Silicon-Nitrogen Compounds

ride and carbon monoxide (-226.0%! and -26.4 kcal/mol,3°
respectively), the nature of the manganese-to-carbon and the
manganese-to-phosphorus bonds must be similar. A similar
relationship has been observed previously for a variety of co-
balt carbonyl derivatives®®** and in the data reported by
Kiser, et al.,?® for the carbonyl derivatives of nickel. Itis
also pointed out that the data for the heats of formation of
the (CH3)5SiMn(CO),;" ions are internally consistent for the
values obtained from (CH;3)3SiMn(CO)s and (CH;),;SiMn-
(CO)4PF,.

Using the relationship noted above (i.e., substitution of PF,
for CO lowers the AH;® of the ion and the compound by 200
kcal/mol), it is possible to predict the values for the heats of
formation of the remaining compounds in this series for
which meaningful energetic measurements could not be ob-
tained. These predicted values are as follows (kcal/mol):
AH;°((CH;)3SiMn(CO)3(PF3),) = -823, A H;°((CHs),SiMn-

. (34) F.E. Saalfeld, M. V. McDoweli, and A. G. MacDiarmid, J.
Mass Spectrom. Ion Phys., in press.
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((ljg)gé(PFs)a) =-1023, AH; ((CH;),SiMn(CO)(PF3)4) =
Previous results®18:!® have shown that the average ionic
bond energies are equal to the average neutral bond energies

within 0.3 eV. Assuming this holds for the compounds re-
ported here, the neutral hydrogen-manganese bond energy
may be estimated using the technique described by Junk, et
al.® This calculation for the H-Mn bond energy gives a value
of 0.3 £ 0.5 eV (7 £ 12 kecal/mol), which supports previous
claims?$3¢ that this bond energy is very low.

Registry No. HMn(CO)s, 16972-33-1; (CH3)3SiMn(CO)s,
26500-16-3; (CH3)3SiMn(CO)4(PF3), 33989-27-4; (CHs)5-
SiMn(CO)3(PF;),, 36087-62-4; (CH;)3SIMn(CO),(PF5);,
36087-61-3; (CH3),SiMn(CO)(PF3),, 36087-60-2.

(35) W. F. Edgell, C. Magee, and G. Gallup, J. Amer. Chem. Soc.,
78, 4185 (1956).

(36) W. F. Edgell and R. Summitt, J. Amer. Chem. Soc., 83,
1772 (1961).
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Variable-temperature proton magnetic resonance spectra were studied for a number of compounds containing silicon-nitro-
gen bonds in which potentially diastereotopic methyl groups were attached to nitrogen. Even at very low temperatures
the methyl groups remained equivalent. It is concluded that rotational barriers about silicon-nitrogen bonds are lower
than those about phosphorus- or sulfur-nitrogen bonds in analogous systems.

Introduction

There have recently been extensive studies by dynamic
nuclear magnetic resonance spectroscopy of stereochemical
phenomena in compounds containing sulfur-nitrogen'>? and
phosphorus-nitrogen®~* bonds, which have been success-
fully interpreted in terms of a substantial rotational barrier
about these bonds. We decided to extend these studies to
the adjacent element in the third row of the periodic table,
namely, silicon, and to look for rotational barriers about
silicon-nitrogen bonds by dynamic proton magnetic reso-
nance studies.

To this end we synthesized a number of compounds con-
taining silicon attached to a dimethylamino group, including
several chiral compounds. In these compounds if either in-
version at nitrogen or rotation about the silicon-nitrogen
bond were sufficiently slowed, the methyl groups attached -
to nitrogen would become diastereotopic and would, in
principle at least, give rise to distinct magnetic resonance
signals.

(1) 1. M. Lehn and J. Wagner, Chem. Commun., 1298 (1968).
(2) M. Raban and F. B. Jones, Jr., J. Amer. Chem. Soc., 93
2692 (1971). :
( (3; D. Imbery and H. Friedbolin, Z. Naturforsch. B, 23, 759
1968).
(4) A.H.Cowley, M. J. S. Dewar, W. R. Jackson, and W. B.
Jennings, J. Amer. Chem. Soc., 92, 5206 (1970).
( (5) H. Goldwhite and D. G. Rowsell, Chem. Commun., 713
1969).

Experimental Section

Proton magnetic resonance spectra were determined on Varian
A-60 and HA-100 spectrometers equipped with variable-temperature
probes. The compounds used in this study were prepared by pub-
lished methods,®’” and their physical and spectral properties agreed
with published values.

Results ,

The results are presented in Tables I and II.
Discussion

As the results indicate, even at temperatures as low as
—130°, there was no indication of the presence of diastereo-
topic methyl groups on nitrogen in the dimethylamino com-
pounds or diastereotopic protons on the methylene groups in
the aziridine and NV-ethyl compounds examined. The experi-
mental equivalence of the groups observed can have a
number of possible explanations. It might be that the meth-
yl groups are, in fact, diastereotopic but that the chemical
shift difference due to the adjacent asymmetric silicon center
is so small that the peaks are not seen as separate (i.e, A8

- must be less than about 0.5 Hz). This seems implausible in

view of the large number of compounds studied, the large
chemical shift differences induced in analogous systems con-
taining chiral phosphorus®=5 or sulfur'>? centers, and the

(6) S.S,Washburne and W. R. Peterson, Ir., J. Organometal.
Chem., 21, 59 (1970).

(7) S.Chan, S, DiStefano, F. Fong, H. Goldwhite, P. Gysegem,
and E. Mazzola, Syn. Inorg. Metal-Org. Chem., 2, 13 (1972).
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Table I. 'H Nmr Parameters of RR'R"SiN(CH;),
Tt AG (max),@
R R’ R” Solvent® s(R)? s(RNHY 8(NCH,)? °C kcal/mol
CH, CH, N(CH,), CHCTF, 0.0 0.0 245 -117 7.4
CH, CH,=CH N(CH.), CHCIF, 0.0 5.9 2.40 ~120 7.3
CH, C.H; N(CH,), CCLF 0.27 7.4 2.50 -130 6.8
CH, CH,=CH Cl CHCIF, 0.18 6.2 2.18 -130 6.8
CH, CH,Cl cl CHCIF, 0.30 2.8 (54) 230 ~115 7.2
3.2 (6p)
(ap = 14.1 H2)
cH, C,H, a CCLF 0.90 7.5 26 -130 6.8

@ Solutions were 10-15% v/v with 1% internal (CH,),Si as standard. b Chemical shifts are in ppm downfield from internal (CH,),Si.

¢ Lowest temperatures at which spectra were obtained. d See text.

Table Il. 'H Nmr Parameters of Other Silicon Compounds Studied (CHCIF, Solvent)
8(CH, Si)e §(CH,N)e §(CH,CH,N)e T, °C AGC*(max), kcal/mol
(CH,),SiN(CH,CH,),b -041 21.1 -100 8.3
~CH,
(CH,),SiN_ | 0.03 -120 7.3
CH,

¢ Chemical shifts are in ppm downfield from internal (CH;),Si as standard. b Jucen = 7.2 Bz

fact that distinctly diastereotopic protons are evident in the
chloromethyl group of the compound CICH,Si(CH )(C1)(N-

Table 1. Calculated Values of AG,* as a Function of 6v;
AGF =4.57T,[9.97 + log (Tp/8v)]

(CH3),). In this compound, under the conditions reported 5v, Hz
in Table I, the protons of the chloromethyl group give rise 0.5 1 5 10
to an AB quartet with J, g = 14.1 Hz and with A§ = 0.4 T..°K AGF, keal/mol
ppm (24 Hz at 60 MHz). This diastereotopic nature of 100 4.42 4.56 4.88 5.01
these protons is clearly due to the adjacent chiral silicon cen- 110 4.86 5.01 5.36 5.51
ter. In the analogous phosphorus compound, CICH,P(Cl)- 120 5.30 547 5.85 6'0§
CH3),), the protons of the chloromethyl group are also 130 574 392 6.34 8.3
(N(CH), ), the pr yl group 140 6.19 6.38 6.83 7.02
diastereotopic with J, g = 12.8 and with A5 = 0.27 ppm 150 6.63 6.83 731 7.52
(16 Hz at 60 MHz).® * In this phosphorus compound the 160 7.07 7.29 7.80 8.02
methyl groups on nitrogen become diastereotopic at low %57;8 ;gé ZZ(S) g%g gg%
temperatures with a chemical shift difference of 0.26 ppm 190 8.40 8.66 926 9.53

at ~80°. It seems reasonable to argue, by analogy, that in
the silicon compound where an asymmetric silicon center is
shown to lead to easily detectable diastereotopic methylene
protons, slow rotation about the silicon-nitrogen bond or
slow inversion at nitrogen would lead to detectably dia-
stereotopic methyl groups on nitrogen.

The observation of diastereotopic methylene protons in
the chloromethyl group of CICH,Si(CH; }(CI}N(CHs),) also
rules out the possibility that the failure to observe diastereo-
topic methyl groups on nitrogen at low temperature is due
to a rapid exchange reaction occurring at silicon with con-
current inversion at silicon. Such a reaction would exchange
the magnetic environments of both the methyl groups on
nitrogen and the methylene protons of the chloromethyl
group. Exchange processes of this type have been detected
in this compound at high temperatures in the presence of
added chloride ion,® and this exchange phenomenon will
be discussed in detail in a later publication.

The results for N-trimethylsilylaziridine indicate very
directly that the barriers to both inversion at nitrogen and
rotation about the silicon-nitrogen bond are relatively small
in this compound. The barrier to inversion at nitrogen in
the model compound N-silylaziridine has recently been cal-
culated,” by a parametrized CNDO/2 method, as 4.9 kcal/
mol and our experimental results support this calculation
and indicate that the barriers to rotation and/or inversion in
the analog with methyl groups on silicon are probably less
than 8 kcal. In earlier studies of the closely related N-tri-

(8) S. DiStefano and H. Goldwhite, unpublished observations.

(9) A. Rauk, J. D. Andose, W. G. Frick, R. Tang, and K.
Mislow, J. Amer. Chem. Soc., 93, 6507 (1971).

methylsilyl-2,2-dimethylaziridine and N-trimethoxysilylaziri-
dine similar results were noted.'®

The upper boundaries cited for AG, ¥ max in Tables I and
IT were calculated from the usual general equation for ex-
change between noncoupled sites:*' AG.¥ =4.57T,[9.97 +
log (T, /6v)] which itself derives from the value of the rate
constant at coalescence being used in the Eyring rate expres-
sion, with the numerical values suitably expressed; if T is in
degrees Kelvin and 8 is in hertz, AG. ¥ is obtained in calo-
ries per mole. This equation was used with the assumptions
that T, was below the lowest temperature reached in each
case and that A5, the chemical shift difference between the
diastereotopic groups, would have been 5 Hz if the low-
temperature spectra could have been observed; this assumes
a somewhat more modest chemical shift difference than those
seen in analogous phosphorus compounds.®*** Larger assum-
ed values of §» lead to somewhat larger vatues of AG, %,
though the equation is not very sensitive to the value of 6v
(see Table II).

The observational equivalence of the methyl groups on
nitrogen in the compounds studied requires that the barriers
to both inversion at nitrogen and rotation about the silicon-
nitrogen bond be below the AG,¥ (max) value quoted in the
tables. If either barrier were larger than this quantity, then
the methyl groups would become diastereotopic. The de-

(10) J. M. Lehn, Fortschr, Chem. Forsch., 15, 311 (1970).
(11) J. E. Anderson and J. M. Lehn, Tetrahedron, 24,123

(1968).

“(12) 1. E. Bisséy, fi. Goldwhite, and D. G. Rowsell, Org. Magn.
Resonance, 2, 81 (1970).



Raman Spectra of BiCl; and SbCl;

tailed discussion of the reasons for this which was earlier
given for three-coordinate phosphorus compounds? is com-
pletely transferable to the present four-coordinate silicon
compounds, with the substitution of one of the groups at-
tached to silicon for the phosphorus lone-pair electrons.
Since the purpose of this paper is to discuss rotational barri-
ers, it follows from the above that the observed AG,¥(max)
must be an upper limit for the rotational barrier about the
silicon-nitrogen bond.

This work also suggests that rotational barriers about
silicon-nitrogen bonds are substantially lower than those
about analogous phosphorus-nitrogen and sulfur-nitrogen
bonds. In a set of (very roughly) analogous compounds the
following barriers are observed: CCl3SN(CH,Ph),, 15.0
keal/mol;! CCIH,P(C)N(CH3),, 11.3 keal/mol;® CCIH, Si-
(CH3)(CD(N(CH3), ), <7.2 kcal/mol (present work).

Recent theoretical analyses of the origins of rotational
barriers in compounds amenable to ab initio molecular or-
bital calculations have shown that net rotational barriers are
the result of a fine balance between attractive and repulsive

“interactions involving adjacent electron pairs and polar
bonds.*® 1In analyses of the “gauche effect” in second-row
compounds (“‘the tendency of species containing adjacent
electron pairs and/or polar bonds to exist preferentially in

that conformation which has the maximum number of
gauche interactions between these electron pairs or polar

bonds”!#) it seems that polar bond-polar bond interactions
are greater than polar bond-lone pair interactions which are,
in turn, greater than lone pair-lone pair interactions.

The compounds being compared in this study contain a

third-row atom, bonded to other groups by polar bonds. The

third-row atom (Si, P, S) is linked to nitrogen, bearing a lone

(13) S. Wolfe, Accounts Chem. Res., S, 102 (1972).
(14) S.Wolfe, L. M. Tel, J. H. Liang, and I. G. Csizmadia, J.
Amer. Chem. Soc., 94, 1364 (1972).
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pair of electrons, and also linked to other groups by polar
bonds. There are many different types, and strengths, of
interactions in these molecules, and it is premature to at-
tempt to make a detailed analysis of them in view of the
limited data available. Two observations may be germane;
the observed barrier increases as the electronegativity of the
atom attached to nitrogen (and the number of lone pairs of
electrons it formally carries) increases. However in the phos-
phorus system, at least, the barrier decreases sharply® in
going from a phosphonamidous chloride, RP(CI)NR';, to the
corresponding fluoride, RP(F)NR',. We have previously
argued that this effect is best interpreted in terms of a pp-dg
multiple-bond contribution to the rotational barrier,® but

it must be conceded that the present negative observations

in the silicon-nitrogen system do not indicate any very sub-
stantial p-d interaction with a geometric preference in this
system.

In view of the relatively primitive level of cur understand-
ing of the bonding of third-row elements, it may be best to
summarize these observations on rotational barriers as a set
of provocative data in search of a reasonable explanation.

Registry No. TableI R=CH;, R'=CH;, R" =N(CH;);,
3768-58-9; R = CH,, R’ = CH,=CH, R"' = N(CH,),, 13368-
45.1;R=CHs, R' = C4Hs, R = N(CH,),, 33567-83-8; R =
CH,, R’ = CH,=CH, R" = Cl, 25374-07-6; R = CH,, R’ =
CH,CI, R" = Cl, 36245-72-4; R = CHs, R' = C¢Hs, R = Cl,
36245-73-5. (CH3)3SIN(CH,CH3), , 996-50-9; (CH,);Si-
N—CH,—CH,, 2116-90-7.
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Raman spectra have been obtained for solid and molten SbCl, , molten equimolar SbCl, -AlCl;, SbCl, -KCl mixtures, pure
BiCl,, equimolar BiCl,-AlICl,, and BiCl,~KC] mixtures. . The major species present in these samples have been postulated

and their structures discussed.

Introduction

The crystal structure of solid SbCl; has been studied by
X-ray diffraction.? The results show that there are discrete
SbCl, molecules in the crystal located at sites with ( sym-
metry. Nuclear quadrupole resonance experiments® indi-
cate that the molecule in the crystal has a lower symmetry

(1) (a) Research sponsored by the United States Atomic Energy
Commission under Contract At-(40-1)-3518 and under contract
with Union Carbide Corp. (b) Oak Ridge University of Tennessee.
(c) Oak Ridge National Laboratory.
( (2) I. Lindqvist and A. Niggli, J. Inorg. Nucl. Chem., 2, 345
1956). ‘
(3) T.-C. Wang, Phys. Rev., 99, 566 (1955).

than C;, because of intermolecular forces. However, only
the four Raman lines of a typical C3, molecule were report-
ed for crystalline SbCl; by Krishnamurti.* Raman data on
molten SbCl; are reported in several papers,’™ but the re-
sults show considerable disagreement. We, therefore, rein-
vestigated the Raman spectrum of SbCl, in order to clar-

ify the situation. As a result of conductance measurements’

(4) P. Krishnamurti, Indian J. Phys., 5, 113 (1930).

(5) P. Daure, C. R, Acad. Sci., 187, 940 (1928).

(6) K.W. F. Kohlrausch, “Ramanspektren,” Edwards Brothers,
Ann Arbor, Mich., 1945, p 133,

(7) P. Texier and J. Desbarres, C. R. Acad. Sci., Ser. C, 266,
503 (1968).



