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Molecular Structure and Conformation of Chloronitromethane as Determined by Gas-Phase
Electron Diffraction and Theoretical Calculations
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The molecular structure of chloronitromethane was studied in the gas phase at a nozzle-tip temperature of
373 K. The experimental data were interpreted using a dynamic model where the molecules are undergoing
torsional motion governed by a potential functiod:= Vo/2x(1 — cos ) + V4/2x(1 — cos 4) with V, =

0.81(30) and/, = 0.12(40) kcal/molf is the dihedral angle between the-Cl and N-O bond). The conformer

with a zero degree dihedral angle is the most stable conformer. Comparison with results from HF/MP2/
B3LYP 6-311G(d,p) calculations were made. The important geometrical parameter values (for the eclipsed
form) obtained from least-squares refinements are the followiig—H) = 1.061(18)A,r(C—N) = 1.509

(5)A, r(N—0) = 1.223(1)A,r(C—Cl) = 1.742(2)A,0CICN = 115.2(7}, JO4NC = 118.9(10y, JOsNC =
114.9(16%, andOCICH 115(47.

Introduction 0. Cly

The torsional potential function of nitromethane has a sixfold N3 .C
barrier as a result of the presence of the methyl (threefold) and / "’/,,,
nitro (twofold) groups. The torsional potential function has the
following form (wherer is the dihedral angle between the-8 Cl,04 Cl3

and N-O bonds):
V = Vy/2x(1 — cos &) 1) O; 0,

This potential function gave minima at 6tervals starting at 05
0°, and the barrier at = 30° was 6.03 cal/mot.When one of

the protons is replaced, the sixfold symmetry is reduced to either
a twofold symmetry or a combination of a four- and twofold Figure 1. Atom numbering and the eclipse_d and perpendicular forms
terms as described by the following equation: for chloronitromethaner(= O,—N—C—CIl dihedral angle).

Eclipsed, t=0° Perpendicular, T = 90°

V = V,/2x(1 — cos Z) + V,/2x(1 — cos &) ) rotational potential function (with the-GCI/N—O dihedral angle
of 90° as minimum) about the €N bond, were used to fit the

The twofold symmetry would give minima at 0 and 280  data. Careful examination of the published intensity and radial
whereas the function with two- and fourfold terms could have distribution curves, however, showed that neither one of these
minima at 0, 90, and 180with different energies at 0 and 90 models gave a satisfactory agreement with the data. We therefore
(see Figure 1). We are interested in understanding the torsionalinitiated an electron diffraction and theoretical investigation on
potential about the EN bond of nitromethane, investigating this compound and are reporting the results here.
the effect of substitutions on the barrier height, the minima of
the torsional potential function, the molecular structure, and in Experimental Section

general, the correlations between the potential function and p sample of chloronitromethane was synthesized by adding

geometry. sodium hydroxide (20% aq) dropwise to neat nitromethane at

Agood pandidatg for the prpposed investigation by gas-phase_g o The resulting sodium methylnitronate was filtered and
electron diffraction is chloronitromethane. Infrared and Raman washed with liquid nitrogen to prevent decomposition. Once

spectra of liquid chloronitromethane and their deuterated oo the sodium salt was suspended in anhydrous ethyl ether
analogues have been recorded, and the complete assignmentg _ o and chlorine gas was bubbled in for approximately

of "’I‘” Ofl the fundamen(tjals r?ave been médgﬁh;\s studyl, the 10 min. The resulting solution was decanted and the solvent
molecule was assumed to haesymmetry with the N@plane o\ 4n0rated, yielding a mixture of starting material, dichloroni-

perpendicular to the €CI bond (perpendicular form). An o methane, and chloronitromethane. The desired product was
electron diffraction studyon the title compound has been  jp.io-q via distillation bp 1025104 °C. *H and %*C NMR

reported. Two models, (1) free rotation and (2) a twofold spectra were recorded in CDCWith a Bruker 400 MHz

* Corresponding author. E-mail: mshen@mail.colgate.edu spectrometer:H NMR 5.70 ppm (s);*C NMR 74.92 ppm (s).
TCo|gat§ Univegrsity_ ' ' -colgate.edu. Electron diffraction data were collected using the OSU

*Oregon State University. apparatus at a nozzle-tip temperature of 373 K for the long
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TABLE 1: Optimized Geometrical Parameters from HF/MP2/DFT 6-311G(d,p) Calculation$

HF MP2 B3LYP
eclipsed perpendicular eclipsed perpendicular eclipsed perpendicular
r(C—H) 1.075 1.0738 1.0872 1.0864 1.0857 1.0845
r(N—0g) 1.174 1.1823N 1.220 1.2276 1.2081 1.2173
r(N—0s) 1.187 1.1823 1.2266 1.2276 1.2199 1.2174
r(C—N) 1.4985 1.4912 1.5186 1.5008 1.5323 1.5193
r(C—Clj 1.7469 1.7601 1.7441 1.7575 1.7658 1.7800
CICN 113.97 109.53 113.47 109.63 113.85 109.91
0JO4NC 120.42 116.58 120.22 116.53 120.23 116.49
0JOsNC 112.75 116.58 112.57 116.53 112.41 116.49
OONO 126.83 126.83 127.21 126.92 127.36 127.02
JHCN 105.5 107.28 105.28 106.97 105.45 107.16
OHCCI 110.35 109.36 110.75 109.69 110.27 109.19
7CICNO, 0.11 89.98 0.086 89.44 0.075 89.86
a Distances in angstroms and angles in degrees.
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Figure 2. Torsional potential functions about the-Gl bond obtained
from ab intio calculationsz(= O,—N—C—CI dihedral angle).

(746.15 mm) and 370 K for the middle (299.46 mm) camera

Model 3
Model 4

N-O N-C CCl 0.0 O0.C N.CI 04.Clfe) O.Cl(p) 05.Cle)

distances, respectively. The voltage was maintained in the range Mggf;
of 60 keV. Beam currents in the range of 0-3R75uA and ~_

exposure times of 4575 s for the long and 24 min for the Model 2
middle camera plates were used. Four long camera and four| Model 3
mid-camera plates were selected for data analysis. Data reduct Model 4
tion was carried out in the usual mandefhe intensity data

were interpolated at integral units gf=(40/1) sin(6/2)], where p A 5 A A

20 is the scattering angle]. The intensity data were analyzed Figure 3. Radial distribution curves correspond to different theoretical

using a Iea_st-squar_es proce(_:iure outlined by Gundersen andnodels. Corresponding difference curves (experimenttideoretical)
Hedber§ using elastic scattering and phase factors calculated are shown under each group. Theaxis represents the probability

by Ross, Fink, and Hilderbranéit.

Calculations

Theoretical calculations were carried out at the HF, MP2,
and B3LYP levels using 6-311G(d,p) and 6-316 basis sets
available in Gaussian 98The geometrical parameters for the
optimized eclipsed and perpendicular forms (Figure 1) from
6-311G(d,p) are summarized in Table 1. The X torsional
potential function was obtained from complete optimization of
the geometry with the GtC—N—0O, dihedral angle held fixed
at 10 increments. The torsional potential functions obtained
are shown in Figure 2. The B3LYP, HF, and MP2 potentials
were fitted to eq 2, and th¥,/V, values obtained are: 1.17/
0.22, 0.45/0.16, and 0.458/0.167 kcal/mol, respectively.

When 6-311G-+ basis sets were used, all three levels of
calculations gave potential functions of the form

V =V,/2x(1 + cos 2) + V,/2x(1 + cos &) 3)
with the mimiun at the perpendicular form£ 90°) instead of
the eclipsed form as in the former calculations. The values for
V,/V4 are 0.1740.009, 0.89+0.012, and 1.34/0.039 kcal/mol,

distribution of interatomic distances.

mol for DFT, HF, and MP2 calculations, respectively. The
minium is sensitive to the chosen basis sets, 6-311G(d,p) or
6-311Gt++. The former gave the eclipsed form, whereas the
perpendicular form was predicted by the latter.

Frequency calculations (HF/6-311G(d.p)) were carried out
for both the eclipsed and perpendicular forms, and the force
fields from these calculations were used to obtain amplitudes
of vibrations using ASYM4G.

Electron Diffraction Analysis. The molecular structure of
chloronitromethane is defined by the following set of param-
eters: r(C—H), r(N—0), r(C—N), r(C—Cl), OCICN, OONC,
TO4NCCI. The model of the perpendicular £ 90°) form was
tested first (model 1), and the errors in the nonbonded distances
clearly showed that the data were not consistent with this model
(Figure 3).

A model with the N-O bond eclipsing the €Cl bond ¢ =
0°) was introduced. In this model (model 2), the following
parameters are no longer identicalN—0,) andr(N—0s), 0O4-

NC and OOsNC. MP2 calculations showed thafN—OQ,) is
shorter tharr(C—0Os) by 0.006 A andJO4NC is 7.6 larger

and the barrier heights at eclipsed are 0.16, 0.90, and 1.5 kcal/thanTJOsNC. These major structural differences were included
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in the model. The radial distribution curve for this model is TABLE 2: Least-Squares Results for Chloronitromethané

shown in Figure 3. . parameters parameters
A two-conformer moo!el (model 3) was tested. In thls model, "(C—H) 1.061(18) 0CICN 115.2(7)/1114
all of the structural differences between the eclipsed and r(N—Oy) 1.223(1) 0O,NC 118.9(10)/116!9
perpendicular forms obtained from the MP2 calculations (see (c—n) 1.509(5)/1.491 OsNC 114.9(11)/116'9
Table 1) were introduced in the model (i.5C—Cl), r(C—N), r(C—Cl) 1.742(2)/1.756 OCICH 115(4)
OCICN, OO4NC, andOsNC). Amplitude of vibration differ- \2 0.81(30) OHCN 105.5(fixed)
ences between the conformers (for exampg..c; andlo....ci) \F@ g-%g/é"'o)
were alsp introduced. Th_e best result from this mc_>de| gavea | 0.0757/0.075% o 0.0725/0.071(6)
composition of 70(8)% eclipsed and 30(8)% perpendicular forms | 0.0382/0.041(1)  lowc 0.0657/0.070(9)
and anR factor value of 7.4%. The corresponding radial le-n 0.0569/0.057(4)  lo,-ci 0.0837/0.084(15)
distribution is shown in Figure 3. le—ci 0.0513/0.049(2)  log-ci 0.067/0.067
Calculations suggested potential functions with two- and  lo-o 0.0479/0.052(5)

fourfold terms. The barrier obtained from HF, MP2, and B3LYP  apjstances in angstroms, angles in degrees, and energies in kcal/
calculations are 0.30, 0.50, and 1.2 kcal/mol, respectively. A mol.° The values for the eclipsed/perpendicular forms that are different.
dynamic model (model 4) was introduced. In this model, °R = Z([lop — lned?/12,)¥2 ¢ Calculated value/refined values fol-
restricted torsion motion about the-®l bond governed by eqs  lowed by least-squares error limits.
2 (model 4a) and 3 (model 4b) were assumed. Equations 2 an
3 were potential functions obtained using 6-311G(d,p) and
6-311++G basis sets, respectively. The populations of the 10
conformers (in the range= 0 to 9C at 10 increments) were
weighted using Boltzmann distribution.

Theoretical calculations showed that several geometrical
parametersr(C—Cl), r(C—N), OCICN, OO4NC, andJOsNC)
are sensitive to the dihedral angle, These variations are
included in the 10 conformers in the following fashion. MP2 Expt.
optimized values for these five parameters as a function of /\ A /\ /\

(within the range of ©to 9C°) were fitted and the following

functions were obtained: \/ \/ \f \/
r(C—Cl) =r(C—Cl),s — 0.00% cos 2

r(C—N) =r(C—N),5+ 0.010ccos Z
OCICN = (OCICN),+ 1.89% cos 2 m /\ /\ /\ N /\The°'
DO,NC = (DO,;NC)go + A,x COST w \/ v \/ VAV
OOgNC = (HOgNC)y, — A;x CcOST
Wherer(C—CI)45, r(C—N)45, (DClCN)45, (DO4NC)90, and GO5-
NC)go are the corresponding parameter values at the specified
torsion angles# = 45°, and at 90 respectively) and these
parameters were refined during the least-squares procedureq
The numerical values are held constant as suggested by the
calculated differences. The value fag (JOsNC — OOsNC)o EEEEEEES——E———— — — — ———————
has a value of %4initially and was later refined. There is only 10 20 30 40 50 60 70 80 90 100 110 120 130 q
a slight difference betweer{N—0Oy) andr(N—0s) of 0.006 A Figure 4. Intensity vsq curves correspond to model 4@ € (40/1)

at the eclipsed extreme; therefore, a single®l bond was  sin(g/2), where 2 is the scattering angle; in units of &).
assumed in these dynamic models.

The amplitudes of vibration were calculated excluding the from least-squares refinements. The radial distribution, intensity,

low-frequency torsional contribution. The €104 and Ct-+Os and torsional potential function curves are shown in Figures
amplitudes of vibration were found to be sensitive tand the 3—5, respectively. Model 4b repeatedly converged to give
following functions were applied during the refinements: negativeV, and V, values yielding a potential function with
_ . the eclipsed form being more stable than the perpendicular form.
1(Oy++Cl) = 1(O4++Cl)go + Apxsin(r) The converged model 4b essentially gave conformation popula-

ti ided b 2.
1(Og*+Cl) = 1(Og++Cl)gp — AgX SiN() ions provided by eq

wherel(Cy4:+-Cl)go andl(Os:--Cl)gp are the corresponding-© Discussion
Cl amplitudes at the perpendicular form and thevalues are The radial distribution curves obtained for modeis4h were
the calculatedij difference between 0 and 9@rms. summarized in Figure 3. It is clear from models 1 and 2, and

In model 4a, both/, andV, are refined values of 0.81(30) confirmed by model 3, that the majority of gaseous sample
and 0.12(40) kcal/mol, respectively, with &tfactor of 6.1%. existed in eclipsedr(= 0.0°) form, which has @--Cl and Q-
Table 2 summarized the geometrical parameter values obtained-Cl distances at 2.8 and 3.8 A, respectively. For the perpen-
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Figure 5. Experimental potential function about the—@® bond

obtained from least-squares analysis.
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in each of the valence angles. Comparison with the previous
ED study are as follows (new/old)r(N—0O) = 1.223(1)/1.230-

(2) A, r(N—C) = 1.509(5)/1.493(10) Ar(C—CI) = 1.742(2)/
1.765(9) A,OCICN = 115.2(7)/114(1), OCNO,, = 117°(1)/
116°(1).

The C-Cl bond in chloronitromethane (1.742(2) A) is
significantly shorter than the ones found in chlorometfane
(1.784(3) A), chloroetha&(1.798(5) A), and trichloromethatfe
(1.758(2) A) and close to the -€CI bond in chlorodifluo-
romethan& (1.747(10) A). For comparison, the C&pCl bond
in chloroethen®® is 1.730(4) A. It appears that introduction of
an electron-withdrawing nitro group makes the carbon atom
more positive and strengthens the-Cl bond. Ab initio
calculations showed that the—Cl bond length increases by
0.013 A when the NO bond is rotated from eclipsing the-Cl
bond.

The C-N bond length is longer in chloronitromethane (1.509-
(5) A) than in nittomethari€ (1.489(5) A). The increase in-€N
bond could be a result of steric effects of the eclipsed form.

dicular form, the corresponding distances are equal and have arhe G-N bond for the perpendicular form (0.018 A shorter)

value of 3.2 A. The potential function obtained from model 4a
is shown in Figure 5. This function is very similar to the one
obtained from B3LYP 6-311G(d,p) calculations except for the
barrier height atr = 90°. Taking into account of the large
experimental uncertainties in thve andV, values, the agreement

compared well with that for nitromethane. Th&CICC angle

in chloroethane is 110.7(3) whereas theZJCICN angle in
chloronitromethane is 114.8(T1)rhe largel1CICN value could
also be attributable to the steric environment of the eclipsed
form.

is very acceptable. Results from models 4a and b clearly show Theoretical calculations on the eclipsed and perpendicular
that the potential function from calculations using 6-311G(d.p) forms showed that both th¢C—N) bond andJCICN are larger

basis sets, eq 2, is more consistent with electron diffraction data.(o_017 A and 3.9 respectively) in the more sterically congested
This function predicts a minimum at the eclipsed form. It eclipsed form than in the perpendicular form. Lengthening the
appeared that replacing the proton in nitromethane by a chlorinec—N pond and increasing thBCICN valence angle help to
atom the rotation about the-@N is governed by a larger twofold  stapjlize the eclipsed form because these features decrease the
than fourfold term. Theoretical calculations USIng the 6-311G- 04...C| steric interaction by |ncreas|ng the interatomic distance.

(d,p) basis set showed that tiigterm is 2-5 times that of the

However, the G-Cl bond is shorter (0.013 A) in the eclipsed

Vs term. The stability of the eclipsed form suggests that perhaps form than in the perpendicular form.

the two O--H interactions in the perpendicular form are more
unfavorable than the eclipsing-ND and C-CI bonds (in the
perpendicular form), which could be reduced by the latg@s-
NC andOCICN valence angles.

The presence of the eclipsed form is not surprising if one
treats the N-O bond as a delocalized double bond. For example,
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the anti forms were found to be more stable than the gauchepubs.acs.org.

forms in chloroacetyl chlorid®, bromoacetyl chloride, and
bromoacetyl bromid&? In chloronitromethane, the eclipsed form

is similar to the anti form, and because of the twofold symmetry
of the nitro group, the gauche form became the perpendicular ,4

form. Our result is not consistent with the conclusion from an
earlier ED study where a free rotation about the NCbond
was proposed. A free rotation model was tested by selfing
andV, of model 4a to zero and d@ifactor of 11% was obtained;
an agreement poorer than model Ba=( 6.1%) using a restricted
potential (eq 2) withV, = 0.81(30) kcal/mol and/, = 0.12-
(40) kcal/mol. The infrared spectrum of chloronitromethane in

the liquid state was interpreted assuming the presence of onIyCry

References and Notes

(1) Tannenbaum, E.; Myers, R. J.; Gwinn, W.DChem. Physl 956
42-47.
(2) Gluzinski, P.; Eckstein, ZSpectrochim. Actd968 24A 1777
84.

(3) Sadova, N. I.; Volkov, L. V.; Anfimova, T. MZh. Strukt. Khim
1972 13, 763-7.

(4) . Hedberg, L.Abstracts Fifth Austin Symposium on Gas-Phase
Molecular Structure Austin, TX, 1974; p 37.

(5) (a) Hedberg K.; Iwasaki, MActa Crystallogr 1964 17, 529. (b)
Gundersen, G.; Hedberg, K. Chem. Phys1969 51, 2500.
(6) Ross, A. W.; Fink, M.; Hilderbrandt, R. llnternational Tables of
stalloraphy Kluwer Academic Publishers: Dordrecht, 1992; Vol. 4, p

the perpendicular form. Because the dipole moments of the 245,

eclipsed and the perpendicular forms are very similar, the liquid

state may consist of (1) all eclipsed form or (2) a mixture of
eclipsed and perpendicular forms.

(7) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,

The experimental geometrical parameter values compare wellM.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;

with the results from MP2 calculations except for thel€bond
where the experimental error limit is very large. The experi-
mental CG-N bond length is 0.010 A shorter than the MP2 value.
All other distances are within 0.003 A of the calculated MP2
values. The difference between tH®,NC andJOsNC valence
angles was smaller (£Yin the experiment than the theoretical
value (7.6). However, the experimental uncertainties weré 1.0

Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.9; Gaussian,
Inc.: Pittsburgh, PA, 1998.
(8) Hedberg, L.; Mills, 1. M.J. Mol. Spectroscl1993 160, 117.



Structure and Conformation of Chloronitromethane

(9) Steinnes, O.; Shen, Q.; Hagen, K.Mol. Struct.198Q 64, 217

(10) Steinnes, O.; Shen, Q.; Hagen, X.Mol. Struct.198Q 66, 181:
(11) Bartell, L. S.; Brockway, L. OJ. Chem. Physl955 23, 1860.

(12) Hirota, M.; lijma, T.; Kimura, M.Bull. Chem. Soc. Jpri978 51,
1594.

J. Phys. Chem. A, Vol. 110, No. 23, 2006495

(13) Jen, M.; Lide, D.J. Chem. Phys1962 36, 2525.

(14) McLay, D. B.; Mann, C. RCan. J. Phys1972 40, 61.

(15) Hui, P. A. G.; Mijlhoff, F. C J. Mol. Struct 1979 54, 145.

(16) Cox, A. P.; Waring, SJ. Chem. Soc., Faraday Trans1272 68,
1060.



