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Extensive studies of tris-chelate complexes of a variety of
metals have yielded reasonably firm mechanistic information
on the nature of their rearrangement reactions.! Such in-
formation is based on ground-state geometries, as determined
by diffraction methods, and on kinetic parameters. All tris
chelates of the type M(AA); appear to show at least D,
idealized symmetry.? The twist angle, ¢, which is the pro-
jection of the bite angle, a, onto a plane perpendicular to the
C; symmetry axis, may be used for a partial description of
geometry. The trigonal prism (symmetry D) has the ligand
triangles eclipsed and thus has ¢ of 0°, while the trigonal
antiprism (and possible octahedron of symmetry O,) has the
ligand triangles staggered and thus has ¢ of 60°,

The (-diketonates and the dithiocarbamates are the most
studied of these tris chelates. These two types show interesting
structural and mechanistic differences. The 8-diketonates have
¢ near 60° and rearrange by bond-rupture pathways; the
dithiocarbamates have ¢ near 38° and rearrange via a trig-
onal-twist pathway.! Yet there is at present no totally sat-
isfying understanding of the influence of solid state geometry
on dynamics.! Thus additional studies, both mechanistic and
structural, especially on new tris-chelate systems, are needed.

Generally the chemical and structural properties of the
(mono)thiocarbamate—metal complexes differ markedly from
those of the corresponding dithiocarbamates.” It is significant,
then, that very recently* Nakajima et al. described the
preparation of tris(thiocarbamato)iron(III) complexes. These
complexes are apparently the first, simple tris(thiocarbamate)
complexes to be prepared. With the expectation that such
complexes will be of interest mechanistically and that in-
terpretation of kinetic data will require knowledge of
ground-state structures, the present note establishes the
ground-state geometry of one such complex, tris(/NV,N-di-
methylthiocarbamato)iron(III).

Experimental Section

Suitable crystals of tris(V,/N-dimethylthiocarbamato)iron(III),
Fe(SOCN(CHy3;),);, were kindly supplied by Professor Toshio Tanaka.
The crystal structure determination followed experimental and
calculational procedures standard in this laboratory.® The dark-violet,
air-sensitive crystals belong to the triclinic system with a'= 9.329 (3),
b=11.571 (4), c = 8.880 (2) A, & = 102.92 (2), 8 = 116.13 (2),
v =95.17 (2)°, ¥ = 811.2 A3 (A\(Mo Ka;) = 0.70930 &), p, = 1.507
g/cm? for two molecules of CoH 3FeN;0,S; per cell, p, = 1.49(1)

C{32)
Q

Figure 1. A sketch of the Fe(SOCN(CH,;),); molecule showing the
labeling scheme and principal, average bond distances and angles.

Figure 2. A drawing of the Fe(SOCN(CH3),); molecule displaying
vibrational ellipsoids at their 50% level, except for hydrogen atoms
which have been drawn artificially small. In the drawing the
O(1)-0(2)-0(3) triangle is closer to the viewer than is the
S(1)-S(2)-S(3) triangle.

g/cm’. A total of 3923 unique reflections were collected by dif-
fractometer methods out to 55° in 28 (Mo Ka); of these 3279 have
F2> 3g(F,} and were used in subsequent calculations., These data
were corrected for absorption effects; transmission factors ranged from
0.565 to 0.740 for a crystal of calculated volume 0.139 mm® and a
linear absorption coefficient of 13.0 cm™. The structure was solved
by Patterson methods and refined by full -matrix, least-squares
techniques. Space group C/!-PI was assumed; this assumption is
justified by the eventual location in a difference Fourier map of all
hydrogen atoms on the methyl carbon atoms. These hydrogen atoms
were placed in idealized positions (C-H = 0.95 A) and added as fixed
contributions in the final cycle of refinement. This cycle of 172
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Table I. Positional and Thermal Parameters for the Atoms of Fe(SOCN)CH, ), ),

ATOM A 8
s3is

FE ~0.163155(33) 0.216181(25) 0.034197(35) 104459(48)
Sty 0.030705(69) 0130282(46) =0.045456(76) 140.83(87)
s(2) «0.405562(71) 0.054072¢51) =~0.123379(78) 144479(92)
St “0+063172(74) 04193951(57) 0.32553747%) 161.67(37)
58 0.02201047) 34352642¢(12) 0.,070811(18) 119.01(21)
02y =0.320887047) 0e24646013) «0.194468(18) 111.3122)
03 =0.22749(18) 0434293(14) 0.186811(18) 13643 (24)
N1} 0.24120(21) 0,33580(16) C.02161(24%) 105.5(25)
N(2) ~0.57760(22) 0.12962(17) =0, 40506(24) 110.8¢27)
N(3) ~0+16556(23) 0.37756(18) 0o b7144(22) 164.0(30)
c¢1) 0.10519(23) 0.28579¢(17) 0.02125(23) 107.7(28)
ce2) =00 Hh4225(24) 3.15034(18) =0.253511(26) 113.1129)
e =0.,16090(23) 0.31516(19) 0.32912(25) 96.5(27)
cuy 0.29321(29) 0.46783(21) 0.07260(34) 135.2(36)
c(12) 0.33770(34) 0.26307(27 «0,03618(4k) 165,6 (46)
cc2y =0.59717(33) 0.2107(27) =0.50902(34%) 168.0 (44)
c(22) =0.71207(29) 04024261(25) =0.67406(37) 123.91(35)
c(31) =0.25066(34) 2.47789(25) 0,46535(33) 2054 2(48)
c(32) ~0.08793(35) 0.35094¢28) 0.63829(30) 210+ 4(49)

Notes

X Y z B*ﬁ B22 833 953 813 823
LTI TS R PR Ry Ry ey YRRy YL PN LY Y Yy Y PR YN PP YT YT AN YTy e e P Yy PP Yy s Ty YNy Y LI LIRSS TAYR IR YY SIS Y Y Y ¥

62.64(27) 124.16(54) 13.39425) Sh.908(38) 22.64(27)
524190400 200.5¢11) 19,23(46) 89,53180) 17.67(51)
70.37(48) 190.7(11) -0.05(51) T4e52083) 36.93(58)
95.55¢56) 163.8(10) 52.16(59) 79.89(82} 61.56(61)
S449(11) 163.1(26) 15.7(12) 79.0 €(20) 18.0¢(18)
65.0¢12) 144.0(24) 4.9043) 47.91019) 23,514}
83.1(13) 118,81(23) 36,8115 63.7(19) 33.,9(1%)
67.0(15) 185.5(34) 13.2(18) 76.4(25) 23.8(18)
81.1(17) 158, 8(33) 11,0017 43.81(25) 8.4(19)
95.5(18) 127.8129) 274619} 70.5(2%5) 3t.40(19)
§7.2(15) 112, 3(29) 18.6(17) 45.0 (24} 2043(17)
61,8(16) 1462.2(34) 18.1417) 68.7(27) 11,3(19)
76.0(18) 126,932} 10,8¢18) 46.31(25) 3t.2(20)
72.40(19) 230.8150) ~0.6121) 79.1(35) 31.1(25)
107.7(28) 376.7182) Jhe (29} 174.4(54) 28,9139
115.2(28) 182, 4447} 37.4129) 28.6137) 44,5(30)
94.7(28) 238,2(54) «10.4(23) 40.9(3%) =7.0(29)
105.1(25) 1756 (i) 48,2029} 102.1(39) 25.0127)
140.1(31) 127.91(38) 41.1(32) 80,9136) 47.6028)

(XTSI RSP IST YRS RS R SIS Y A Y ISR RS T R L R R RS T RIS R Y Y R YA Y S LY P Y Y Y Y P Yy Y P TP Y P P Y LYY P Y Y YTV Y Y Y P Y

A
ESTIMATED STANDARD DEVIATIONS IN THE LEAST SIGNIFICANT FIGURE(S) ARE GIVEN IN PARENTHESES IN THIS AND ALL SUBSEQUENT TABLES,

8
THE

FORM OF THE ANISQTROPIC THERMAL ELLIPSQID ISt EXPL-(B11H +B22K +B33L +2B12HK+2B13HL+2B23KL) 1, THE QUANTITIES GIVEN IN THE TABLE

ARE THE THERMAL COEFFICIENTS X 10

Table V. Details of the Inner FeS,0, Core in Fe(SOCN(CH,),),

Distances, A

Fe-5(1) 2.412 (1)

Fe-S(2) 2.409 (1) } 2.413 (5)@
Fe-S(3) 2.418 (1)

Fe-0(1) 2.076 (2)

Fe-0(2) 2.066 (2) y2.073 (7)
Fe-0(3) 2.078 (2)

S(1) - 0(1) 2.570 (2)

$Q2) - 0(2) 2.568 (2) }2.567 (4)
$(3) - -0(3) 2.563 (2)

S(1)- - -0(2) 3.510 (2)

8(2) - -0(3) 3,517 (2) }3.510 (8)
S(3) - -0(1) 3.502 (2)

S(1)- - +8(2) 3,759 (2)

S(1) + 8(3) 3.701 (2) 23.72 (4)
S(2)- - 'S(3) 3.689 (2)

o(1)- - 0(2) 2.971 (2)

o(1): - -0(3) 2.913 (2) $2.96 (4)
0(2) + -0(3) 2.986 (2)

Set * ‘Ogt? 2.281

Bond angles, deg

S(1)-Fe-0O(1) 69.38 (5)
S(2)-Fe-0(2) 69.57 (5) 169.3(3) =«
S(3)~Fe-0(3) 69.02 (5)

Interplanar angle, deg
S(1)-S(2)-S(3)

0O(1)-0(2)-0(3) 0.86
Vector-plane angles, deg
Sct‘oct
S(H-0(D-C(D) 64.5
Sct’oct )
§(2)-0(2)—C(2) 63.6164.7 =90 - w°
ct~Vet

S(3)~0(3)-C(3) 66.0
Intervector angles, deg

Set-S(1)
0g-0(1) 33.3

Sce-S(2)

04t-0(2) 34.0)332=¢
Sct-S(3)

Og4-0(3) 32.3

@ The standard deviation of an average quantity is for a single observation and is the larger of that estimated from the inverse matrix or from

the agreement among the quantities averaged on the assumption that they are from the same population.

b S is the center of the S triangle

(average of the S coordinates); Og is defined similarly with respect to the O triangle. € The pitch angle v is defined by L.H. Pignolet, Inorg.
Chem., 13,2051 (1974), as the angle between the plane of the chelate ring and the C, axis. This is the complement of the angle defined here

as that between the normal to the plane and the C, axis.

variables converged to conventional and weighted agreement indices
on F of 0.029 and 0.044, respectively, and to an error in an observation
of unit weight of 1.69 e. The largest peak on a final difference Fourier
map (0.3 e/A%) is about 8% of the height of a typical C atom peak
on early maps. No unusual trends in > w(|F,| — |F,|)* were found
as a function of setting angles, |F,|, or Miller indices.

Final positional and thermal parameters for the nonhydrogen atoms
are given in Table I. Table II° contains the positions of the hydrogen
atoms. Root-mean-square amplitudes of vibration are given in Table
L6 Values of 10|F,| vs. 10|F,| are given in Table IV.®

Discussion

The structure of Fe(SOCN(CH;),); consists of well-sep-
arated molecules. The Fe atom is coordinated to three,
virtually planar thiocarbamate groups. Although the molecule
cannot possess a D; symmetry axis, owing to the dissimilar
liganding atoms, the isomer studied here does possess a
reasonable C; axis, with the plane of the three S atoms being
virtually parallel to that of the three O atoms (dihedral angle,

0.86°; see Table V). Figure 1 displays the labeling scheme
as well as some important average distances and angles. Figure
2 shows a complete molecule.

Bond distances and angles within the thiocarbamate ligands
are unremarkable and resemble closely those found in other
thiocarbamate and dithiocarbamate complexes.>’

Of principal interest is the geometry of the inner FeS;0;
core, and details of this geometry are given in Table V. The
present complex exhibits an average Fe-S distance (2.413 (5)
A) that is significantly longer than that observed at room
temperature in tris(V,/V-diethyldithiocarbamato)iron(III)’
(2.358 (6) A). The bite angles in the two complexes are, as
expected, different. Otherwise the complexes are very similar.
Thus the twist angle (¢) and pitch angle () for the thio- and
dithiocarbamate complexes are respectively 33.2 and 25.3°
vs. 37.6 and 26.8°. In fact, the average values of ¢ and ¥ in
a series of nine tris(dithiocarbamate) metal complexes are 38.2
and 27.8°, respectively.! Thus both the present tris(thio-



Notes

carbamate) complex and a variety of tris(dithiocarbamate)
complexes display similar geometries, intermediate between
the trigonal prism and the pseudooctahedron. This inter-
mediate geometry clearly cannot be ascribed to the presence
of the FeS¢ core. Despite this close geometrical resemblance,
tris(thiocarbamato)iron(III) and tris(dithiocarbamato)iron(III)
differ in their magnetic properties, with the thiocarbamate
complex showing a simple high-spin state* while the dithio-
carbamate complex lies at the crossover between high-spin and
low-spin states.” Whether or not the rearrangement mech-
anisms are also different is yet to be determined.
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Perfluoroammonium salts are known' of the following
anions: PF", AsF¢, SbF", SbF¢nSbF;s-, BF,, GeFs, and
GeF¢*. Very recently, the synthesis and chemistry of NF,*
salts have received considerable attention owing to their
potential for solid propellant NF;~F, gas generators for
chemical DF lasers. The concept of such a gas generator was
conceived? and to a large extent developed at Rocketdyne.
Originally, the fluorine gas generators were aimed at the direct
generation of F atoms by burning a highly overoxidized grain,
consisting mainly of an NF,* salt, with a small amount of fuel,
such as Teflon powder, according to

NF MF, + (CF,), = CF, + NF, + MF, + Q

+
NF,MF, 3 NF, + F, + MF,

INF, + F, 23 N, + 8F-

The heat of reaction (Q) generated in such a system is suf-

ficient to pyrolyze the remaining NF,MF; and to dissociate

most of the NF; and F, to F atoms. For an NF;-F, gas
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generator, the underlying principle is quite similar, except for
keeping the burning temperature lower since dissociation of
NF; and F, to F atoms is not required.

In view of the above developments, we were interested in
the synthesis of new NF,* salts and in the characterization
of new and known NF,* salts. In this paper, we report on the
synthesis of the new salt NF,BiF and on some properties of
the known NF,SbF,. Since these two salts can be readily
prepared in high yields, they are important starting materials
for the syntheses of other NF,* salts used in NF,~F, gas
generator compositions.

Experimental Section

Materials and Apparatus. The equipment and handling procedures
used in this work were identical with those! recently described. The
NF,BF, starting material was prepared by low-temperature UV
photolysis’ and did not contain any detectable impurities. The a-BiF;
was purchased from Ozark Mahoning Co. and did not contain any
impurities detectable by Raman spectroscopy. The NF,Sb,F;,was
prepared as described.’

Synthesis of NF,BiF, by Displacement Reaction without Solvent.
Pure NF,BF, (10.1 mmol) and «-BiF; (10.1 mmol) were powdered,
mixed, and placed in a prepassivated (with CIF;) 95-mL Monel
cylinder. The cylinder was heated to 180 °C for 1.5 h. Products,
volatile at 20 °C, were removed by pumping and separated by
fractional condensation. They consisted of 7.8 mmol of BF; in addition
to a small amount of material noncondensable at =196 °C. The
amount of BF; evolution was confirmed by the weight loss of the
solid-containing cylinder. The conversion of NF,BF, to NF,BiF, was
further confirmed by Raman spectroscopy. of the solid. The solid was
removed from the cylinder, finely powdered, returned to the cylinder,
and heated to 175 °C for an additional 18 h. This resulted in the
evolution of an additional 2.3 mmol of BF;, in excellent agreement
with the observed weight loss. The complete conversion of NF,BF,
to NF,BiF was confirmed by infrared and Raman spectroscopy and
elemental analysis. Anal. Caled for NF,BiFs: NF;, 17.15; BiF;,
64.49. Found: NF,, 16.9; BiF,, 60.0 An explanation for the low
BiF; value is given below.

Synthesis of NF,BiF, by Displacement Reaction in HF. Dry HF
(5 mL of liquid) was added at 78 °C to a Teflon-FEP ampule
containing NF,BF, and BiFs (9.9 mmol of each). The mixture was
agitated at 20 °C for several hours and gas evolution was observed.
The volatile products were pumped off at 20 °C and the HF treatment
was repeated. After removal of the volatile products from the second
HF treatment, 4.075 g of a white, stable solid (weight calculated for
9.9 mmol of NFBiF 4.089 g) was left behind which was shown by
infrared and Raman spectroscopy to be identical with the analyzed
product obtained from the above described thermal displacement
reaction.

Direct Synthesis of NF,BiF#BiF;. In a typical experiment, a
mixture of NF; (238 mmol), F, (238 mmol), and BiFs (10.06 mmol)
in a prepassivated 95-mL Monel cylinder was heated for 30 h to 175
°C under an autogenous pressure of 167 atm. Unreacted NF; and
F, (~463 mmol total) were pumped off at 20 °C leaving behind 3.75
g of a white, stable solid (weight calculated for 6.29 mmol of
NF,BiF0.6BiF; 3.745 g). Anal. Calcd for NF,BiF¢0.6BiFs: NF;,
11.92; BiF;, 71.60. Found: NF;, 11.9; BiF;, 69.00.

Pyrolysis of NF,BiF,#nBiFs. A sample (3.29 mmol) of NF,Bi-
F¢1.46BiF;, prepared as described above expept for using a sig-
nificantly shorter reaction time, was subjected to vacuum pyrolysis
at 280 °C for 1.5 h. The white crystalline residue (1.13 g) was
identified by vibrational spectroscopy and its x-ray diffraction powder
pattern to be mainly NF,BiF, (weight calculated for 3.29 mmol of
NF,BiF 1.36 g) corresponding to a yield of 839%.

Synthesis of NF,;SbF,. The thermal reaction* of NF;—F,~SbF at
115 °C, followed by vacuum pyrolysis at 200 °C, produces® a product
of the approximate composition NF,Sb,F,;. This product can be
converted to NF,SbF4 by vacuum pyrolysis at higher temperature;
however, this SbFs removal is accompanied by a competing reaction,
i.e., the thermal decomposition of some of the desired NF;SbFs.
Pyrolysis at 250-260 °C for 1-1.5 h under dynamic vacuum resulted
in complete conversion to NF,SbFs. Measurement of the NF; evolved
during this pyrolysis showed that less than 3% of the NF,SbF had
undergone decomposition. When the pyrolysis was carried out at
275-300 °C, even for relatively short periods of time, significantly



