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Abstract 

The microwave spectrum of the cyclopropane-ammonia ( CsHs* 14NHs) complex has been observed using a pulsed nozzle, 
Fourier-transform microwave spectrometer. The spectrum is characteristic of a symmetric top, IS,,= 2668.7 16 l(4), with free 
internal rotation of the NHs subunit. The spectra of the CsHs*r5NHs, CsDs*r5NHs, and CSHe*‘4NDs isotopomers were also 
measured. This gives a structure in which the nitrogen of the ammonia interacts with the top of the cyclopropane ring, resulting 
in a stacked structure with R ,.,,=3.657( 3). Thequadrupolecouplingconstant ofthe nitrogen nucleus is eQq= -2.509(2) MHz. 

Cyclopropane (CYC) complexes, such as 
CYC-HCl [I], CYC-HF [2], CYC-HCN [3], and 
CYC-Hz0 [ 4 1, have been thoroughly investigated by 
Fourier-transform microwave (FTMW) spectros- 
copy in order to determine their structure. In each 
case the HX lies in the heavy atom plane and is hy- 
drogen bonded to the center of one of the C-C bonds. 
These studies support the Coulson and Moffitt de- 
scription of cyclopropane [ 5 ] since the interaction 
occurs at the area of highest electron density of the 
ring. We have found that the complex of cyclopro- 
pane-ammonia does not conform to this pattern. Us- 
ing FTMW spectroscopy we have found that it is a 
symmetric top, with a stacked structure, in which the 
lone pair of the ammonia interacts with the hydro- 
gens above the ring. The only previous report of the 
CYC*NH3 complex was a matrix-isolation vibra- 
tional spectroscopy study which could find no evi- 
dence of complex formation in the spectra [ 6 1. 

The microwave spectra of the CYC-NH3 isoto- 
pomers were observed using a Balle-Flygare-type 
FTMW spectrometer [ 71. A mixture of approxi- 

mately 1% of each component in argon was main- 
tained at a total pressure of l-2 atm. Transitions 
found in the C3H6 -“NH3 sample showed the first- 

and second-order Stark shifts characteristic of a sym- 
metric top. This led to the assignment and fitting of 
the transitions to Eq. (1) (below), the expression 
describing a symmetric top with free internal rota- 
tion about its C, axis [ 8,9], 

-2oJ*(J+ 1)m2-20,,,(J+ 1)Km 

-2H,,,(J+ l)m2K2. (1) 

The fit for the CJH6- 15NHs species led to assignment 
of the C3H6- i4NHs transitions, found in Table 1, as 

well as for the C3D6* “NH3 isotopomer. The quad- 

rupole structure for the 14N species was difficult to 
decipher since the internal rotor states had splittings 
on the same order of magnitude as the quadrupole 
splittings. Only the 1 m I= 0, 1 states were observed; 
given the cold temperature of the expansion, only 
these states would expected to be populated. A cou- 

0009-2614/94/$07.00 0 1994 Elsevier Science B.V. All rights reserved 
SSDI0009-2614(94)00007-D 



350 S.E. Forest, R.L. Kuczkowski /Chem. Phys. Letters 218 (1994) 349-352 

Table 1 

Assigned transitions (center frequencies) for CsH6.‘4NH, 

J J” K m vobs (MHz 1 veslc (MHz) Av(,-,,, Wz) 

1 0 0 +1 5333.583 5333.581 2.2 

1 0 0 0 5337.367 5337.366 1.3 

2 1 1 -1 10666.236 10666.236 0.2 

2 1 0 fl 10666.763 10666.763 0.1 

2 1 1 0 10673.042 10673.042 0.2 

2 1 0 0 10674.330 10674.333 -2.8 

2 1 1 +1 10674.925 10674.926 -0.5 

3 2 1 -1 15998.357 15998.357 -0.1 

3 2 0 +1 15999.147 15999.148 -0.8 

3 2 1 0 16008.566 16008.566 -0.1 

3 2 0 0 16010.504 16010.503 1.4 

3 2 1 +1 16011.392 16011.392 0.3 

ple of additional transitions were found within the 

region of the assigned lines, and although they were 
thought to belong to a K= 2 transition, they were not 
fit due to the small number of transitions and the ad- 
ditional constants needed to tit those transitions. The 
experimentally determined spectroscopic constants 
for all the isotopomers may be found in Table 2. The 
C3H6. r4ND3 isotopomer was also studied, but a less 
precise rotational constant was obtained for this spe- 
ties. Because of the nuclear quadrupole hypertine in- 
teractions for the three deuteriums and the nitrogen, 
as well as the internal rotation splittings, the line 
shapes were very complicated, and no assignment was 
made for the hypertine components of the different 

rotational transitions. An estimation for & could be 
obtained however, based on the observed frequency 
regions for the J=3-2 and 2-l transitions. These 
transitions followed a similar frequency pattern, 
within and between the Jregions, as the other species. 

The nitrogen nuclear quadruple coupling constant 
was determined from C3H6-r4NH3 to be eQq= 
- 2.509 (2) MHz, and the dipole moment of the 
C3H6-rSNHJ species was calculated from Stark ef- 
fects for both the 5=2-l and J= 3-2 (K=O, m=O) 
transitions, giving an observed dipole moment of 
p = 1.56 ( 1) D along the a inertial axis. 

The coordinate system describing the CYC-NH3 
complex can be found in Fig. 1. R,.,. is the distance 

Table 2 

Spectroscopic constants for the isotopic species of CYC*NH, 

Constants CrHs.NH, C,H,* “NH 3 

4, (MHz) 2668.7161(4) 2582.982(2) 

D.J (MHz) 0.01661(2 :) 0.0158(l) 

DJK (MHz) 0.3227(3) 0.328( 1) 

D,m (MHz) 1.8925(3) 1.9635(2) 

Dm (MHz) - 1.0862(2) - 1.1286(8) 

Krm (MHz) - 1.2772(4) - 1.334(2) 

xu (MHz) -2.509(2) 

xt.ts (MHz) 1.259(3) 

nb 12 12 
Av,, (kHz) = 1.2 5.6 

* See text for explanation about tit of the CsH6*‘4NDs isotopomer. 

’ Number of transitions in the tit. 

cAv=v,~-v_,,,. 

C3Ds. “NH 3 C3H6.t4ND a 3 

2379.4312(8) 2360(I) 

0.01160(5 ) 
0.3559(7) 

1.6995(6) 

-1.0011(3) 

- 1.3610(8) 

9 

1.7 
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i I Ran E 3.657 (3) A 

Fig. 1. Structure of the cyclopropane-ammonia complex. 8 is the 
angle between the C, axis of ammonia and the C, axis of the com- 
plex, known as the effective bending angle of ammonia. R,,. is 
the least-squares fitted distance between the centers of mass of 
the two monomers. 

between the centers of mass of the two moieties while 
19 is the effective bending angle of NH3. If 6 is fixed 
at zero and the structures of cyclopropane and am- 
monia remain unchanged upon complexation 
[ 10,111, R,,., determined from a least-squares fit of 
the data, is 3.657(3) A. However, the quadrupole 
coupling constant of the nitrogen nucleus has changed 
considerably in the complex (eQq= -2.509(2) 
MHz) from its value in free NH3 (eQq,,= 
- 4.08983 (2) MHz [ 121). The large change in eQq 
indicates the possible occurrence of large amplitude 
motions in this complex. To investigate these vibra- 
tional motions, we make the assumption that com- 
plex formation does not affect the electric field gra- 
dient at the nitrogen nucleus, so that the following 
equation can be used to estimate the value of 
( cos%9> : 

eQq=eQq,,(~(3cos2&1)). (2) 

From this equation, (cos’19) = 0.7423 implying that 
the effective bending angle 19, is 30.5 lo. This can then 
be used to calculate Z?_,. in Eq. (3) (below), where 
Z,,, and Z,, are the effective moments of inertia from 
each monomer obtained from refs. [ 10,111, 

+ tZgH3 (sin’ti) + jZbCbYC ( 1 +cos’y) 

+ jZ2’” ( sin2y) . (3) 

Eq. (3) also contains an angle y, which is the bending 
angle of the cyclopropane. If y is assumed to be neg- 
ligible ( x 0 ’ ) , I?_. is calculated as 3.66 1 A and does 
not significantly change compared to the value ob- 
tained with %O” (Z&,.=3.662 A). 

As mentioned above, the dipole moment of the 
CSH6-‘4NHs species was determined from Stark ef- 

fects and found to be p= 1.56 ( 1) D. With the dipole 
moment for free NH3 which is equal to 1.47 D [ 12 1, 
the induced dipole moment was calculated using the 
equation ,&YC.NH, =,&d + ,&& (cos 8). Setting 
(cos S) =0.8616 from above,bi,,=0.29 D. 

To determine whether the umbrella of ammonia 
was pointing up, away from the cyclopropane ring or 
down, towards the cyclopropane ring, it was neces- 
sary to study the C3H6* 14NDs isotopomer. Predic- 
tions of the B,, rotational constant for the two struc- 
tures (umbrella up and umbrella down) were 2350 
and 2453 MHz, respectively. The observed B0 value 
of 2360 MHz was consistent with the ammonia um- 
brella pointed up, away from the cyclopropane ring, 
leaving the lone pair to interact with the ring. 

This configuration was also consistent with the 
electrostatic model of Buckingham and Fowler [ 13 1. 
The electrostatic interaction energy was calculated for 
both the umbrella up and umbrella down structures 

at the observed R,,., for two different conformations 

of the ammonia about the C, axis. One conformer 
has the hydrogens of ammonia eclipsed with respect 
to the carbons of the cyclopropane ring, and the other 
conformation has the hydrogens staggered. The um- 
brella up structure has a favorable interaction energy 
for both the eclipsed (E,) and staggered (E,) config- 
urations (E,= -0.118 kcal/mol, E,= -0.250 kcal/ 
mol) unlike the umbrella down structure where both 
conformations have energies that are not stable 
(&co.563 kcal/mol, E,=O.863 kcal/mol). Of 
course, the spectral data cannot distinguish between 
the staggered and eclipsed conformations. It may be 
notable that the interaction energies are small, sug- 
gesting a weak interaction. This is also suggested from 
the pseudodiatomic model which gives a stretching 
force constant of 0.036 mdyn/A and a binding en- 
ergy of 340 cm-’ for a Lennard-Jones potential. For 
comparison, the four complexes of cyclopropane with 
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HX and HZ0 in the introduction have binding ener- 
gies ranging from 540-830cm-’ when calculated in a 
similar manner. 

It is also interesting that the Buckingham and Fow- 

ler model gives an energy difference between the 
staggered and the eclipsed conformations (&-E,) 

for the umbrella up structure of 0.132 kcal/mol, or 
approximately 46 cm-‘. This suggests a non-zero 
barrier to internal rotation. This is within the upper 
bound for an estimated internal rotation barrier from 

the spectral data. The latter estimate was made using 
a PAM internal rotation program [ 141 to lit the ob- 
served transitions to rotational and distortion con- 
stants, given a certain barrier height. Reasonable fits 
of the spectra could be obtained for barriers up to 60 
cm-‘. Therefore, the frequency data are consistent 
with an internal rotation barrier for CYC-NH3 of 
0s VG60 cm-‘. 

It is clear that the configuration found here is dif- 
ferent from previous cyclopropane complexes with 

acids and water. Comparing this system to other am- 
monia complexes is a bit more complicated, as there 
are many ammonia complexes which have been stud- 
ied, yet none quite like this one where the ammonia 
is interacting with a saturated hydrocarbon. A possi- 
ble comparison could be with the T-shaped complex 

of NH,-NCCN [ 15 1, with R,,,, = 3.13 A; this value 
is substantially smaller than that determined for the 
CYC-NH3 complex (R,.,,= 3.65 A). Another com- 
parison is to the symmetric top CF3H-NHJ [ 81, 

where the R,,. distance is 3.84 8, and free or nearly 

free internal rotation also occurs. These complexes, 

however, are not really close structural analogues to 
CYC*NH3 where the ammonia is sitting directly 
above the center of the ring, presumably in the best 
position to enhance the interaction between the lone 
pair and the positive region above the carbon plane. 

In this complex, cyclopropane does not use its well- 

known “bent bonds” to form a complex, but rather 
utilizes a part of the molecule that is more hydrogen 
rich. It will be interesting to learn whether this pre- 
sages the interaction of ammonia with other satu- 

rated hydrocarbons, notably propane. There are no 
other examples in the literature of gas phase com- 
plexes in which cyclopropane is the hydrogen donor 
and/or where ammonia is interacting with a satu- 
rated, non-substituted hydrocarbon without an acidic 
hydrogen. 
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