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The geometric structures &f,N-bis(trifluoromethyl)O-(trimethysilyl)hydroxylamine, MgSiON(CFg), (1), and

of trimethylsilyl nitrate, M@SiONG; (2), have been determined by gas electron diffraction and quantum chemical
calculations (HF/3-21G*, B3LYP/6-31G*). Both compounds pos€esymmetry. Inl the Si-O bond is oriented
syn with respect to the nitrogen lone pair (anti with respect to the CNC bisector of the)N@Z&up). In2 the
Si—O bond is coplanar with the nitrate group. The following skeletal parameteval(ies with 3 error limits)
have been derived: fdt, Si—O 1.724(8) A, N-O 1.450(18) A, Si-O—N 113.4(19Y; for 2, Si—0 1.715(4) A,
N—O 1.383(5) A, S-O—N 120.1(9). The unusually long SO bonds in both compounds can be rationalized
by the electron-withdrawing power of the N(gJFand NQ groups. This leads to a reduction of the polarity of
the Sir—O~ bond and to lengthening of these bonds. The siloxapessesses an extremely short 1,4-nonbonded
contact between silicon and the cis-standing oxygen of the nitrate groupQ S 2.70 A, which indicates a
strong intramolecular SirO donor interaction.

Introduction and theoretical structural studies of compounds which contain
. S an Si-O—N skeleton have been reported by Mitzel epdt

_ Th_e_unusually short 810 bonds and large SiOSi bo_nd e_tngles For crystalline and gaseous GISIONMe, Si—O bond lengths

n d|S|ongnes (e.g_., 151? - 1'634(2)| A and S',OS': of 1.668(1) and 1.654(4) A, respectively, and-8—N bond
144'(11(9);)m kngs'?j.S'be) ave cohmmon Y b?en attr!buteddtoh angles of 79.7(%) (crystal) and 87.1(9)(gas) were derived.
(p—_' )4 ack-bonding ?E\Neen the oxygen lone pairs and the 1, aqe extremely small oxygen bond angles and the resulting
unfilled silicon d orbitald~* or by negative hyperconjugation. ¢ 1 2 - nbonded SiN distances of 2.028(1) A in the crystal
Ab initio calculations, however, indicate that the energetically 4 2.,160(7) A in the gas phase have been explained by

Elghdllylngfs(;l'lc.?n d Oét;'t?rlﬁ arﬁ 0{ énln((i)r |mpt;)rtar1[pe IrI]' thg intramolecular Sk+N B-donor interactions and (4 1) coor-
onding of disioxanes. € short bond can be rationalized — yination of silicon. Similar structural properties have also been

as a consequence of the high ionic character of théOSbond observed for HSIONMey, H,Si(ONMe),, and Si(ONMeg),, 1011

(Sit127—0112 or Sjt393-0~172 according to ref 6 or 7,

respectively). The large bond angle is due to electrostatic In the preser)t work we report gas phase structurgs of two

repulsion between the positive net charges of the silicon atomscompounds Wh'c_h also contain-3D—N skeletons, M@'ON'.

and due to steric repulsions. This concept provides a straight-(CFS)2 and MeSIONQG;. The gas phase el_e(_:t_ron dlffrar_:tlon_

forward explanation for the structural properties of siloxanes analyses (GED) were ;upp_lemented by ab |n!t|o calculations in
the HF/3-21G* approximation. The geometries of the ground

of the type RSIOX, where X is a more electronegative . . .
substituent than Siil In the peroxide MgSIOOSiIMe, (X = state structures were optimized also with the B3LYP/6-31G

OSiMe;) the SO bonds are appreciably longer (1.681(3) A) m_ethod. The calculated geomet_ric parameters are listed together

than in disiloxane and the SiOO angle decreases to 106°6{14) with thg experimental results |n.the.respect|ve tables. The

An even smaller SiOO angle of 102.%vas predicted by ab theoretical results were used prlma}nly to support the GED

initio calculations for HSIOOSIH,® Recently, experimental analyses (see below). The calculations were performed with
the GAUSSIAN 94 program systefA.
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Figure 1. Experimental radial distribution function for M8ON(CF),
and difference curve. The positions of important interatomic distances
are given by vertical bars.
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Figure 2. Experimental radial distribution function for M8ONG,
and difference curve. The positions of important interatomic distances
are given by vertical bars.

Structure Analyses

The radial distribution functions (RDF) were derived by
Fourier transformation of the molecular intensities which were
multiplied with an artificial damping function exp{ys?), y =
0.0019 R The RDF for M@SiON(CF). (Figure 1) is
reproduced satisfactorily only with a structure in which theSi
bond is syn with respect to the nitrogen lone pair. This implies
anti orientation of the SiMggroup relative to the CNC bisector
of the N(CR), group. According to the HF/3-21G* calculations,
the anti form (S+O anti to nitrogen lone pair) does not

Inorganic Chemistry, Vol. 37, No. 20, 1998093

Table 1. Experimental and Calculated Geometric Parameters for

(CH2):SION(CFRy)2
GED HF/3-21G*  B3LYP/6-31G*b

C—H 1.109(15) 1.087 1.096
C-F 1.328(2) s 1.338 1.340
N—C 1.430[20} 1.420 1.449
N—O 1.450(18) ps 1.438 1.421
Si-0 1.7248) s 1.716 1.734
si—C 1.858(4) ps 1.868 1.879
C-Si-C  112.9(13) ps 111.9 111.8
Si-O-N  113.4(19) p; 116.3 115.2
O-N-C  102.2(12) ps 107.7 107.6
C-N-C  116.2(11) po 118.3 1155
F-C—F 107.7(2)  pwo 108.3 108.2
H-C-H  108.0 107.3 107.8
tilt (SiMes)  6.229)  pu 5.8 6.9
tilt (CFs) 1.6 1.4 1.9
7(CFs)° 3.7(25)  p 1.6 2.5

ar,values in angstroms and degrees. Error limits areaddues and
include possible systematic errors (see text). The molecular model is
shown in Figure 1° Mean values are given for parameters which are
not unique .’ Not refined, but varied within the given rangeNot
refined.® Torsional angle of the GFgroups around the NC bonds.
For 7 = 0° the CR; groups stagger exactly the opposite-® bond.

For both compounds the GHyroups were constrained @,
symmetry, and tilt angles between tlig axis and the SiC
bond direction were set to 0. This constraint is justified by the
results of the theoretical calculations, which predict these tilt
angles to be less tharf.1Cg, symmetry was also assumed for
the SiMe groups, and the tilt angle between t8g axis and
the SO bond was refined. Vibrational amplitudes were
collected in groups according to their distances and according
to their dependence on torsional vibrations.

MesSiON(CFs3),. In addition to the assumptions described
above, the CEkgroups were constrained to lodad, symmetry
and the tilt angle was set to the calculated value. TheCN
bond length could not be derived from the GED data, because
of large correlations. This bond length was set to 1.43 A.
Similar values have been determined for §{EROMe
(1.429(7) A}* and (CF).NONO (1.426(10) A}® The uncer-
tainty for this bond length is estimated to H.02 A, and
possible systematic errors due to this constraint are included in
the error limits for the refined parameters. The torsional
orientation of the Ck groups around the NC bonds was
described by the torsional angte Fort = 0°, the Ck group
staggers exactly the opposite—C bond (dihedral angle
¢(CNCF) = 18(°). On the basis of the ab initio calculations,
the two CR groups are rotated in opposite directions by the
same angle, resulting i@s overall symmetry for the molecule.
With these assumptions, 12 geometric parameggesiad seven
vibrational amplitudedx were refined simultaneously. The
following correlation coefficients had values larger tharv:
Pe/pr1 = —0.89, pg/p12 = —0.89, andp;/ls = 0.72. The final
results are listed in Tables 1 (geometric parameters) and 2
(vibrational amplitudes).

Me3SIiONO,. Only a mean value of the two=#H0 double

correspond to a stable structure. Optimization of this conformer ponds could be determined in the GED analysis. The difference

leads to inversion at nitrogen. Analysis of the RDF foriMe
SIONG; (Figure 2) results in a staggered orientation of SiMe
relative to the nitrate group. The calculated barrier to internal
rotation around the SiO bond is 6.4 kcal moft (HF/3-21G*),
which makes a rigid molecular model fully adequate for the
GED analysis. Preliminary geometric parameters, which were

derived from the RDFs, were refined in least-squares analyses

The molecular intensities were multiplied with a diagonal weight
matrix, and known complex scattering amplitudes were t3ed.

was constrained to 0.02 A, and an uncertainty-6£02 A was
estimated. Ten geometric parametprand eight vibrational
amplitudes Iy were refined simultaneously, and only one

(13) Haase, JZ. Naturforsch., Teil AL97Q 25, 936.

(14) Casper, B.; Jakob, J.; Minkwitz, R.; OberhammerCHem. Ber1996
129 653.

‘(15) Ang, H. G.; Klapdor, M. F.; Kwik, W. L.; Lee, Y. W.; Mack, H.-G.;
Mootz, D.; Poll, W.; Oberhammer, H. Am. Chem. S0d.993 115,
6929.
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Table 2. Interatomic Distances and Vibrational Amplitudes for J88©N(CF), (without Distances Involving Hydrogeh)

distance amplitude distance amplitude

C—F 1.33 0.041(2) I N---C4 3.33 0.221(29) le
N—-C 1.43 0.045 FeF 3.42 0.221(29) le
N—O 1.45 0.045 Sie+-F2 3.45 0.221(29) ol
Si—O 1.72 0.047(5) I C--F 3.54 0.221(29) le
Si—C 1.86 0.047(5) I Si---C1 3.55 0.100

FeF 2.15 0.054(4) I3 Si-+-F3 4.02 0.120

N---F 2.23-2.30 0.054(4) I3 F-F 4.02-4.09 0.126

O---Cl 2.24 0.060 N---C3 4.10 0.120

C1---C2 2.42 0.069 C-F 4.41-4.46 0.178

XeeoFC 2.47-2.89 0.096(20) la Si---F1 474 0.262(51) l7
Si-+*N 2.66 0.096(20) lg C---C 4.62-4.78 0.262(51) l7
O---C 2.73-2.93 0.098(34) Is CF 4.67-4.76 0.262(51) l7
C--F 2.96 0.098(34) Is C-F 5.29-6.08 0.300

C3-:C4 3.10 0.098(34) ls

aDistances and amplitudes in angstroms; error limits are&ues. For atom numbering see Figure® Mot refined.cX = C, O, or F.

Table 3. Experimental and Calculated Geometric Parameters for ~ Table 4. Interatomic Distances and Vibrational Amplitudes for

(CH3)3sSIONO2 MesSiIONG; (without Distances Involving Hydrogeh)
GED HF/3-21G* B3LYP/6-31G*" distance amplitude distance amplitude
C—H 1.095(6) pu 1.087 1.096 N=0 1.21 0.039(3) I, C2-0O. 3.04 0.250
(N=O)rean 1.210(2) p» 1.229 1.216 N-O 1.38 0.045 CC  3.06 0.101(25)ls
A(N=0) = 0.020[20} 0.039 0.016 S0 1.72 0.051(2) I, N--C2  3.43 0.143(34)ls
(N=0,) — Si-C  1.85 0.051(2) I, Si+O  3.74  0.095(14)I;
(N=0y) O---O 2.14-2.25 0.053(5) I3 N---C1 410 0.099
N=0 1.200(11) 1.210 1.208 Sie-*N  2.69 0.080 C1--O. 4.44 0.110
N=0, 1.220(11) 1.249 1.224 Si~0, 2.70 0.149(48) I, C2O, 450 0.273(78)ls
N—O 1.383(5) ps 1.386 1.385 O--C 2.77-2.92 0.101(25)ls C1--O; 4.88 0.150
g:_g igéggg g‘; i;gg ig% a Distances and_ amplitudgs in angstroms; error limits areaBues.
C—Si—C 112.1(6)  pe 112 .4 112.4 For atom numbering see Figure 2Not refined.
Si—0—N 120.1(9) pr 119.9 120.1 :
(O-N=O)pean  111.5(5) ps 116.0 1159 'I};agilgg. Skeletal Structural Parameters of Some Siloxanes
A(O-N=0)= —1.6(30) po 0.2 2.6 3
(O—N=0,) — Si---X Y (one-angle
(O—N=0y) R3Si—0—X Si—O  Si—O—X (exp) radii)
oo 112300 115.9 113.6 MesSi—O-SiMes  1.629(3) 151.7(30) 3.16 3.10
e -7(16) 116.1 117.2 H3Si—O—SiHs? 1.634(2) 144.1(9 3.10 3.10
H—C—H 108.0d 107.8 107.9 SS! o-C ?’C .6 0(3) 20-6( %) 2.66 2' >
tilt (SiMes) 53(12) po 5.8 7.0 HsSi—O—CHs 1.640(3) 120.6(10) 2. 7
CIH,Si—O—-NMe 1.654(4) 87.1(9) 2.16 2.69
ar, values in angstroms and degrees. Error limits are&ues and HsSi—O—NMe,® 1.668(1) 102.6(1) 2.45 2.69
include possible systematic errors (see text). The molecular model is MesSi—O—OSiMe'  1.681(3) 106.6(14)  2.54 2.68
shown in Figure 2° Mean values are given for parameters which are  MesSi—O—NO? 1.715(4) 120.1(9) 2.69 2.69
not unique Not refined, but varied within the given rangeNot MesSi—O—-N(CFs)? 1.724(8) 113.4(19) 2.66 2.69
refined.

aReference 16° Reference 1¢ Reference 17¢ Reference 9¢ Ref-
. o erence 10! Reference 89 This work.
correlation coefficientps/ps = —0.72, had a value larger than

|0.7]. The results of this least-squares refinement are listed in ~ The oxygen bond angles in these siloxanes show a very large

Tables 3 (geometric parameters) and 4 (vibrational amplitudes). variation from 152 to 87, and no correlation between bond
lengths and angles is observed. Several concepts have been

Discussion proposed for predicting or rationalizing bond angles. The
_ concept of hybridization or the VSEPR model cannot explain

_Table 5%!7compares skeletal geometric parameters of some sych a large range of oxygen bond angles, and these approaches
siloxanes of the type 48i0X. The Si-O bond length increases o not allow quantitative predictions. A rough estimate of such
with increasing electl’onegativity of the substituent X from bond ang|es can be made on the basis of “one_ang|e" nonbonded
1.629(3) A for X = SiMe; to 1.724(8) A for X= N(CFs).. radii. Such radii describe the size of atoms A and B which are
ThIS tl‘end can be rat|0na||2ed W|th the hlgh IOI’]IC Character Of Separated by one angle |n an AYB ent|ty The.B One_ang'e
this bond. Electron'WithdraWing substituents X reduce the nonbonded distance and the AYB ang|e can be predicted from
negative net charge of oxygen and thus lower the polarity of the sum of these radii for A and B. One-angle radii are about
the Si"—O~ bond, which in turn leads to lengthening. The 20-30% smaller than van der Waals radii, and values have been
Si—O bond in MeSION(CF). is the longest such bond derived  gerived from experimental gas phase structures: Si, 1.55 A; N,
for a gaseous siloxane. A still longer-SD bond (1.741 A) 1.14 A; 0, 1.13 A® For C we propose a value of 1.17 A,

was (1)8bserved in the crystal structure of JBEOSQN(SO,- which was derived from the structures of dimethyl ether and

Me).. trimethylamine. Since one-angle radii depend also on the central

(16) Csakvari, B.; Wagner, Z.; Goory, P.; Mijlhoff, F. C.J. Organomet. (18) Hiemisch, O.; Blaschette, A.; Jones, P RBosphorus, Sulfur, Silicon
Chem.1976 107, 287. Relat. Elem1995 107, 161.

(17) Glidewell, C.; Rankin, D. W. H.; Robiette, A. G. Sheldrick, G. M.;  (19) Bartell, L. SJ. Chem. Physl96Q 32, 827. Glidewell, Clnorg. Chim.
Beagley, B.; Freemann, J. M. Mol. Struct.197Q 5, 417. Acta 1975 12, 219.
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atom Y and on other substituerffswe estimate an uncertainty

of £0.05 A. Table 5 compares experimental-S{ one-angle
distances with the sum of one-angle radii. The agreement
between experimental and predicted values is good fer X
SiMe;, SiHs, and CH. In CIH;SIONMe, and HSIONMe,,
however, the experimental-SiN distances are by 0.53 and 0.24
A shorter than the predicted value. With oxygen bond angles
of 87.1(9Y and 102.6(1), these differences can certainly not
be attributed to steric strain. It rather demonstrates a strong
intramolecular St-N S-donor interaction as suggested by
Mitzel.910 A somewhat smaller difference of 0.14 A between

e
experimental and predicted -SiO distances occurs in Me . ! ! ! L ! | !
SiOOSiMe. Again, this difference and the SO—O angle 0 5 10 15 20 25 30 35
(106.6(14%), which is smaller than tetrahedral, suggest ar Si o/

O f-donor interaction in this peroxide. In the two molecules
studied in the present investigation, the experimentatISi Figure 3. Experimental (dots) and calculated (full line) molecular

distances are very close to the predicted values and the oxygerdntensities and differences for M&ION(CF)..

bond angles are larger than tetrahedral. From these results we
conclude that Si-N S-donor interactions are absent or play a /\ /\ AL
minor role in these compounds. This is obvious in the case of u\[{‘v \/

the nitrate, and it is expected in N®ON(CF),, since the

N(CFs),2 group is a much weaker donor than NMsend because

of the reduced electrophilicity of SiMe v v/ \vf VA N
We have recently observed a strong dependence-6®©N \/

single bond lengths in covalent nitrates XONGn the elec-

tronegativity of X2! This bond lengthens steadily with increas-

ing electronegativity of X from 1.402(5) A in CIONO,22 to - o,

1.507(4) A in FONQ.2! The N-O bond derived for Mg

SIONG;, (1.384(5) A), which is the shortest such bond observed . . : L : ; )

for a gas phase nitrate, is in perfect agreement with this 0 5 10 15 20 25 30 35
correlation, since SiMgs more electropositive than methyl. A s/A

surprising structural feature of this nitrate is the short contact ) o
between Si and the cis-standing oxygen atom of the nitrate Figure 4. Expen_mental (dots) anq calculated (solid lines) molecular
group. This 1,4-nonbonded-SiO; distance of 2.70 A is much intensities and differences for MBIONG;.

shorter than the corresponding van der Waals distance of 3.44

.A (iee !lziglgu_r e 2 for atom nlumtr)](.arint?).. The tyveHSl=|O ang:gs. structures satisfactorily (i.e., to withia0.03 A for bond lengths
in the silyl nitrate are equal within their experimental error limits, 4+ 20 ¢4 hond angles), except for the nitrogen bond angles.

whereas for all other nitrates XON@vith X = CHg, F, Cl, Br, The calculated ©N—C an . .

> - ’ gles in MgSION(CR;), and the
the O-N=0cangle is larger by 61C° than the &-N=0; angle. O—N=0 angles in the nitrate are larger than the experimental
In these compounds the N@roup is pushed away from the -, o by ca. 45°

substituent X, but not in the nitrate with the bulkiest substituent
X = SiMe;. Furthermore, the theoretical calculations predict Experimental Section
the N=O bond to be longer than#H0;. This small difference

]?omd not Ee d;tgn:jl.ned in the GIEeD Tglyssl. Al Cg these ylamine Me;SION(CFs),. (CF;);NOH was synthesized by the reaction
eatures, short SO distance, equal ON=0 angles, and & of trifluoronitrosomethane with ammonfa. The sodium salt was

Oc > N=0, demonstrate that there is a strongly attractive-Si  prepared by stirring 10 mmol of (GENOH, 10 mmol of NaOH, and
Oc interaction in this compound. . _ 5 mmol of THF in a 50-mL reaction vessel for 8 h. After THF was
Of course, the short 1,3- and 1,4-nonbonded distances in thepumped off and the sodium salt was dried for 24 h in vacuo, a colorless,

siloxanes CIHSIONMe,, H3SIONMe, MesSiOOSiMeg, and hygroscopic powder was obtain&d.In a slight modification to ref
MesSiONG; can also be explained by electrostatic attractions 23, 10 mmol of MgSiCl was added and the reaction mixture was stirred
between the high positive net charge of Si and the expectedfor 24 h at 50°C. At —30 °C, M&;SION(CFs), was condensed into a
negative net charges of N and O. On the other hand, a Mulliken trap at—196°C. The yield was 50%, and no further purification was

: ; ; ded. MgSION(CHR): is a colorless liquid with mp-60 °C and bp
overlap population analysis for MBIONO; at the B3LYP/6- ~ Ne9ed. s : and!
31G* level results in a positive overlap population for the 1,4- 78-79 °C* The purity was checked by NMR and vibrational

. L spectroscopy.
Si--+Q, distance of 0.035 au, which is about 15% of that for Synthesis of Trimethylsilyl Nitrate, Me;SIiONO,. The compound

the Si-O bond (0.245 au). This result suggests that the donor yas” prepared by the reaction of trimethylichlorosilane and chlorine
interaction concept is a more realistic explanation for the short nitrate26 CIONO, (2.5 g) was condensed onto 0.44 g of J€l at

contact than the ionic model. Furthermore, an ionic model —196 °C. The mixture was slowly warmed t635 °C and kept at
cannot explain the difference between the twe=® bond this temperature for several days. A50 °C the evolved chlorine
lengths.

Both quantum chemical methods reproduce the experimental

Synthesis ofN,N-Bis(trifluoromethyl)- O-(trimethylsilyl)hydrox-

(23) Banks, R. E.; Oppenheim, @. Fluorine Chem1978 12, 27.

(20) Robinson, E. A.; Johnson, S. A.; Tong, T.-H.; Gillespie, Rndrg. (24) Banks, R. E.; Haszeldine, R. N.; Hyde, D.Chem. CommuriL967,
Chem 1997, 36, 3022. 413.

(21) Casper, B.; Dixon, D. A.; Mack, H.-G.; Ulic, S. E.; Willner, H.; (25) Haszeldine, R. N.; Rogers, D. J.; Tipping, AJEChem. Soc., Dalton
Oberhammer, HJ. Am. Chem. S0d.994 116, 8317. Trans.1975 2225.

(22) Cox, A. P.; Waring, STrans. Faraday Socl971 67, 3441. (26) Hertel, T. Ph.D. Thesis, University of Dortmund, 1997.
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and the surplus chlorine nitrate were removed in vacuo. The yield fraktograph KG-G2 at 25- and 50-cm nozzle-to-plate distances and
was about 95%, and no further purification was neededsM@NO, with an accelerating voltage of ca. 60 kV. The sample reservoirs were
is a colorless liquid with mp-63 °C and bp 76-75 °C (150 Torr)?’ kept at—17 °C (Me;SiON(CF)z) and 20°C (MesSIONG,), and the

The purity was checked by NMR and vibrational spectroscopy. Other inlet system and nozzle were at room temperature. The photographic
synthetic routes have been described previously. Schmidt and Schmid-plates were analyzed with the usual meth8dmd averaged molecular
bauer prepared this compound by reactingsS€l with AgNOs.28 intensities in thes-ranges 218 and 8-35 A1 in steps ofAs = 0.2
Voronkov et al. reacted (M8iO)%S0; or (MesSiO)RPO with KNO,.27:2° A-1 are shown in Figures 3 and 4 £ (47/4) sin(6/2), . = electron

The disadvantages of these methods are a higher temperature duringvavelength, and = scattering angle).

reaction or during the following distillation, which leads to partial

decomposition of MgSiONG; into the disiloxane MgSiOSiMe; and Acknowledgment. We gratefully acknowledge financial
nitric oxides. support by the Fonds der Chemischen Industrie.
The electron diffraction intensities were recorded with a Gasdif-
1C980480J

(27) Voronkov, M. G.; Maletina, E. A.; Roman, V. K. Gen. Chem. USSR

1975 1865. (30) Oberhammer, HMolecular Structure by Diffraction Methog3he
(28) Schmidt, M.; Schmidbauer, Angew. Chem1959 71, 220. Chemical Society: London, 1976; Vol. 4, p 24.
(29) Voronkov, M. G.; Roman, V. K.; Senatorskaya, V. Bull. Acad. (31) Oberhammer, H.; Gombler, W.; Willner, Bl. Mol. Struct.1981, 70,

Sci. USSR, Di. Chem. Sci. (Engl. Transl)978 192. 273.



