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Structural, conformational, and configurational properties of the gaseous molecule ((fluoroformyl)imido)sulfuryl difluoride,
FC(O)N=S(O)F,, have been studied by vibrational spectroscopy (IR (gas) and Raman (liquid)) and quantum chemical
calculations (HF, MP2, and B3LYP with 6-31+G* and 6-311+G* basis sets); in addition, the solid-state structure
has been determined by X-ray crystallography. FC(O)N=S(O)F; exists in the gas phase as a mixture of a favored
antiperiplanar—synperiplanar form (the S=0 double bond antiperiplanar with respect to the C-N single bond, and
the C=0 group synperiplanar with respect to the S=N double bond) in equilibrium with less abundant antiperiplanar—
antiperiplanar, synclinal-synperiplanar, and synclinal—antiperiplanar structures. The crystalline solid at 163 K
(monoclinic, P2;/c, a = 5.1323(7) A, b= 15.942(2) A, ¢ = 16.798(2) A, B = 95.974(3)°, Z = 12) consists of three
similar antiperiplanar—synperiplanar forms.

Introduction reactivity can be often linked with molecular electronic
structures.

((Fluoroformyl)imido)sulfuryl difluoride, FC(O)N-S(O)-
F,, can be related to the known species FC(&®¥® and
O,Sk.# Formally removing the SFgroup from the former
molecule and one oxygen atom from the second results in
the properly formed species FC(GH$(O)R. Whereas
prediction of molecular structures using either semiquanti- angles and bond distances can be successiully predicted from
tative or sophisticated models is remarkable because chemi—related molecules (NCKS(O)R® and FC(O)N=SF;* for

cal, spectroscopic, and photochemical properties and example), a prediction of the dihedral angles is much more
' ' complicated. In effect, this can be especially true for the

*To whom correspondence should be addressed. E-mail: carlosdv@ O=S=N—C torsion angle prediction in light of recent

The approach to discussing covalent bonding in terms
of shared pairs of electrons is attributable to G. N. Lewis,
who in 1916 introduced this elementary but surprisingly
successful ided.The VSEPR (valence shell electron pair
repulsion) method, also used in basic inorganic chemistry
courses, is a simple extension of the Lewis formalfsfine

quimica.unlp.edu.ar. experimental and theoretical results for closely related
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Properties of ((Fluoroformyl)imido)sulfuryl Difluoride

be the most stable one for the FC(G¥SF, molecule (the
Sk, bisector angle cis with respect to the-8 bond, and
the G=0 syn with respect to the=NS bond), another form
results for the closely related molecule FC(G)N(F)CFR,®
which supposes a formal substitutiod a F atom in
FC(O)N=SF, by a CFk; group. For FC(O)N-S(F)CH;, the
main structure shows an antiperiplanaynperiplanar form
(antiperiplanar with respect to both lone pair orbitals at the
N and S atoms, and the=€D double bond synperiplanar
with respect to the &S double bond).

We report here a structural, conformational, and configu-
rational study of the title compound, drawing on its vibra-
tional spectra, its single crystalline solid at 163 K, and
guantum chemical calculations. The results will be compared
with related species (OSF O,Sk,* HN=S(O)R,® CIN=
S(O)R,,° NCN=S(O)R,,°> FC(O)N=SR,;* and FC(O)N=
S(F)CR®) sequenced by using the Lewis formalism. This

comparison also includes related previously reported com-

pounds CEC(O)N=S(F)CR! and FC(O)N=SCh.!*

Quantum Chemical Calculations

Various forms of the molecule FC(OE(O)F, are feasible,
depending on the torsional position of the=O double bond around
the N—C single bond and on the orientation of the=G double
bond relative to the NC single bond. The first orientation can be
syn or anti p(S=N—C=0) = 0 or 18C]. Geometry optimizations
were performed with the program suite GAUSSIAND®r various
fixed torsional angleg(S=N—C=0) around the €N bond, using
the HF approximation and the hybrid method B3LYP with 6+&*
basis sets. The resulting potential function for internal rotation
possesses minima for the synperiplaggS=N—C=0) = 0°] and
antiperiplanar $(S=N—C=0) = 18] positions that are anti-
periplanar to the fixed torsional angle around tieNsdouble bond
with ¢(O=S=N—C) = 18(°. Both antiperiplanarsynperiplanar
(I and antiperiplanarantiperiplanar|{ ) forms lead to structures
without imaginary vibrational frequencies (Scheme 1). Subse-
quently, another optimization was made for various fixed dihedral
anglesp(O=S=N-—C) around the RS double bond that fixed the
torsional anglep(S=N—C=0) at 0 and 180

Thus, two more stable forms around the=N appear to exist
for this molecule. Thus the synclirasynperiplanar(lll) and
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R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C.
Y.; Nanayakkara, A.; Gonzales, C.; Challacombe, M.; Gill, P. M. W_;
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Figure 1. Room temperature infrared spectrum of FC(&)8(O)F, at
2.9 mbar (optical path 10 cm).
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synclinal-antiperiplanaflV) forms represent minima in the energy
hypersurface without any negative frequency (Scheme 1). Com-
putational methods predict the structuréo be more stable than
the structuredl, Il , and IV, with differences inAE® and AG°
varying from 1.21 to 4.32 and 0.67 to 2.98 kcal mokespectively.
Despite the fact that some dispersion in the results becomes
evident, computational methods are also in agreement about the
fact that the four forms might be present together in principle with
detectable quantities in the gas phase at ambient temperatures.

Vibrational Spectra

The IR spectrum of gaseous FC(GHS(O)R, and the
Raman spectrum of the liquid are shown in Figures 1 and
2. Details of the spectra are itemized in Table 1, together
with the wavenumbers calculated using theoretical calcula-
tions.

Information about the conformational properties is most
easily derived from the IR spectra with the enhanced
definition of vibrational features that they afford. It is well-
known that thevy(C=0) mode in XC(O)N=S-containing
compounds shifts by about 30 cn1*when the GO bond
is rotated from the synperiplanar to the antiperiplanar
orientation relative to the =SN bond. The synperiplanar
orientation gives the lower wavenumber, with the weakening
of the G=0 bond reflecting the orbital interaction between
the n, lone pair orbital of the nitrogen with the*(C=0)
antibonding orbital (the anomeric effect).

The assignment of the bands at 1879 and 1833%dm
the gas IR spectrum (Figure 1) is straightforward. According
to the calculations, the(C=0) mode shows a small shift
with the switch from synperiplanar to antiperiplanar orienta-
tion of C=0 relative to the N=S group. This shift was
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Figure 2. Raman spectrum of FC(O¥5(O)F;, liquid at room temperature,
taken with the 1064 nm excitation line (150 mW, resolution 4 &m

Table 2. Crystal Data and Structure Refinement for FC(&8(0O)R

empirical formula CENO,S

fw (Da) 147.08

dcaica(g cni3) 2.144

F(000) 864

T(K) 163(2)

cryst size (mm) 0.3

cryst color colorless

cryst description cylindrical

wavelength (A) 0.71073

cryst syst monoclinic

space group P2i/c

a(A) 5.1323(7)

b (A) 15.942(2)

c(A) 16.798(2)

o (deg) 90

p (deg) 95.974(3)

7 (deg) 90

V (A3) 1366.9(3)

z 12

no. of cell measurement refins used 3884

cell measuremert min/max (deg) 2.4428.28

0 range (deg) 2.4428.29

completeness t6 = 28.29 (%) 68.5

index ranges —4< h=<3,—-21=< k=21,
—16=< 1 =22

abs coeff (mm?) 0.687

max/min transmission 1.00/0.88

Rmerg)before/after correction 0.0443/0.0146

no. of refins collected 5410

no. of independent refins 2328w = 0.0150]

data/restraints/parameters 2042/0/218

GOF onF? 1.034

R = 0.0249wR, = 0.068%
R = 0.0290WR, = 0.0723
0.0054(8)

0.311,—0.262

final R indices [ > 20(1)]
Rindices (all data)

extinction coeff

largest diff. peak and hole (e7&)

aw = 1/[c4Fo?) + (0.041P)% + 0.486°], whereP = (F,? + 2F2)/3.

calculated to be in the range 389 cm%, according to the
levels of approximation used (Tables 1 and 3). A third band
can be observed at 1827 cinAccording to the predicted
normal modes of vibration, this band might have originated
from the synclinat-synperiplanar formi{l ). The calculated
IR absorption coefficients are also very similar for the three

forms. On the basis of the calculated free energies, we

plausibly assign the strongest band centered at 1833 cm
to form |, the band centered at 1879 chto form Il, and

the band at 1827 cn to form Il . Moreover, the 1884 cnt
band might be assigned to the=O vibration of the less
stable formlV, according to the vibrational trend calculated
from computational chemistry. Its feasible origin as a
derivative from a band contour of the band centered at 1879
cm™! or as a combination band cannot be ruled out.

From the integrated areas of the two subgroups of bands
(I and Il , Il and 1IV), and without any correction from
calculated IR absorption coefficients, a contribution of
15(5)% could be derived for the formk and IV with an
error limit based on the estimated uncertainties in the band
areas, calculated IR absorption coefficients, and the result
obtained using the same procedure to analyze the corre-
sponding region of the Raman spectrum. Computational
chemistry (Table 3) reproduces the experimental value fairly
well. Depending on the level of approximation used, this
value ranges from 2 to 16%. The rest of the normal modes
of vibration are listed in Table 1 for the three more abundant
forms of FC(O)N=S(O)F.. The calculations reproduce the
experimental wavenumbers well, giving confidence to the
analysis of rotational equilibrium, at least for the three more
stable forms.

Crystal Structure

Table 2 lists the crystal data for the title compound at 163
K. ((Fluoroformyl)imido)sulfuryl difluoride, FC(O)R=S(O)-

F,, crystallizes in the monoclinic space groB®g,/c, with
twelve FC(O)N=S(O)R, molecules per unit cell. Of particular
interest is the finding that the molecules adopt three similar
antiperiplanat-synperiplanar formg, i.e., the more stable
form of the isolated molecule on the basis of the calculations
and the preferred form in the vapor phase. Only small
differences are observed for these three forms (representative
differences can reach values up to 0.01 A for bond distances
and 1 and 3for bond and torsion angles, respectively). The
form | presents the lowest dipole moment of the series,
according to our theoretical calculations (Table 3). It is
known that a rotamer with a larger dipole moment is the
most likely to be stabilized in the solid state. Consequently,
packing effects would appear to either stabilize the forms
(Figure 3) in the solid or play a minor role in the case solely
because it might eventually favor other forms.

Table 4 lists the experimental dimensions of the more
stable formsl of FC(O)N=S(O)F, illustrated in Figure 3.
For the sake of comparison, we also list theoretical dimen-
sions in Table 5.

Intermolecular interactions dominated by-4 contacts
are common for perfluorinated molecules where there is no
other choice for stabilizing the packing, e.g., by&---F—C
hydrogen bonds. According to quantum chemical calcula-
tions, F--F contacts in aromatic systems can contribute up
to 14 kcal mot?! of local stabilization energ}? In the
presented case, the three independent molecules are linked
by four different contacts (Figures 4 and 5) containing
S—F---F interactions. The central bond via the inversion

(13) Matta, C. F.; Castillo, N.; Boyd, R. J. Phys. Chem. 2005 109,
3669-3681.
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Table 3. Calculated Relative Energies (kcal m§l2 Relative Abundances at 293 K (%), Wavenumbers®nof the »(C=0) ModeP? and Dipole
Moments (D) of Stable Forms of FC(O#8(0)R

HF/6-31+G* B3LYP/6-31+G* B3LYP/6-311+G* MP2/6-31H-G*
form AEY AG® % v u  AEY AGY % v u  AE" AGY % v u  AE° AG® % v u
antiperiplanar 0.00 0.00 80 1842 1.33 0.00 0.00 72 1868 1.22 0.00 0.00 69 1871 1.12 0.00 0.00 70 1872 1.14
synperiplana(l) (589) (428) (451) (400)
antiperiplanar 331 298 1 1901 269 144 115 11 1913 197 157 1.18 10 1914 1.71 2.28 1.74 4 1911 2.09
antiperiplana(ll) (786) (551) (569) (541)
synclinak- 154 0.87 18 1839 2.72 1.75 1.05 12 1864 2.17 143 0.87 16 1867 1.93 1.21 0.67 23 1864 2.22
synperiplanaflil) (590) (438) (436) (392)
synclinak 432 256 1 1898 3.00 281 162 5 1916 2.33 2.68 150 5 1918 2.04 3.10 1.80 3 1915 2.39
antiperiplanaflV) (811) (592) (615) (578)

aEnergy differenceaX? = X%(trans-syn) — X%(trans-anti). Different multiplicitiesm= 1 andm = 2 were taken into accouritValues between parentheses
are IR intensities in km mot. ¢ Scaled by a factor of 0.9.

Figure 3. Molecular structures with atom numbering for FC(G38(0)-
F,. Ellipsoids enclose 30% level of probability surfaces.

Figure 4. View of the three independent molecules of FC(&8(O)F,
displayed in different colors. The molecules are linked byFinteractions
in the range from 2.82 to 2.88 A.

Table 4. Experimental and Calculated Geometrical Parameters of Form
| of FC(O)N=S(O)R; (values in A and deg)

X-ray? HF/6-314+-G* B3LYP/6-314+G* MP2/6-31H-G*

N=S 1.492(5) 1.488 1.512 1.506
S—F 1.518(12) 1.531 1.600 1.586
C—N 1.378(6) 1.377 1.396 1.400
c=0 1.172(5) 1.174 1.185 1.192
S=0 1.388(2) 1.393 1.423 1.418
C-F 1.332(5) 1.302 1.338 1.333
O-C-N 131.0(3) 128.1 130.2 130.0
F-C-N 107.5(3) 109.0 107.2 107.1
C-N-S 121.0(1) 121.9 122.6 120.8
F-S—F  95.3(4) 95.0 94.5 94.6
F-S-0 109.3(5) 109.1 108.9 108.9
N-S-O 118.0(8) 118.8 118.8 119.4
N-S—F 111.3(5) 111.1 1115 111.1
F-C-0 121.5(2) 122.2 122.6 123.0

a Average for the values of the three forms in the solid state.

center has a length of 2.818 A; the bifurcated bond has

lengths of 2.852 and 2.842 A, and the remaining

C—F-+-F—S contact has a length of 2.881 A. All these must Figure 5. Section of the planar network for FC(O3#6(O)F consisting

be considered to be stabilizing contacts, which are in the of additional F+-F contacts at a distance of 2.939 A, viewed perpendicular
. - . . to (001) using a capped stick model.

range of comparative structural studies, in which

C—F-+-F—C contacts at distances of 2.27and 2.868 As Discussion

are identified as packing motifs. The-H- van der Waals

radius would suggest 2.7 A as a contact distance, but this

obviously does not hold for carbon- or sulfur-bonded

fluorine.

As mentioned in the Introduction, the molecular structure
of NCNS(O)R® has already been determined. It exists
predominantly in the antiperiplanar (with respect to the
S=0 double bond and the-€N single bond) form in the
(14) Choudhury, A. R Urs, U. K. Guru Row, T. N.; Nagarajan, . 92S Phase. In the case of F3B-S(O)R,'* the GED pattern

Mol. Struct.2002 605 71-77.

(15) Deepak, C.; Nagarajan, K.; Guru Row, T.®tyst. Growth Des2005 (16) Haist, R.; Alvafe, R. S. M.; Cutin, E. H.; Della V@ova, C. O.; Mack,
5, 1035-1039. H.-G.; Oberhammer, HJ. Mol. Struct.1999 484, 249.
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Table 5. Comparison of the Experimental Geometrical Parameters for FasfiFC(O)N=S(O)Rwith Related Molecules (values in A and deg)
FC(OINS(O)R2  OSR/ 0,SR*  HNS(O)R® CINS(O)R? NCNS(O)R® FC(O)NSE® FC(O)NS(F)CE® CRC(O)NS(F)CRL FC(O)NSCHL

N=S 1.4916 1.466(3)  1.484(7) 1.498(12)  1.479(4) 1.549(5) 1.554(8) 1.519(5)
S—F 1.5179 1.5854(2) 1.530(3) 1.549(2) 1.548(3) 1.543(6) 1.586(2) 1.599(4) 1.604(6)

C-N 1.378 1.34(2) 1.395(6) 1.391(8) 1.392 1.372(20)
c=0 1.172 1.181(4) 1.186(5) 1.200(8) 1.203(6)
S=0 1.3882 1.4127(3) 1.405(3) 1.420(5) 1.394(3) 1.424(5)

C-F 1.332 1.322(6) 1.331(1) 1.348(6)
O-C-N  131.03 129.3(8) 129.9(12) 129.6(13)

F-C-N 1075 106.6(6) 108.2(12)

C-N-S  120.96 126.7(11) 112.4(11) 111.2(11) 122.8(17)
F-S—F 95.27 92.83(2)  96.1(2)  93.7(1) 93.5(13) 93.4(3)

F-S-O  109.27 106.82(3)  124.0(2) 107.1(32)

N-S-O  118.0 119.5(2) 119(2)

N-S-F  111.34 112.9(1) 113.7(28)  110.4(8) 108.8(33) 112.6

F-C-O 1215 124.1(10) 121.9(12) 124.7(17)

a Average of the values of the three forms.

implies that the vapor at ambient temperatures is made mostly1.4876(15), and 1.4919(16) A for the three forms found in
of the antiperiplanar form (with respect to the=S double the crystal structure). Although a comparison of bond
bond and the SN single bond), with a minor contribution  distances for both forml of the title compound and
from the synperiplanar structure that is not discarded. A FC(O)N=S(F)CF is not straightforward because of the
similar situation was reported for the related compound different formal valences at S, and also because different
CIN=S(O)R.° These examples show that=t(O)F- methods of analysis and different phases are used, tHé C
containing compounds present some configurational prefer-yajues are, as expected, very similar, implying comparable
ence, i.e., a synperiplanar structure may be present in addition:onformational interactions on this part of the molecule. The
to the most abundant _a_ntiperiplanar form. The gas-phasen=s pond distance for form of the title compound
configurational composition of FC(O)NS(Q)round the  ¢ompares quite well with thoses molecules possessing the
N=S double bond corresponds to the antiperiplanar form in —SYI(O)F» group, as listed in Table 5. A strong, i~ o*

equilibrium with a synclinal structure, whereas similar (SF) interaction would be reflected, on the other side, in a
antiperiplanar forms are found in the solid state, as observed diminution of the S-F bond order. These distances are very

n ;‘he pr:esdent V'prat'?;?rl] data a]}.nd crgstallstructurf. ¢ short, as observed in Table 5, showing that the extension of
S hoted previously,the contigurational properties ot —,is - oo meric interaction is limited. From the same table, a

gffeigscpr(];[)az)rllt)r}?al icr?tr;rgc::ltjigﬂz bi?\zzgﬂ trﬁ);lrlr\llﬁglr){e ggirtx)d relative short &0 double-bond average distance of 1.172
. A can be observed for FC(O¥S(O)R in its form | as

oppositec* orbitals (generalized anomeric effect) and (ii) d 1o the dist f related molecules. implvi
steric repulsions between substituents on nitrogen and sulfyrPOmparead o the distances of related molecules, Implying no

atoms. Steric repulsions would favor a structure with either strong anomerif: interactionsyn—~ o* (CF). The C=0
C—N=S=0 or C-N=S—F = 18(°. The same preference double-bond distance was reported as 1.173(2) and

would be expected for anomeric interactions of the type n  +-172(2) A for CIC(O)F” and OCR,** respectively. A short
— ¢* (SF») or ny — o* (S(O)F). On the other side, the S © double-bond distance is also observed for the title

conformational preference of the compound around th&lC compound, structure as compared to the distances of related
bond again implies these two interactions. Although no Molecules in Table 5. This shortened double bond matches
sensitive steric preference would be expected for synperi- UP to CIN=S(O)F, more favorably; this implies that certain
planar or antiperiplanar rotamers, different anomeric interac- inductive effects should be present, because the Cl atom
tions of the type g — o* (C(Q)) in opposition to R — ¢* electronegativity is comparable with that of the FC(O) group,
(CF) would play a role in stabilizing one conformation over 3.16 and 2.94, respectively.

the others. Because of the comparable magnitude of both

interactions, two conformations are really present in the gas Conclusion

and liquid phases, with the synperiplanar rotamtre most L fk lecul
abundant form at room temperature. By using increments of known molecular structures, we

A strong anomeric effect would cause shortening of both can predict the molecular geometry of the most stable form
the S=N and G-N bonds in forml of the FC(O)N=S(O)R of_ FC(Q)N=S(O)5. The structure of the moI_ec_uIe detgr- _
molecule. For comparing the influence of this stereoelectronic Mined in the three phases presents three similar antiperi-
effect on the bond distances, the FC(@S(F)CF; results planar-synperiplanar forms in the solid state, and a rotameric
are good candidates. In FC(O¥$(F)CF, steric interactions ~ €quilibrium of formsl, II, lIl, andlV in the liquid and gas
are stronger than anomeric effects, and thus the antiperiplanaPhases, with being the favored form. Theoretical calcula-
configuration (antiperiplanar with respect to both lone pair tions reproduce the experimental results well.
orbitals at N and S atoms) is slightly preferred. In this form,
orbital interaction no longer causes shortening of tleS\ (17) Oberhammer, HJ. Chem. Phys198Q 73, 4310. o
double bond, which is considerably longer (1.549(5) A) than *®) ?ahﬁgf?éﬁdcﬁfggaaég';Zsﬂ‘“yama’ T+ Kuchitsu, K.; Wilkins, C. J.
those in the title compound, structure (1.4952(15), (19) Wu, H.Zhongguo Kexue Jishu Daxue XuebE89Q 20 (4), 517.
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Experimental Section (C) NMR Spectroscopy. 13C and % NMR spectra were
recorded at—45 °C for a CD;CN solution at room temperature
using a 200 MHz Bruker DPX 200 instrument. THE spectrum
consists of a doublet aic 142.1 (FZ(0), d,YJ(CF) = 296.5 Hz).
The 1%F spectrum displayed a doublet and singlet with appropriate
relative intensities abg +41.97 (F) (SF», d, 4J(FF) = 9.4 Hz)
and+12.86 E£C(0)). Chemical displacements and coupling con-
stants are slightly dependent on the temperature, which can be
attributed to distinctive contributions of the single conformers at
different temperatures. These data compare fairly well with those
reported elsewher®

Theoretical Calculations.All the quantum chemical calculations
were performed using the GAUSSIAN 98 program packageder
the Linda parallel execution environment using two coupled PCs.
Geometry optimizations were sought with (i) the HF and MP2
approximations and (ii) the B3LYP methods; in all cases, the
calculations employed 6-31G* and 6-31H4-G* basis sets and
standard gradient techniques with simultaneous relaxation of all
the geometric parameters.

Synthesis.The preparation and manipulation of FC(G¥8(O)-
F, were carried out in a monel reactor and in an evacuated Pyrex
apparatus. Si(NCQ)2.8 g, 14.3 mmol) andSQK8.7 g, 70 mmol)
with BF; as catalyst (0.54 g, 8 mmol) were condensed in the reactor,
which had previously been driedrf@ h in vacuo (104 Torr) at
70—80 °C. After stirring the reaction mixture at 20@ for 10 h,
we fractionated the volatile components under dynamic vacuum
through traps held at-65, —95, and —196 °C.2° The pure
compound that collected at95 °C after repeated condensations
was stored in flame-sealed glass ampules under liquid nitrogen in
a long-term Dewar vessel. Its melting point-98 °C.

Instrumentation. (A) X-ray Diffraction at Low Temperature.
An appropriate crystal of FC(ONS(O)R ca. 0.3 mm in diameter
was obtained on the diffractometer at a temperature of 163(2) K
with a miniature zone-melting procedure using focused infrared
laser radiatior#}-22The diffraction intensities were measured at low
temperature on a Nicolet R3m/V four-circle diffractometer. Intensi-
ties were collected with graphite-monochromatized Morgdiation
using thew-scan technique. The crystallographic data, conditions, ~Acknowledgment. Financial support by the Volkswagen
and some features of the structure are listed in Table 2. The structureStiftung (1/78 724) is gratefully acknowledged. The Argen-
was solved by Patterson syntheses, and refined by the full-matrixtinean authors acknowledge the Fundaciéntorchas,
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(B) Vibrational Spectroscopy.Gas-phase infrared spectra were . - .
recorded with a resolution of 1 crhin the range 4000400 cnt? (CIC), Facultad de Ciencias Exactas (UNLP), and Univer-

on the Bruker IFS 66v FTIR instrument. FT Raman spectra of liquid Sidad Nacional de Tucuma(UNT). C.0.D.V. specially
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