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The structure oN-methyldichloroacetamide (MeNHCOCHhas been elucidated in the gaseous and solid
states experimentally by gas electron diffraction and X-ray crystallography, and computationally with ab
initio and plane-wave DFT methods. Although the main structural parameters generally agree well, the
orientation of the CHGIgroup relative to the carbonyl oxygen was found to be very different in the solid and
gas phases. X-ray crystallography and solid-state plane-wave DFT methods indicate that the bond torsion
anglep(HCCO) is 180.0, while ab initio and gas electron diffraction methods reté(HCCO) as—13.1°

and —31.8(22), respectively. Further investigation of this phenomenon was carried out by using various
computational methods. The possibility of intermolecular-8 and Ct--O bonds, which would stabilize the
solid-state structure, was investigated by both solid-state plane-wave DFT and single-point ab initio methods.
Ab initio SCRF calculations were also employed to evaluate solvent effects on the structure, using the Onsager
reaction field model.

Introduction method&? by aminolysis of ethyl dichloroacetate in 30% w/v
aqueous methylamine, followed by double re-crystallization

and their derivatives has been intensively studied by ab initio, from diethyl ether. A sample was provided for use in the gas
spectroscopic, and diffraction methdd§. With regard to 2,2- electron diffraction apparatus without further purification.
dichloroacetic acid,its methyl estef,and acyl chloridé,several Theoretical Methods. All geometry optimization and fre-
studies indicate clearly the presence of two low-energy con- duency calculations were performed on a dual-processor Pen-

formers derived from rotational isomerism of the dichloromethyl tium Il 1000-MHz workstation with the Gaussian 98progr&im.
group. They are syn conformers in which the HCCO torsion The MP2/6-313+G** force-field calculations were performed

angle is~0°, and gauche conformers in which this torsion angle With resources of the EPSRC National Service for Computa-
is ~140 (with eclipsing of Cl and O atoms). A slight preference  tional Chemistry Software, on a cluster of 6 HP ES40 computers.
for the syn form is shown, particularly for the ester and acyl Each Alphaserver ES40 machine has four 833 MHz EV68 CPUs
chloride. With regard to th&-methylamide of dichloroacetic ~ and 8 GB of memory. All MP2 calculations were frozen core
acid, however, the available evidence (based on an IR study)[MP2(fc)]. The solvation calculations were performed on a
indicates the presence of just one conformer in dilute tetrachlo- Single-processor NT Pentium 4 1.5 GHz workstation. Plane-
romethane solution, with stabilization of another conformer in Wave DFT calculations were carried out with CASTEP version
the presence of added H-bond accept®sss chloramphenicol, ~ 2.2*on a Linux 800 MHz dual-processor PC.

an important antibiotic drug, contains theNHCOCHCbL Geometry Optimization#n extensive search of the torsional
moiety, understanding of the conformations of such species, aspotential of MeNHCOCHGI was undertaken at the HF/3-
free molecules, in solution, and in the solid phase, is important. 21G*5-17level to locate all minima. Two different orientations
In the absence of definitive structural data on this particular of the N-C(O) bond were investigated, syn wiiftCNCO) =
amide, a combined gas-phase electron diffraction, X-ray dif- 0° and anti with ¢(CNCO) = 18(°. For each of these
fraction, and ab initio study has been undertaken to determineconformers, four possible orientations of the Ck@roup
conformational preferences of the dichloromethyl group. This relative to the carbonyl oxygen were investigated, givifiig
work complements a parallel modeling stéilgf the solution (HCCO)= 0°, 60, 120, and 180. This gives eight possible

Rotational isomerism in severathalo-substituted acetic acids

conformation of chloramphenicol. structures:synQ syn6Q syn120Qsyn180anti0, anti60, anti12Q
) ) andantil8Q For the syn structures investigated, two conformers,

Experimental Section synOandsyn12Qwere found. For the anti structures(CNCO)

Synthesis N-Methyldichloroacetamide (melting point 348 K, = 18C°), two conformers were also locateahtiO andanti12Q

lit. mp 346-348 K) was prepared according to literature For both the syn and anti conformers, the structures we€ of

" - - - symmetry due to nonplanarity at the nitrogen atom, but one

TAddress correspondence to this author. E-mail: d.rankin@ed.ac.uk. (anti120 was very close taCs symmetry. Further geometry
School of Chemistry, University of Edinburgh. ST

* School of Sciences, University of Salford. optimizations were undertaken for all the conformers at the HF

8 School of Environment and Life Sciences, University of Salford. and MP2 levels with the standard 6-313&*0 pasis set, and at
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Figure 1. Molecular structure of MeNHCOCHgIshowing (a) a
perspective view and (b) a view along the C{R(3) bond.

the MP2 level with the 6-311G*?? 6-3114+G*, and
6-311++G** basis sets. The lowest energy structure of MeN- (b
HCOCHCL and the atom numbering scheme are shown in
Figure 1.

Frequency CalculationdNumeric second derivatives of the
energy with respect to nuclear coordinates calculated at the MP2/
6-311++G** level for MeNHCOCHC) gave the force field.

This was used to provide estimates of the amplitudes of vibration
(u) and the curvilinear correctiong)(for use in the gas electron
diffraction (GED) refinements. This improved level of theory s v
and large basis set were used for the force-field calculation,
because a large change #{HCCO) was observed on the
inclusion of diffuse functions. The analytic force fields calcu-
lated at the HF/6-31G* level were used to calculate the
frequencies for all the optimized structures, which in turn
provided information about the nature of stationary points. ) i ) o )

Sobation Calculations Self-consistent reaction field calcula- ~ Figure 2. Solid-state dimer models used for the ab initio MO single
tions were performed at the B3LYP/6-31G** le¥&Mwith use point energy calculatlo_ns of (a_l) the interlayer 3D interaction and

. (b) the intralayer H-O interactions.
of the Onsager modéf. Two different solvent systems were
investigated: tetrachloromethane (TCM) and dimethyl sulfoxide
(DMSO). The solute was set to occupy a fixed spherical cavity
of radiusay = 407 pm for both TCM and DMSO within the
solvent field. Dielectric constants ef= 2.23 and 46.7 were
used for TCM and DMSO, respectively. In this model the
molecular dipole interacts with the dielectric continuum, leading
to a net stabilization that should be observable for each solvent
system. A full potential search of the bond torsi(tiCCO) at
20° intervals (O to 36C°) was performed for both tetrachlo-
romethane and dimethyl sulfoxide.

Single-Point Energy CalculationsThe crystal structure
coordinates were used for ab initio molecular orbital (ab initio
MO) single-point energy calculations to evaluate ab initio the
strengths of the interactions within the solid-state structure. A Figure 3. X-ray crystallographic structure &-methyldichloroaceta-
monomer ofN-methyldichloroacetamide and two dimers with  mide.
different interactions were calculated with two different methods,

MP2/6-31H1-+G** and PW91PW91/6-31t+G**. The strengths structure reported later in this paper. The unit cell volume and
of the interactions would be overestimated by both MP2 and atom positions were allowed to optimize until convergence was
DFT methods unless Basis Set Superposition Error (BSSE) wasachieved (changes in energy per atom to within:2.007° eV
corrected for. This was done by using the Counterpoise (CP) and forces within 0.05 eV AY). The symmetry-reducedpoint
correction?® The first dimer investigated showed interlayer sets used to sample the reciprocal space were generated by using
Cl---O bonding (Figure 2a), and the second displayed two Monkhurst-Pack grid$’ (dimensions 2x 2 x 3, giving 2

0®)

intralayer H--O bonds (Figure 2b). k-points in the symmetry-reduced first Brillouin zone). A
Plane-Wae DFT CalculationsA series of plane-wave DFT  diagram of the unit cell is given in Figure 3.
(PW-DFT) calculations were carried out dhmethyldichloro- Supercell CalculationsThese two calculations involved an

acetamide to investigate further the strengths of the interactionsisolated molecule oN-methyldichloroacetamide in a 1200
between the molecules in the solid phase. A generalized gradientl200 x 1200 pn# unit cell, the first being a single-point energy
approximation (GGA-PBE) was used for the exchange and calculation, the second being a geometry optimization. The
correlation potentiad® The wave function was generated by purpose of the periodic (PW-DFT) calculation was to investigate
using a series of pseudopotentials and delocalized plane waveshe properties of the intermolecular interactions within a periodic
expressed at an energy cutoff of 300 eV. environment to contrast with results obtained from the ab initio
Crystal Lattice CalculationThis calculation used the lattice MO single-point calculations. The starting geometry for the
vectors and atomic coordinates from the low-temperature crystalisolated molecule was taken from the optimized geometry of
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sity, UK with a scanning program described elsewéieata
reduction and least-squares refinements were carried out with
standard progrant$;3employing the scattering factors of Ross
et al?

X-ray Diffraction Measurements. A suitable crystal was
mounted on a glass fiber with epoxy resin and cooled in a stream
of nitrogen gas on a Siemens P4 diffractometer. Careful
centering of 29 reflections in the#Zange 16-25° gave a unit
cell. Data were collected with use of variable scan rates with
three check reflections monitored every 100 reflections. Pro-
grams XSCHNS and SHELXL were used for data collection
and refinement. Atomic coordinates and thermal parameters have
been deposited at the Cambridge Crystallographic Database.
Details of data collection for MeNHCOCHgAre given in Table
S2 of the Supporting Information.

(b)

Results

Theoretical Methods. The eight possible structures of
MeNHCOCHC} described previously in the Experimental
Section were investigated ab initio. Of the four syn conformers
studied, only two were returned as minima on the potential
energy surface at the HF/6-31G* level. It was observed that
syn18Qcollapsed to the same structuresgal20with (HCCO)
= 118, andsyn60collapsed to theynOstructure withp(HCCO)
= 0°. The lowest lying frequency fayn120was just 15 cm?,
and this motion is associated with the HCCO torsion, compared
to the next frequency of 104 crh (methyl torsion). FoisynQ
the lowest lying frequency was 25 cifor the HCCO bond
torsion, with one at 32 cmt (methyl torsion). At the HF/6-
31G* level,syn120was found to be 11.7 kJ mol less stable
thansynQ Synl120andsynOwere both taken to a higher level
of theory with the same basis set (MP2/6-31G*), at which point
the first calculation. The same energy cutoff and convergence both returned theynOstructure. From this we concluded that
criteria were used as in the crystal lattice. Integrations over the there is only one syn conformer, wigf(HCCO) ~ 0°.

Figure 4. Solid-state dimer models used for the PW-DFT calculations
of (a) the Ct--O interaction and (b) the ++O interactions.

symmetrized Brillouin zone were performed using drgoint
positioned at thd'-point.
H---O and C}--O Interactions Calculations were carried out

The anti conformers were investigated in the same manner
as the syn ones. At the HF/6-31G* level two conformergjo
andanti12Q were minima on the potential energy surface, with

to determine the strengths of the two types of interactions, anti60 and antil80 collapsing back toanti0 and antil2Q
namely the combined strength of the hydrogen bonds and therespectively, as in the syn caggHCCO) was 3 for antiO and
Cl-+-O interaction. In the two models, two molecules were 149 for antil2Q At the MP2/6-31G* level, both conformers
removed from the unit cell to destroy the hydrogen bonds in were returned. A summary op(CNCO), ¢(HCCO), and
the first calculation and the €}O interaction in the second molecular energies at the HF/6-31G* and MP2/6-8#1G**
[see Figure 4, panels a and b]. The energies of the interactionslevels for all four conformers is given in Table 1. The molecular
were obtained by comparing the energy per molecule from thesegeometry of the lowest energy conformer of MeNHCOCHCI
calculations with those from the optimized crystal lattice atthe MP2/6-31++G** level (synQ is given in Table 2. The
calculation. A cutoff energy of 300 eV was used, the same as molecular geometries calculated at the HF/6-31G*, MP2/
for the supercell and crystal lattice calculations to allow 6-31G* MP2/6-311G*, MP2/6-31tG*, and MP2/6-311++G**
comparison, andt-point sampling grids of 2« 3 x 2. levels to compare the effects of improving basis set and level
Electron Diffraction Measurements. Data were collected  of theory and the effect of inclusion of polarization and diffuse
with the Edinburgh gas diffraction apparaf#\n accelerating functions on the structural parameters are given in Table S3 in
voltage of ca. 40.0 kV (electron wavelength ca. 6.0 pm) was the Supporting Information.
used, while maintaining the sample and nozzle temperatures at At the highest level of theory and basis set investigated (MP2/
403 and 410 K, respectively. Scattering intensities were recorded6-311++G**), the anti conformers were at least 15 kJ mbl
at nozzle-to-plate distances of 98 and 252 mm on Kodak higher in energy than the syn conformer. At room temperature
Electron Image films. The weighting points for the off-diagonal an energy difference of 15 kJ mdlwould correspond to 99.7%
weight matrixes, correlation parameters, and scale factors forof the lower energy conformer and 0.3% of the higher energy
the two camera distances are given in Table S1 (Supportingconformer being observed in the gas-phase electron diffraction
Information), together with electron wavelengths, which were experiment. The tiny amount of the higher energy conformer
determined from the scattering patterns of benzene vapor,would be undetectable in the GED experiment. Thus the results
recorded immediately after the compound patterns and analysedf the ab initio calculations for theynOstructure will be the
in exactly the same way to minimize systematic errors in only ones analyzed here unless otherwise stated.
wavelengths and camera distances. The electron-scattering The C—-N bond associated with the Sparbon [C(2)-N(3)]
patterns were converted into digital form by using a PDS varies little with increased level of theory and bigger basis set.
densitometer at the Institute of Astronomy, Cambridge Univer- However, the &N bond with the sp carbon [C(7}-N(3)]
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TABLE 1: Comparison of Energies for the Four Conformers of MeNHCOCHCI,, (all C,) at the HF/6-31G* and MP2/
6-311++G** Levels and Torsion Angles ¢(CNCO) and ¢(HCCO)ab

level of theory parameter syn0 syn120 antio anti120
HF/6-31G* energy —1164.8827 —1164.8784 —1164.8754 —1164.8727
¢(CNCO) 0.1 7.1 —-173.3 —179.7
$(HCCO) -0.1 118.1 2.6 149.4
AE® 0.0 +11.3 +19.2 +26.3
MP2/6-31H+G** energy! —1166.0029 —1165.9972 —1165.9942
¢(CNCO) 3.1 —169.6 178.4
¢(HCCO) —-13.1 1.62 150.5
AE® 0.0 +15.0 +22.8
a See text for conformer definition8 Energies in hartree$.Corrected for zero point energyNot corrected for zero point energyEnergy in
kJ mol2,
TABLEb2: Refined and Calculated Geometric Parameters for MeNHCOCHC} (distances in pm, angles in deg) from the GED
Study®
no. parameter MP2/6-3%H-G** (r¢) GED (rh) restraint
independent parameters
p1 (C—H mean+ N—H)/2 105.1 105.1(4) 105.1(5)
p2 C—H mean— N—H 8.3 8.4(6) 8.3(5)
ps [C(7)—C(9) + C(7)—N(3) + C(2)—N(3)1/3 144.6 145.8(2) 144.6(4)
Pa C—C — [(C(7)—N + C(2)—-N)/2] 13.1 11.9(4) 13.1(4)
Ps C(2)-N(3) — C(7)-N(3) 10.3 9.9(4) 10.3(4)
Ps Cc=0 122.4 124.7(3)
p7 C—Cl mean 177.7 178.4(2)
Ps H—C—H mean 109.1 107.6(10) 109.1(10)
Po C(2-N(3)—C(7) 120.3 118.7(10) 120.3(18)
P10 H(4)—N(3)—C(7) 119.0 118.9(8) 119.0(7)
P11 N(3)—C(7y=0(8) 124.4 123.0(4)
P12 N(3)—C(7)—C(9) 115.9 118.0(6)
P13 C(7)—C(9)—H(10) 107.4 107.4(4) 107.4(3)
P14 Cl(11)-C(9)-Cl(12) 111.4 110.7(2)
p1s H(10)—C(9)-ClI(11) 108.1 108.0(12) 108.1(10)
P16 [C(7)—C(9)-CI(11)+ C(7)—C(9)—Cl(12)]/2 110.9 112.7(2)
p17 C(7)-C(9)-ClI(11) — C(7)-C(9)—Cl(12) 21 4.1(9) 2.1(10)
Pis O(8)=C(7)—C(9)—H(10) —-13.1 —31.8(22)
P1o H(1)—C(2)—N(3)—C(7) (methyl torsion) -173.0 —173.1(24) —173.0(20)
P20 C(2)—N(3)—C(7=0(8) 3.1 2.0(24) 3.1(31)
P21 H dip 10.7 10.5(24) 10.7(20)
dependent parameters
P22 N(3)—C(7) 135.1 136.9(3)
P23 C(2-N(3) 145.4 146.8(3)
P24 C(7)-C(9) 153.3 153.7(3)
P2s N(3)—H(4) 100.9 100.9(5)
P26 C(2)-N(3)—H(4) 119.8 121.5(13)
P27 O(8=C(7)—C(9) 119.4 119.0(6)
P2s C(7)-C(9)-Cl(11) 112.0 110.7(5)
P29 C(7)-C(9)-Cl(12) 109.9 114.7(5)

aNumbers in parentheses are the estimated standard deviations of the las? Gigésext for parameter definitions.

lengthens by 1.5 pm on increasing the level of theory, decreasesbigger change upon the inclusion of electron correlation and

by 3 pm on going from a doublé-to triple-{ basis set, then

lengthens by 2.9 pm on the inclusion of diffuse functions (6-

311+G*). Whereas we can say that C{2)I(3) has converged

with respect to basis set and level of theory, i.e., its value
changes little on improving both, we cannot say this for the

C(7)-N(3) bond length, which fluctuates wildly. Having
observed this fluctuation for the CEZN(3) bond length, it is
interesting to observe the C#D(8) bond length behavior. The

inclusion of electron correlation has a large effect on this

distance, as expected (HF/6-31&*119.6 pm, MP2/6-31G*
= 123.1 pm). Improving the basis set to triglereduces the

diffuse functions.

Although the C-Cl bond distances are seemingly unaffected
by changes in basis set and level of theory for this molecule,
the C-C—CI bond angles are slightly affected, mainly upon
the inclusion of diffuse functions. Here, a decrease of is3
observed for C(#C(9)—Cl(11), while an increase of ®9s
observed for C(7#C(9)—CI(12). The C+C—Cl angle remains
very stable, varying little upon the inclusion of electron

correlation or change in basis set. The bond angles around N(3)

differ by as much as 324MP2/6-31G*) but N(3) is calculated
to be planar in all but the 6-3#1G* and 6-31H#+G** cases.

bond length by 1 pm to 122.1 pm, and the inclusion of diffuse At the MP2/6-31%G* level the sum of the angles around N(3)
functions does not affect the parameter much (0.3 pm longer). is 359.7, indicating only a very slight deviation from planarity
Thus the G-O bond appears to be reaching convergence, at nitrogen, and at the MP2/6-33+#G** level the sum is
whereas the €N bond does not. Another unexpected feature 359.%. The range of angles at the MP2/6-31G* level is the

is the lack of sensitivity of the €CI bonds to the inclusion of

smallest (120.3119.6; 0.7°). A much wider range of bond

electron correlation and improvement of basis set. The biggestangles is observed about C(7), with the largest at the MP2/6-
variation by either bond is 0.3 pm, whereas we expected a much311G* level (125.8-115.2; 10.6°). Again the carbonyl carbon
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24 solvent Type TABLE 3: Single Point Energy Calculations for Monomer
221 —+— None and Two Different Dimers of MeNHCOCHCI ; at the
20 —=—ccu MP2/6-311++G** and PW91PW91/6-311+G** Levels
- 1 —e—DMSO with Counterpoise Correction Calculations
s 187 AT - :
£ interaction elnergy/
3 energy/ kJ mol”
> molecule/interaction hartrees  uncorrectédcorrectetl
§ MP2/6-311+G**/Cl ---O —-18.9 —-13.1
w monomer —1165.9291
donor+ ghost —1165.9309
acceptort+ ghost —1165.9314
dimer —2331.8655
MP2/6-31H+G**/H ---O —57.6 —-37.1
T T T T T T T T T T T T T T donor+ ghost —1165.9320
0 50 100 150 200 250 300 350 acceptort+ ghost —1165.9341
¢ H-C-C-O dimer —2331.8802
Figure 5. Effect of various solvents on the fluid-phase structure of PV\;?;.EC:/'YnQelr/G-31-]:+G**/C|"'O 1167 6261 —9.6 —6.9
N-methyldichloroacetamide. donor+ ghost _1167.6264
] acceptort ghost —1167.6268
is returned as planar at all levels except MP2/6-B+5**, dimer —2335.2558
and even in this case the sum of angles around C(7) is 359.7 PW91PW91/6-31++G**/H -0 —39.8 —36.4
individual angles ranging from 124.4N(3)—C(7)—0(8)] to donor-+ ghost —1167.6267
acceptort+ ghost —1167.6274
115.9 [N(3)—C(7)—C(9)]. The H-C—H angles are also dimer (H+-0) —2335.0673

unaffected by the change in basis set and level of theory, and L d for basi

are hardly distorted from the perfect tetrahedral angle of £09.5 suplezrusgjgit;)ndéwgf—a (2=XE mOnfrwzr%o(ru—mr:r?c::]%(:rfqeer)—o(rac?:gorset
(109'10_' MP2/§'311+'+G**)'_ This |n(_j|cates that the methyl — monomer) (corrected for basis set superposition error).

group is not distorted by either steric or electronic effects.

One parameter that does vary wildly with the inclusion of given in Table 3. All energies quoted hereafter are those
electron correlation, the increase in basis set size, and func-corrected for BSSE by using the CP correction. Solid-state
tionality is the bond torsion about C(7(9). ¢(HCCO) calculations, as they are plane wave in nature, do not account
changes from-0.1° to —5.2° upon the inclusion of electron  for dispersion forces in long-range interactions. By using the
correlation with the 6-31G* basis set. The bond torsion then exchange component and the gradient-corrected correlation
changes to 02when the basis set is increased to 6-311G*. fynctional of Perdew and Wang for the ab inito MO DFT
The most dramatic effect is seen upon the inclusion of diffuse calculation and comparing the results to the MP2 calculations,
functions, when¢(HCCO) changes from 0%2to —13.7°, a we can evaluate the effect of this omission on the different
change of 13.3 ¢(CNCO) does not vary so much onincluding jnteraction energies. From the MP2/6-31£G** calculations,
electron correlation, or with increased basis set size. However,the interlayer GO nonbonded interaction (X-ray, 304.5 pm)
on going from a 6-31+G* basis set to a 6-314+G** basis was determined to be 13.1 kJ mél This is a reasonably high
set, a 2.1 increase is observed. Along with the slightly intermolecular interaction energy and may help to explain the
pyramidal nature of the nitrogen, this serves to remove the different orientation of the CHGIgroup in the solid state
planarity of the CN(H)C(O)C backbone of the molecule. compared to the gas phase. The intralayer® interactions

Solvent Effect Calculations. It was observed that the (X-ray, 204.1 and 244.9 pm) were determined to correspond to
orientation of the CHGlgroup relative to the carbonyl group an energy of 37.1 kJ mol. This indicates that both the
was very different between the solid and gaseous structures.hydrogen bonds are also strong but the individual values cannot
One of the techniques used to try to account for this different be resolved further. One of the hydrogen atoms involved in the
orientation was solvation modeling. The conformation observed bonding is the H of the CHGIgroup, another indication as to
in the solid state is relatively polar and could in principle why this particular group orientates itself in the way it does in
originate from a similar conformer preferentially stabilized in the solid-state structure.
the polar media used during the synthesis of the amide. A full  The DFT calculations (PW91PW91/6-3t+G**) return a
potential energy surface scan of h@iCCO) bond torsionwas  Cl-+-O interaction energy of 6.9 kJ mdicompared to the MP2
performed at the B3LYP/6-31G** level with tetrachloromethane value of 13.1 kJ moi. This indicates that some energy is
and dimethyl sulfoxide as solvents. The results (Figure 5) “missing” from the DFT calculations of the nonbonded interac-
indicate that the most stable conformerNimethyldichloro-  tions. This missing energy is the effect of the dispersion forces,
acetamide hag(HCCO) between-20° and 20 in the media  which, as mentioned previously, are neglected in the DFT
studied. The calculations in DMSO, however, show stabilization calculations. The H-O calculated energy for two bonds is 36.4
of a higher energy conformer with(HCCO) ~ 18C°. This kJ mol! compared to 37.1 kJ mol calculated by the MP2
conformer is calculated to be 6.9 kJ mblhigher in energy method. These energies are very similar, implying that the
than the global minimum at the B3LYP/6-31G** level, corre- effects of the dispersion forces are negated by some other factor-
sponding to a 94.2:5.8 mixture of conformers at room temper- (s) for first-row atoms, but that they become important for
ature. On this basis solvent stabilization seems to be an unlikelyinteractions involving second-row atoms and beyond.

explanation for the CHGIrotameric state in the solid. It is also To ensure that the relative energies calculated by the two
worth noting the absence of solvent molecules in the crystal methods were consistent, the energy difference between the solid
structure itself. and gaseous structures was calculated at the MP2/6-8Gk*

Single-Point Energy Calculations. The results of the ab  and PW91PW91/6-3H+G** levels (Table 3). The energy
initio MO single-point energy (MP2 and DFT) calculations for differences for the MP2 and DFT methods were 14.1 and 15.3
the monomer and two dimers of the solid-state structure are kJ moi, respectively, with both returning the gaseous structure



190 J. Phys. Chem. A, Vol. 108, No. 1, 2004 Hinchley et al.

TABLE 4: Geometric Parameters from Various Stages of Solid-State Plane Wave DFT CalculatioA8

plane wave supercell Cl---O H:--O
parameter X-ray DFT (optimizedy interactiord interactiort

C=0 123.0 124.2 122.1 122.1 122.1
c-C 153.1 152.1 152.9 152.9 152.9
C-Cl 177.0 176.6 176.2 176.2 176.2
C—H(Cly) 99.0 109.1 109.1 109.1 109.1
N—C(Hs) 145.9 144.1 143.9 143.9 143.9
N—C(O) 131.5 133.1 135.3 135.3 135.3
N—H 87.0 103.6 101.7 101.7 103.6
O---H(1) 204.1 189.0 189.0
0-++H(2) 244.9 240.6 240.6
Cl---0 304.5 311.7 311.7
energy/molecule —2077.9193 —2077.3444 —2077.3985 —2077.8885

(hartree)

aDistances in pm? ¢(HCCO) always 180.0 ¢ Energy for single point superce#f —2077.3013 hartree4.Single point energies.

as the more stable conformer. These energies are reasonablyABLE 5: Comparison of Geometrical Parameters for
consistent and provide confidence for our previous assertionsN-Methyldichloroacetamide from the X-ray Diffraction, Gas

regarding interaction energies. Electron Diffraction, and Theoretical Structures?

Solid-State Calculations.Crystal Lattice CalculationThe parameter MP2/6-3H+G**  GED X-ray
calculated structure, both geometry and unit cell vectors, agreesc 7N (3) 145.4 146.8(3) 145.8(4)
well with that obtained for the low-temperature crystal structure. N(3)-c(7) 135.1 136.9(3) 131.5(3)
The calculated unit-cell volume obtained is within 3.6 % of the C(7)=0(8) 122.4 124.7(3) 123.0(3)
crystal structure. There is good agreement between the calculated(7)—C(9) 153.3 153.7(3)  153.1(4)
molecular geometry and that obtained experimentally in the low- g:g:g%g g;g gg-igg g;ggg
temperature crystal structure. The largest difference betweenc(z)_N(3)_C(7) 1203 118'.7(10) 121'_7(2)
the values obtained for the non-hydrogen bond distances in they(3)—c(7)=0(8) 124 4 123.0(4)  125.0(2)
calculated and low-temperature crystal structures is 2 pm. The N(3)—C(7)-C(9) 115.9 118.0(6) 114.5(2)
calculated distances for the nonbonded interactions do not matchO(8)=C(7)—C(9) 119.4 119.0(6)  120.5(2)
as well, with a difference of 15 pm for +O(1) between  C(7)-C(9)-CI(11) 109.9 110.7(5) ~ 108.7(1)
calculated and observed values. g|(7)—C(9)—CI(12) 112.0 114.7(5)  108.7(1)

. (11)—-C(9)—-ClI(12) 111.3 110.7(2)  110.5(1)

Supercell CalculationsThe results from the two supercell C(2)-N(3)-C(7=0(8) 31 2.0(24) 00

calculations show that the geometry of the molecule changeso(8y=C(7)-C(9)—H(10) —-13.1 —31.8(22) 180.0

little between the solid and gas phases in this orientation. The
largest change is observed in the=O bond length, which
decreases by 2 pm from the crystal lattice to the supercell
optimized calculation. This can be attributed to the fact that
the oxygen atom is no longer involved in any intermolecular
interactions, either to hydrogen or to chlorine atoms. The
N—C(=O0) bond distance is seen to increase in value from 133.1
to 135.3 pm between the calculation of the crystal lattice and
supercell optimized calculation. This is also due to the destruc-

aSee Figure 1 for atom numbering.

The starting parameters for thg, refinement® were taken
from the theoretical geometry optimized at the MP2/6-
311++G** level. Theoretical (MP2/6-311+G**) Cartesian
force fields were obtained and converted into force fields
described by a set of symmetry coordinates with use of the
SHRINK program?® All geometric parameters were then

tion of the intermolecular interactions allowing the molecule refined. )
to relax. In total all 21 geometric parameters and 16 groups of
H-+-O and C}--O Interactions.To study the H--O and Ct vibrational amplitudes were refined. Flexible restraints were

.-O interactions, two of the four molecules were removed from €mMployed during the refinement with use of the SARACEN
the unit cell. Geometry optimizations were then not possible Method* Altogether, 14 geometric and 9 amplitude restraints
because the molecules would reorientate in a way that was notVére employed. These are listed in Table 5.
meaningful. The molecular geometries of the remaining mol-  In the final refinementR factors wereRs = 0.041 andRp =
ecules were therefore frozen and the energy recalculated.0.048. The radial distribution curve and the molecular Scattering
Relevant structural parameters from the above stages are giverintensity curves are shown in Figures 6 and 7, respectively. Final
in Table 4, as well as those for the X-ray structure for refined parameters are listed in Table 2, interatomic distances
comparison. The energy values obtained in these calculationsand the corresponding amplitudes of vibration in Table S4
are discussed later in this paper. (Supporting Information), and the least-squares correlation
Gas-Phase Electron Diffraction RefinementOn the basis ~ matrix in Table S5 (Supporting Information). Experimental
of the ab initio calculations described above, electron-diffraction coordinates from the GED analysis are given in Table S6
refinements were carried out with use of a model @f (Supporting Information). Figure 1 shows a perspective view
symmetry to describe the vapor. In accord with the calculations, of MeENHCOCHC} in the optimum refinement of the GED data,
the assumption of locals, symmetry for the methyl groupwas ~ as well as a view down the (9C—N bond
made. X-ray Crystallography. Solid-state structural analysis of
The structure of MeNHCOCHgIwvas finally defined in terms MeNHCOCHC)} was carried out with low-temperature single-
of 21 independent geometric parameters, comprising 7 bondcrystal X-ray diffraction at 233 K. The solid structure was found
lengths and differences, 10 bond angles and differences, and 40 possess the orthorhombic space grdupma with four
torsion parameters [Table 2; atom numbering shown in Figure molecules per unit cell. The structure was solved by direct
1]. See the Supporting Information for the parameter definitions. method$® and all non-hydrogen atoms were treated as aniso-
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Figure 6. Experimental and difference (experimentaltheoretical)
radial-distribution curves(r)/r, for MeNHCOCHC}. Before Fourier
inversion the data were multiplied B/exp(—0.00002%)/(Zc; — fc))/
(Zc — fo).
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Figure 7. Experimental and final weighted difference (experimental
— theoretical) molecular-scattering intensities for MeNHCOCHCI
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tropic. In the solid state MeNHCOCH£Adopts a planar heavy-
atom structure witlp(HCCO) = 18C°. The atoms C(2), N(3),
C(7), O(8), and C(9) lie on a mirror plane that relates CI(11)
and CI(12). The methyl group was modeled as two groups
related by a 18D rotation at equal occupancy. The crystal
structure is the same as shown in Figure 4. The geometrical
parameters determined by the X-ray crystallographic study of
N-methyldichloroacetamide are listed in Table 5, along with
the equivalent parameters from the gas electron diffraction and
ab initio study.

Discussion

The structural properties &f-methyldichloroacetamide have

J. Phys. Chem. A, Vol. 108, No. 1, 200491

of the correlation matrix (Table S5) indicates that this parameter
is not heavily correlated with any others, and during the
refinement procedure the parameter was very stable, barely
changing from the final reported value on refinement of other
parameters. Another test was to constrain the HCCO torsion
angle to the value obtained from the GED study and recalculate
the molecular structure at the MP2/6-31:1G** level to
evaluate the energy difference between the two. This energy
difference was found to be just 1.2 kJ mblFigure 5 shows

the energy differences for the torsional variation at the B3LYP
level. It can be seen that the potential is very flat¢@HCCO)
between—20° (34C°) and 20. Both these pieces of evidence
indicate that it is relatively easy for the molecule to deviate
from the equilibrium structure as calculated ab initio to the GED
structure, whichs corrected for the effects of vibrations at the
temperature of the experiment.

Although parameters determined in the gaseous and solid
phases are not directly comparable because of the differences
in diffraction techniques, most of the X-ray crystallographic
parameters agree well with those in the gas phase. However,
there are significant differences between the N{@}7) bond
distances [GED, 136.9(3) pm; X-ray, 131.5(3) pm], and the
N(3)—C(7)—C(9) and C(7)-C(9)—Cl(11/12) bond angles. GED
determines the NC—C bond angle to be 118.0(%)signifi-
cantly larger than the value of 114.5{Zpr the crystal, while
the C-C—CI(12) bond angle was found to be 114.7(6y GED
and only 108.7(1) by X-ray crystallography.

The shortening of the NC bond has been observed previ-
ously for other acetamidé837 In acetamidé® the C—N bond
was determined to be 138.0(4) pm in the gas phase compared
to 133.4(17) pm in the crystal structui®ln N-methylaceta-
mide?’ the gaseous €N bond length was found to be 138.6
pm, nearly 10 pm longer than the solid-state value of 129.0
pm3° The shortening of these bonds in all cases can be attributed
to the intermolecular hydrogen bonding in the solid structures.
In the cases of acetamide ahdmethylacetamide, the=€0
bond length was also consistently shorter in the gas-phase
structures than in the solid-phase ones. For example, in
acetamide the gaseous=O bond was 122.0(3) pm compared
to 126.0(11) pm in the solid state. The difference was not so
dramatic inN-methylacetamide (gas, 122.5 pm; solid, 123.6 pm),
while in N-methyldichloroacetamide the=€D bond length is
actually determined to be longer in the gas phase than in the

been investigated in the gas phase by gas-phase electror$olid phase [gas, 124.7(3) pm; solid, 123.0(3) pm]. The gaseous

diffraction and ab initio methods, in the fluid phase by ab initio
solvent-inclusion methods, and in the solid phase by X-ray
crystallography, ab initio, and plane-wave density functional
methods.

C=0 bond length is much longer M-methyldichloroacetamide
than inN-methylacetamide and acetamide [124.7(3) pm cf. 122.5
and 122.0(3) pm]. This can be attributed to the electron-
withdrawing effect of the two chlorine atoms on the CHCI

In general, the experimental gas-phase and theoretical struc-droup adjacent to the=€0 bond, weakening it and making it
tures agree well with each other. Theoretical bond lengths were!onger. The solid-phase=€0 bond length is similar to that in

generally found to be within-12 pm of the experimental values,
and the bond angles were also withir2° of the experimental

N-methylacetamide, while both these are much less than that
in acetamide.

values. The main difference between the structures occurs in The torsion angleé((HCCO) in the gaseous structure was also

the HCCO bond torsion. The value ¢{HCCO) is calculated

to be —13.7° for the free molecule at the MP2/6-3t#G**
level, whereas a value 0f31.8(22) is returned by the GED
experiment. However, if the structure is constrained to the value
calculated at the MP2/6-3#H-G** level, the R factor rises
significantly (0.105 compared to 0.041), indicating that the
goodness of fit for the experimental data has deteriorated
significantly with the imposition of the ab initio value. Given
the large variation of this torsion angle, byl5°, during the

investigated in a solvent field at the B3LYP/6-31G** level to
gauge the effects of tetrachloromethane and dimethyl sulfoxide
(DMSO) on the conformation of the molecule. When no solvent
is present, there is a definite maximum in the curve(BtCCO)

~ 180, confirming that this structure is not real in the gas phase.
Using CC}, as a solvent results in a very broad maximum at
¢(HCCO)~ 150 to 20C, implying that CC} does not change
the preferred conformation of the molecule, or predispose it to
form the observed solid-state conformation about th&®ond.

calculations, this difference between the experimental and abHowever, using DMSO as a solvent does result in a minimum

initio value for this parameter is not surprising. Examination

at ¢(HCCO) ~ 180C°. This minimum is significantly higher in
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energy than that observed fo(HCCQO) ~ 20° (6.9 kJ mot?), interaction further stabilizing the next one. These synergistic
corresponding to a 94.2:5.8 mixture of conformers at room interactions help to stabilize the overall solid-state structure,
temperature and a 97.6:2.4 mixture at 223 K (the temperaturewith the energy gained from the solid-state-4® interactions

at which the crystal was formed). Of course, the conformation (between 36 and 46 kJ md) overcoming the energy lost by
adopted in the crystal depends on the total energy of the systemyotating the CHCl group from¢(HCCO)= —31° to ¢(HCCO)
which depends on the sum of all interactions. Nevertheless, the= 180> upon crystallization 15 kJ mot?). We believe that
calculations do show that a second conformation, w{thCCO) this is the reason for the dramatic conformational change
= 180, is possible. observed on going from that gas to the solid phase. The increase

Further investigation of the solid-state structure was under- in €nergy of hydrogen bonding by10 kJ mof* from the dimer
taken with ab initio molecular orbital and plane-wave DFT System to the periodic system has been observed previously for
methods to investigate whether there are solid-state interactionsiréa: In this case, Dannenberg et al. demonstrated that as the
that would favor molecular crystal formation witfHCCO) urea dimer was extended to form an infinite one-dimensional
= 180 (as opposed to the gaseat@HCCO) = —30°). These chain, the strength of intermolecular interaction increased by
intermolecular bonds should ideally involve the hydrogen and @imost 10 kJ mot'. o . _ .
chlorine atoms of the CHElgroup to help explain the Other molecules containing the dichloroacetamido moiety
conformation observed. Examination of the crystal structure Nave also been investigated to examine the correlation between
reveals possible interlayer @O bonding (Figure 2a) involving ~ the HCCO torsion angle and intermolecular hydrogen bonding
chlorine from the CHGI group, and two possible intralayer N the solid phase. A search of the Cambridge Structural
H---O bonds (Figure 2b) involving the hydrogen of the ChiCl ~Database (CSBj*‘reveals 14 structures with the NHCOCHCI
group and the amide hydrogen, both with the carbonyl oxygen. Moiety, 12 of wI*:chhpossess ﬂl]e torsm(rHCCO)f~ 1820' Close |

Two different dimers were chosen to describe the interactions Zﬁ%?gg&? ri% atlciiﬁ zzztachlit::r%tu;iiicséﬂ l()jcl)ih Orrg\?gglty i
to be investigated ab initio, using ab initio MO single-point hvdrooen b)(/)ndin between the cgrbon | oxvaen on one
energy calculations on the crystal coordinates. One dimer myolec?JIe and thegNH and CHC} hydro )én at)c/)?ns on an
described the single €}O interaction while the other described adiacent molecule. Both these structur):as yi?fﬂdCCO)~ 180°
the two H--O bonds, although it is impossible to resolve them , ) . )
further. Both MP2 and DFT methods (MP2/6-31%G*/ It is observed that for the 12 structures witfHCCO) ~ 180,
PW91I5W91/6-31-]:+G**) were used to analyze any differ- hydrogen bonding between both the H of the Ckigtbup and
ences between the two methods, especially for the-@I the H of the amido group to the adjacent carbonyl is always

interactions. Although the &FO interaction may be classically present. Thiamphenictlis a close relative of chloramphenicol,

o . simply replacing the N@group with a SGQCH;z group. In this
regarded as repulsive, it has been previously observed that wealéasg yhyd?ogengbonding?s alsf)o observecgilt fhge calrjbonyl oxygen
Cl---O interactions may be important in stabilizing a structure. .

; . . and CHC} hydrogen, but involving one of the=8D bonds and
D T SHaE ) g 1 Suoryl meth goup. n s casHHCCO) -0 i
. i 9 . serves to facilitate the observed bonding. Thus it appears that
found to be a mixture of anti and gauche conformers in an

. . . . the CHC}, group orientates itself in the solid state to optimize
approximate 50:50 mixture _(varylng with temperatdﬁt_alfhere-_ hydrogen gbon(ifj)ing, and hence stabilization of thepcrystal
fore, although not contributing much energy, these interactions (o ire 1n the one remaining structure from the CSD, no
can be important and cannot be ignored altogether from the bonding between the CHElgroup and any other group is
theoretical study. From Table 3 it can be seen that the interaction C o
energy for the ér-o bond was 13.1 kJ mol for MP2 and 6.9 plresent, ?]nd |rl1)th|s CS%HCCO) Wis observed to be4s’,
kJ mol~* for DFT. For the H--O interactions, the energy was close to that observed In our gas-phase structure.
very similar from both MP2 and DFT methods (37.1 and 36.4 conclusions

kJ mol, respectively). The substantial difference between the . . .
MP2 and DFT methods for the GIO interaction can be The structure oN-methyldichloroacetamide has been eluci-

attributed to the lack of modeling of dispersion forces by DFT. dated in the gas and solid phases. The gas-phase structure was

It is anticipated that a significant proportion of the @D bond ~ found to be that withp(HCCO) = —31.8(22], similar to the

will be van der Waals in nature, which is not modeled in current most engrgetlcally favorable conforme.r by ab initio calculatlons.
DFT functionals. The pure ab initio method (in this case MP2) The solid _state was hf.ound tolcorf15|stdof ab conformer V\lll'th
gives a more rigorous approximation of the forces, and so the ¢(HCCO) = 180.0. This was also found to be energetically
interaction energy is higher. This is especially significant for favorable, by further th(_aoretlcal_ investigations of the crystgl
interactions involving atoms in the second row and higher structure, because of solid-state interactions that are not possible

. . . . . for the gaseous conformation. The combined use of gas- and
The solid-state interactions were also investigated under

L - solid-phase experimental and theoretical techniques, including
perloo!lc bounc_iary conditions by_P_V_V-DFT gnd cqmp_ared to the the relatively new plane-wave DFT method, has facilitated the
energies obtained from the ab initio MO investigation. These

; L . ) . .—>% structural investigation of this apparently straightforward but
calculations are especially interesting as they involve optimizing nevertheless fascinating molecule

the structure under periodic conditions, where the surrounding

molecules influence the molecular structure. In this case the  Acknowledgment. We thank the U.K. Computational Chem-

Cl---O interaction energy was calculated to be just 2.4 kJ'fol  istry Facility (admin: Department of Chemistry, King's College
while the H--O interactions were predicted to be 46.5 kJ mol London, Strand, London WC2R 2LS) for the computing time
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more influence on the structure than the-€D interaction.
Closer observation of the solid-state structure reveals that the Supporting Information Available: Parameter descriptions
H---O interactions form a chain across the molecules, with each for the GED model of MeNHCOCHGI(text); nozzle-to-plate
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distances (mm), weighting functions (n#), correlation pa-

rameters, scale factors, and electron wavelengths (pm) used i

the gas electron diffraction study of MeNHCOCHCK-ray

crystal structure data collection, processing, solution, and

refinement for MeNHCOCHG] molecular geometry of the
lowest energy fynQ C; structure of MeNHCOCHG]I at the
HF/6-31G*, MP2/6-31G*, MP2/6-311G*, and MP2/6-3tG*
levels of theory; interatomic distancedpgm) and amplitudes
of vibration (/pm) for the restrained GED structure of MeN-
HCOCHCU; least-squares correlation matrix 100) for MeN-
HCOCHC); experimental GED coordinates for MeNHCO-
CHCI, (all tables). This material is available free of charge via
the Internet at http://pubs.acs.org.
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