74
21— 312 11,430.65 11,430.63
BLs—= 4. 16,871.40 16,871.34 14,686.47 14,686.31
30,8 = 4o.4 17,003.90 17,004.00 14,900.90 14,900.57
3.2 = a3 14,967.73 14,968.02
301 — 4 15,041.20 15,041.27
310> 413 17,166.38 17,166.37 15,231.62 15,231.46
dy,s = 515 21,085.67 21,085.71 18,345.43 18,345.44
4o, = 505 21,241.04 21,241.10 18,574.47 18,574 .33
453 = 55,4 21,273.95 21,273.91
440> 541 21,282.20 21,282.27 18,733.90 18,733.76
450 — 523 21,310.87 21,310.89
4.8 = S1.4 21,454.11 21,454.10 19,023.18 19,023.48
51,5 — 615 25,297.87 25,297.92 21,997.51 21,997.55
S¢.5 = Go.6 25,469.46 25,469.41 22,220.72 22,220.89
Sa2— 64,3 22,485.91 22,485.68
52,4 = 62,5 25,524.92 22,525.03
Sa.3 —> 62,4 25,589.11 25.589.08 22,666.04 22,666.27
514 = 61,5 25,739.28 25,739.09 22,803.43 22,803.50
61.6 = Tia 29,507.77 29,507.70 25,642.41 25,642.36
60,6 = Tox 25,843.47 25,843.50
6.5 = Ta.6 29,773.94 29,774.17 26,145.73 26,145.93
66.0 = To.1 26,224.37 26,224 .43
650 = Ts.2 29,795.15 29,795.10 26,230.03 26,230.06
62,4 — Ta.s 26,505.42 26,505.23
640 — T4us 29,797.81 29,797.88
63,0 = Ta.5 29,802.42 29,802.33
61— Ti.6 30,020.68 30,020.61 26,568.02 26,567.77
11— 818 33,715.02 33,714.83
72.5—> 82.7 34,02082 34,02100

Table II. Rotational and Centrifugal Distortion Constants (in
MHZ) of PFzN(CHs)z and of PFzN(CDa)z

PF:N(CH;). PF;N(CD3);
A 4315.6 = 2.7 3748.8 = 1.0
B 2164.75 = 0.01 1940.08 = 0.02
C 2090.95 = 0.01 1803.41 = 0.02
Dy 0.0009019 = 0.0000770 0.0006047 = 0.0001444

D;sx 0.0006928 = 0.0003480

0.0002452 = 0.0003766

Table III. Bond Distances® and Bond Angles? for PF,N(CH,),

tion between calculated and observed values of the

rotational constants was a minimum,

As a starting structure, that obtained by X-ray dif-

fraction? was chosen.

Such a structure shows a planar

conformation of the P-N-C(C) group and the plane is a
symmetry plane for the molecule, while the NC; group
possesses no symmetry.

The parameters of the CH; groups were assumed to be

—_— This work— —
Semiplanar
X-Ray? Electron diff? Gauche structure structure PF;NH,*

PF 1.610 1.589 1.60 1.57 1.587
FPF 91.5 99.0 93.3 95.3 94.6
NPF 101.6 97.0 98.5 99.8 100.6
PN 1.628 1.648 1.75 1.66 1.65
PNGC, 148.0 155.4
PNC,is 123.7 124.5 123.1 (PNH,,)

118.0 118.0¢
PNCirans 120.4 121.3 119.7 (PNH¢;ans)
NC.is 1.485 1.48¢

1.448 1.45

NCirans 1.46 1.46¢
Dihedral 86.0 86.0¢
HCH 108. 64
CH 1.09¢

sIn A. *In degrees.

¢ Assumed values.

4 See ref 6.

constants, the derivatives 04/OR, 0B/OR, and OC/OR
were calculated and the previous system solved for the
6R’s by a least-squares method. The values of the
0R’s so obtained were used to calculate new rotational
constants and the process was iterated until the devia-

the average of those determined for the NH(CHj):
molecule® (see Table I111).
By such an assumption the independent parameters

(6) J. E. Wollrab and V. W, Laurie, J. Chem. Phys., 48, 5058 (1968).
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Figure 1. Projection of PF:N(CHs), in its plane of symmetry.

left to define the structure were reduced to eight: four
bond lengths (PF, PN, NCs, NCirns) and four bond
angles (FPF, FPN PNC.s, PNCimns). As the experi-
mental data available were only six, a preliminary
analysis to search for parameters whose variation would
produce the minimum effect on the rotational constants
was carried out. The two bond lengths NC.. and
NCyrans were found to meet this condition and were kept
constant throughout the calculations. The least-
squares fit analysis was then performed by using three
to four parameters at a time changing them in turn until
the best fit was reached. While this work was being
done a gauche structure for the PF;N(CH;), was ob-
tained by electron diffraction.® In this structure the
molecule possesses no symmetry, but both PF, and NC,
groups have a symmetry plane with a dihedral angle of
86 = 2°. A new fitting was then tried with this struc-
ture as starting point, by using the same assumptions
made for the CH; groups. The structural parameters
were still eight: three bond lengths (PF, PN, NC) and
five bond angles (FPF, FPN, PNC, CNC, dihedral).
As in the previous case, two parameters were kept con-
stant, that is the PNC and the dihedral angles. The
results of the fitting for both structures are listed in
Table III together with the X-ray and the electron
diffraction data for comparison. In Table III the
parameters obtained by Brittain, ez a/.,* for the PF,NH,
molecule are also listed. In Table IV the values of the

Table IV. Calculated Rotational Constantse of PF;N(CH;): and
PF;N(CD;), from the Structural Parameters of Table III

Gauche structure
4309.3 (—6.3p

Semiplanar structure

4313.6 (—2.0)

PFE;N(CH;): 4

B 2162.84 (—2.94) 2166.87 (+1.09)
C 2088.39 (—1.82) 2090.11 (+40.90)
PFE,N(CD;). 4 3757.8 (+8.7) 3747.3 (—1.82)
B 1941.94 (4-1.90) 1941.47 (+1.42)
C 1807.39 (43.95) 1803.75 (4+0.31)
*In MHz. °*Deviations from experimental values.

rotational constants calculated from the parameters of
Table III for the semiplanar and gauche structural con-
formations are listed together with the deviations from
the observed values.

The value of the difference AP.. between the second

moment P, for the deuterated species and that for the
normal species P..® in the assumption of a plane of
symmetry is AP, = 4cu?mp — mu) with cu the
hydrogen coordinates along the ¢ axis. Using the
experimental values of the rotational constants given in
Table II one obtains AP, = 3.102 = 0.055 amu A?2.
With the parameters assumed for the methyl groups (see
Table III) one obtains AP.. = 3.139 amu A2, which
is in good agreement with the experimental one.

The coordinates of the atoms in the principal axis
system for the PF,N(CH;), molecule in the semiplanar
conformation are given in Table V while the projection

Table V. Coordinates® of the Atoms in the Principal Axis
System of PF;N(CH;),

Atom a b c
N —0.94 0.01 0.00
Ceis -1.27 1.45 0.00
Hiis —-2.35 1.60 0.00
Hi(cis) "'085 193 089
Hiis) —0.85 1.93 —0.89
C(trans) -2.11 —0.87 0.00
1(trans}) "'303 '-'027 000
H2(trans) "'2 ll "'l 50 089
Hj(trans) -2.11 —-1.50 —0.89
P 0.60 —-0.61 0.00
F 1.23 0.25 +1.16
aln A,

of the molecule on its own symmetry plane is given in
Figure 1.

Discussion

By comparison of the results listed in Table III it
is evident that with the presently available microwave
data, the structure obtained by starting from the X-ray
structure does not differ substantially from this one.

On the other hand, it did not prove possible to obtain
a reasonable fitting for the ‘“‘gauche’ conformation with
a ““short” P-N bond length, which instead seems to be a
characteristic result of all kinds of investigations made
for these type of molecules.?~*

Finally the microwave results obtained for a similar
molecule, PF;NH,, lead* to a semiplanar structure
whose parameters are listed in Table III for comparison.

In conclusion, from the previous considerations it
appears that the present experimental results can be in-
terpreted to a good degree of confidence on the basis of
the semiplanar conformation.

However, we were aware that the semiempirical calcu-
lation’ predicts the possibility of a pyramidal structure at
the nitrogen atom, and, therefore, we performed a
theoretical analysis on the PF,N(CHj;). molecule within
the framework of the CNDO scheme® by using the
molecular parameters of Table 1II and allowing for
several nonplanar configurations. In this way it has
been confirmed that the CNDO energies are in favor of a
nonplanar configuration.

Some more calculations were therefore performed
using the fitting method described before; starting from
the data of Table III for the semiplanar structure the

(7) Professor K. Mislow, Princeton University, private communi-
cation.

(8) J. A. Pople, D. P. Santry, and G. A. Segal, J. Chem. Phys., 43,
S129 (1965); J. A. Pople and G. A, Segal, ibid., 43, S136 (1965); 44,
3289 (1966); D. P. Santry and G. A, Segal, ibid., 47, 158 (1967).
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angle between the CNC and the starting P-N-C(C)
planes was increased by steps.

Such calculations have clearly shown that for angles
up to =35°, the fitting of the rotational constants is un-
affected. Similar results have been obtained by evaluat-
ing AP, for different nonplanar configurations within
the error of experimental AP,.. A maximum deviation
from planarity of 4° has been found. Unfortunately
variations of the methyl parameters within the values
found by Wollrab® for the HN(CH;), molecule yield
variations of the same order on AP, and therefore the
present results cannot give any information of a possible
departure of the molecule from the semiplanar confor-
mation. This uncertainty could probably be overcome
if experimental data for isotopic species like PF;N-
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(CH;)CDy;) were available. However, because of lack
of symmetry in the NC; group, the spectrum of such a
molecule would be made up by the transitions relative
to the two possible isomers. Both intensity considera-
tions and the fact that the precalculated spectra of the
two isomers show partial overlapping, together with the
added complexity due to the vibrational satellites, would
make a successful analysis of such a spectrum rather
improbable.
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When an attempt was made to obtain E, and Ca numbers for the hydrogen bonding acid 1,1,1,3,3,3-

hexafluoro-2-propanol (HFIP) by computer-fitting calorimetrically measured enthalpies of interaction of HFIP
with various Lewis bases, the fit was much poorer then one would anticipate. The difficulty was believed due to
the demonstrated intramolecular hydrogen bonding in HFIP between the hydroxyl proton and the -CF, fluorine.
If one subtracts a constant amount, —1.1 kcal mol~!, to account for the intramolecular interaction, from each of
the experimentally measured enthalpies, a suitable fit of the data can be obtained. E, and Ca parameters of 5.93
and 0.623, respectively, are determined for HFIP. The use of these new parameters, which incorporate the intra-
molecular interaction, is described. The addition of this constant amount is justified by deriving an E and C
equation to describe competitive equilibria. It is shown that when there is some effect that produces a constant
contribution to a series of measured enthalpies toward donors whose Eg and Cs numbers are kiown, this equation
can often be solved for this unknown quantity. The procedure is checked on systems where the constant amount
being added can be determined independently. The procedure is invaluable for incorporating systems in which

there is intramolecular association into the E and C scheme.
dimers which must be dissociated to form adducts and whose enthalpy of dissociation is not known.

It has the potential of extending this treatment to
Displacement

reactions also fall in the category of reactions containing a constant contribution to measured enthalpies,

In the course of our studies on hydrogen bonding
acids, we have had occasion to examine 1,1,1,3,3,3-
hexafluoro-2-propanol, HFIP, a very interesting acid
that has been previously studied extensively as a Lewis
acid by Purcell and coworkers.!-? Upon attempting to
fit their data to our E and C equation?

—AH = E Ep + CusCs (D

(where E4 and C, are empirical parameters for acids
and Eg and Cg are empirical parameters for bases), we
did not get as good a fit as one might expect considering
this is a hydrogen bonding acid. We repeated measure-
ments on several of the reported systems, and when we

(1) K. F. Purcell, J. A. Stikeleather, and S. D. Bunk, J. Mol. Spec-
trosc., 32,202 (1969),

(2) K. F. Purcell, J. A. Stikeleather, and S. D. Bunk, J. Amer. Chem.
Soc.,91, 4019 (1969).

(3) (2) R. 8. Drago and B. B, Wayland, ibid., 87, 3571 (1965); (b) R.
S. Drago, G. C. Vogel, and T. E. Needham, ibid., 93,6014 (1971).

limited the attempted correlation only to our data, the
expected fit still did not result.

One of the complications with HFIP is the demon-
strated* intramolecular hydrogen bonding between the
hydroxyl proton and the —~CF; fluorine. In HFIP, two
different rotamers are present, a and b. Infrared mea-

CF,

surements have been interpreted to indicate that b is the
predominant species. The enthalpy of interconversion

(4) J. Murto and A. Kivinen, Suom. Kemistilehti B, 40, 14 (1967), and
references therein.
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