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Abstract

In a further examination of the multiply bonded
Nb=S group, the structure of NbS(S,CNEt,); has
been determined. The compound crystallizes in tri-
clinic space group Pl with @ = 9.870(1), b =
15.743(22, c = 16.804(3) A, a = 101.69(1)°, 8 =
93.51(1)°, v = 91.12(1)°, and Z = 4. With use of
6709 unique data (F,? > 30(F,%)) the structure was
refined to R(R,) = 3.1(3.5%). The crystal contains
two inequivalent molecules with distorted penta-
gonal bipyramidal coordination in which a sulfide
atom occupies an axial position. The molecules
are differentiated by ethyl group orientations and
significantly different Nb=S bond lengths of 2.122(1)
and 2.168(1) A. Full structural details are reported.
The results fall within the ca. 2.09—2.20 A interval
established with other molecules and emphasize
the variability in bond length of the Nb=S group.
Stretching frequencies and bond lengths show a
rough inverse dependence. For square pyramidal
[NbSCl,]'", with a relatively high Nb=S bond
order, vyp=g = 552 cm™ ! is associated with a bond
length of 2.085(5) A and an overlap population of
0.64.

Introduction

Whereas terminal metal-oxo bonds with orders
exceeding one abound in compounds containing
highly oxidized transition metals, authenticated
examples of the corresponding sulfido unit, written
as M=S, are not extensive. To a substantial degree
this situation has arisen because of the lack of good
preparative routes to the M=S group, its hydrolytic
sensitivity, and the apparent tendency of the group
to revert to a bridging sulfido structure, e.g., M(u,-
S);M. The Mo=S group, found in a variety of Mo(V,
VI) complexes, is the most widespread specific
example. In the earlier transition elements the M=S
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group is infrequently encountered. However, methods
are emerging for its synthesis, particularly by the
direct conversion M=0 -+ M=S. A case in point is
VS(acen)**, which has been prepared from VO-
(acen) by reaction with B,S; in dichloromethane
[1] or (Me;Si),S in acetonitrile [2]. A short
V=S8 distance (2.061(1) A) has been established
by X-ray analysis [3]. Similarly, the conversion
of NbO(SZCNEtz);; [2, 4] to NbS(SzCNEtz);;
in 52% yield by reaction with (Me;3Si),S has been
accomplished [2].

Shown in Fig. 1 are the structurally established
cases of the Nb=S group, found in NbSCl;(SPPhs)
(I) [5, 6], [NbSCl13(SPPh;3)], (2) [S, 6], NbSBr;-
(THT), (3)" [7], [NbSCL,]'™ (4) [8], and [Nbs-
**3cen = N,N’-ethylenebis(acetylacetoneiminato) dianion.

TTHT = tetrahydrothiophene.
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Fig. 1. Schematic depictions of structurally characterized
Nb=S complexes 1—6. Reported bond lengths (&) and e.s.d.
values are given; for § the value (18) is the e.s.d. of the mean
of five equatorial Nb=S bonds.
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TABLE I. Summary of Crystal Data, Intensity Collection and Structure Refinement for NbS(S,CNEt,);.

formula (mol. wt.)

AX)

(A)

(A)

(deg)

(deg)

(deg)

crystal system

v A&

VA

degleq (0bs) (g/cm®)

space group

crystal dimensions (mm)
radiation

absorption coefficient, u (cm™ ')
scan speed (deg/min)

20 limits

scan range (deg)
background/scan time ratio
data collected

unique data (F,* > 30(F,?))
no. of variables

goodness of fit (GOF)°

R (R (%)

R TWR O R

C15H39N3NbS, (569.68)
9.870(1)

15.743(2)

16.804(3)

101.69(1)

93.51(1)

91.12(1)

triclinic

2551(1)

4

1.48 (1.49%)

P1

0.46 X 0.60 X 0.25

Mo Ko (A = 0.71069 A)
10.1

2.0-29.3 (6/26 scan)
3°g 20 54°

1.2 +(20gq, — 20Ka,)
0.25

9575 (+h, tk, £)

6709

469

1.17

3.1(3.5)

®Determined by the neutral buoyancy technique in CCly/n-hexane.  PGOF = [Ew(1Fo| — 1F¢1)?/(Nyps — Nparameters)] %

S171*7(5) [9]. Bond distances of this group are indi-
cated; for the cage complex 5 the mean of five
equatorial bond lengths under C;, symmetry is given.
The Nb=S distances are observed to vary substan-
tially, by ca. 0.1 A in the limited sample available.
In order to examine further the range of such dis-
tances and their sensitivity to molecular and
extrinsic factors, we report the structure of NbS-
(S,CNEt;);. This compound forms single crystals
of high diffraction quality, which have the addi-
tional feature of containing two crystallographically
inequivalent molecules.

Experimental

NbS(S,CNEt,); was prepared as previously des-
cribed [2].

Structure Determination of NbS(S,CNEL, ). Col-
lection and Reduction of X-Ray Data

Yellow rectangular crystals were grown by slow
cooling of concentrated acetonitrile solution. A
suitable crystal was sealed in a glass capillary under
dinitrogen. Diffraction studies were performed with
a Nicolet R3m four-circle automated diffractometer
and graphite-monochromatized Mo Ka radiation at
~23 °C. The final orientation matrix and unit cell
parameters were determined by least-squares treat-

ment of 25 machine-centered reflections having
20° < 20 < 25° Three standard reflections,
monitored every 123 reflections, showed no signs
of decay of intensities during the course of the
data collection. Data collection was made to a
diffraction angle 26 of 54°. Details of the data
collection and the crystal parameters are summariz-
ed in Table I. Data reduction was carried out with
the program XTAPE of the SHELXTL structure
determination program package (Nicolet XRD
Corporation, Madison, Wisconsin, U.S.A.)). An
empirical absorption correction was applied with
the program XEMP of the SHELXTL package.
Maximum and minimum transmission factors were
0.94 and 0.75, respectively. After equivalent reflec-
tions were merged, Ry, was 2.5%. The intensity
statistics suggested the centric space group Pl
(G [1], No. 2 [10]). Successful solution and refine-
ment of the structure confirmed the space group
assignment.

Solution and Refinement of the Structure

The direct methods program SOLV located two
Nb atoms of two independent formula units that
constitute the asymmetric unit. The remaining
non-hydrogen atoms of two molecules were found
by successive difference Fourier maps and blocked
cascade least-squares refinements. Atom scattering
factors were taken from a standard source [11].
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TABLE II. Atom Coordinates (x10) for NbS(8;CNEt;)3.

Atom® x y z
Nb(1) 8208(1)° 7805(1) 5355(1)
Nb(2) 8558(1) 2444(1) ~57(1)
S(1) 9471(1) 8188(1) 6478(1)
S(2) 6107(1) 7385(1) 6065(1)
S(3) 6371(1) 8943(1) 5474(1)
S(4) 8774(1) 8918(1) 4505(1)
S(5) 10240(1) 7378(1) 4470(1)
S(6) 8517(1) 6203(1) 5379(1)
S(7 6845(1) 6714(1) 4087(1)
S(8) 10183(1) 2379(1) —835(1)
S(9) 8971(1) 4104(1) 451Q1)
S(10) 9680(1) 2836(1) 1387(1)
san 8658(1) 1068(1) 528(1)
S(12) 7213(1) 1153(1) —-978(1)
S(13) 7021(1) 3094(1) —1045(1)
S(14) 6094(1) 2827(1) 504(1)
N(1) 4164(3) 8570(2) 6212(2)
N(2) 10923(3) 8578(2) 3611(2)
NQG3) 7138(3) 5056(2) 4216(2)
N(@) 10437(3) 4511(2) 1886(2)
N(5) 7349(3) -327() ~415(2)
N(@©) 4498(3) 3385(2) -615(2)
c 5363(3) 8332(2) 5960(2)
cQ) 3630(4) 9422(3) 6116(3)
c3) 4123(5) 10146(3) 6817(3)
C(4) 3286(4) 7999(3) 6560(2)
C(5) 3243(6) 8252(4) 7455(3)
c(6) 10112(4) 8324(2) 4118(2)
() 10768(4) 9420(3) 3367(2)
c(8) 9845(5) 9360(3) 2618(3)
c) 12017(4) 8028(3) 3269(3)
C(10) 13321(5) 8215(4) 3803(4)
can) 7449(3) 5883(2) 4506(2)
ca2) 7676(4) 4370(2) 4628(3)
c(13) 6776(4) 4187(3) 5274(3)
c(14) 6167(4) 4760(3) 3512(2)
c(15) 6850(6) 4419(4) 2738(3)
CQ16) 9791(3) 3916(2) 1324(2)
can 10583(4) 5420(2) 1783(2)
c(18) 9569(5)° 6002(3) 2216(3)
ca19) 11103(4) 4305(3) 2629(2)
CQ0) 12566(5) 4105(4) 2529(3)
c@l) 7690(3) 508(2) ~316(2)
C(22) 7787(4) —846(2) 183(2)
C(23) 6758(4) —865(3) 802(3)
CcQ4) 6521(4) —776(2) —1136(2)
C25) 7378(5) ~1180(3) —1805(3)
CQ26) 5710(3) 3131(2) ~397(2)
cen 4168(4) 3560(3) ~1422(3)
c(28) 3614(5) 2768(3) ~2008(3)
C(29) 3398(4) 3490(3) —46(3)
C@0) 3409(5) 4404(3) 451(3)

8See Fig. 2 for labelling schemes of molecules in this and
following tables. Estimated standard deviation in paren-
theses in this and following tables.
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Although data collection was made to a 20 angle of
54°, only 8062 data collected between 3° < 26 <
48° were employed in order to minimize computa-
tion time. With use of 6709 unique data, convergence
was reached at R = 7.8% for isotropic, and at R
= 4.3% for anisotropic, refinement of all non-
hydrogen atoms. After hydrogen atoms were includ-
ed in the two molecules at 0.96 A from, and with
isotropic thermal parameters 1.2x that of, the
bonded carbon atom during the final stages of refine-
ment, the weighting scheme was introduced and opti-
mized. A final difference Fourier map revealed two
weak peaks (0.47 ¢/A%) near the Nb atoms and
several random features elsewhere (<0.42 ¢7/A%).
Final R factors and other data are included in Table
I. Positional and thermal parameters are collected in
Tables II and III, respectively.

NbS(S,CNEL s

Fig. 2. Structures of the two independent NbS(S;CNEt;);3
molecules, showing the atom numbering scheme and 50%
probability ellipsoids.

Results and Discussion

Structures of the two independent molecules in
the asymmetric unit are depicted in Fig. 2. The NbS,
coordination units are shown in two views in Fig. 3.
Bond distances and angles within these units are
collected in Table IV. The two molecules are orient-
ed such that the dihedral angle between planes
S(2—6) and S(9-13) is 90.5°. The Nb atom is seven-
coordinate, with the ligand atoms arranged in the
form of a distorted pentagonal bipyramid (PBP)
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TABLE 111. Anisotropic Temperature Factors (A2 X 103) for NbS(S;CNEt,)3.

Atom U,® Un Uss Uzs Uz U

Nb(1) 37(1) 40(1) 44(1) 7(1) 10(1) 0(1)
Nb(2) 39(1) 38(1) 42(1) 10(1) am 1(1)
5(1) 50(1) 76(1) 64(1) 4q1) 2(1) ~4(1)
S(2) 42(1) 45(1) 54(1) 15(1) 14(1) 2(1)
S(3) 53(1) 50(1) 73(1) 24(1) 25(1) 10(1)
S(4) 67(1) 54(1) 71(1) 22(1) 33(1) 8(1)
S(5) 55(1) 55(1) 77(1) 12(1) 30(1) 6(1)
S(6) 44(1) 44(1) 55(1) 11(1) 0(1) 3(1)
S(7) 65(1) 55(1) 44(1) 13(1) -1(1) 1Q1)
S(8) 57(1) 76(1) 88(1) 13(1) 9(1) 2(1)
S(9) 67(1) 42(1) 50(1) 15(1) —-12(1) —-3(1)
S(10) 69(1) 43(1) 53(1) 17(1) -~11(1) ~5(1)
S(11) 55(1) 41(1) 53(1) 13Q1) -5(1) -3(1)
S(12) 53(1) 46(1) 49(1) 8(1) -3 -1(1)
S(13) 49(1) 52(1) 42(1) 16(1) 4(1) 5(1)
S(14) 47(1) 64(1) 42(1) 14(1) 7(1) 9(1)
N@1) 43(1) 53(2) 61(2) 11(1) 15(1) 6(1)
N(2) 60(2) 64(2) 59(2) 4(1) 29(1) -11(1)
N(@3) 46(2) 47(2) 64(2) 1(1) 7(1) 0(1)
N@4) 60(2) 48(2) 41(1) 13(1) -3Q) -8(1)
N(5) 44(1) 39(1) 58(2) 511) 6(1) 1(1)
N(6) 46(2) 57(2) 64(2) 21(1) -0(1) 10(1)
c1) 41(2) 46(2) 46(2) 6(1) 6(1) 21
C(2) 57(2) 79(3) 88(3) 27(2) 27(2) 29(2)
C(@3) 108(4) 58(3) 113(4) 12(3) 38(3) 14(2)
C4) 46(2) 63(2) 81(3) 11(2) 21(2) -5(2)
C(5) 147(5) 116(4) 84(3) 25(3) 36(3) -534)
C(6) 54(2) 55(2) 57(2) 3(2) 17(2) —8(2)
C(7) 75(3) 74(3) 66(2) 14(2) 25(2) —-21(2)
C(8) 103(4) 104(4) 73(3) 22(3) 15(3) —14(3)
C9) 69(3) 88(3) 87(3) 5(2) 37(2) —-7(2)
C(10) 69(3) 114(4) 147(5) 24(4) 29(3) —6(3)
c11n 43(2) 42(2) 49(2) 2(1) 14(1) 1(1)
C(12) 55(2) 44(2) 103(3) 8(2) 6(2) 4(2)
C(13) 73(3) 72(3) 107(4) 34(3) —-5(2) —6(2)
C(14) 66(2) 65(2) 68(2) —6(2) 2(2) -10(2)
Cc15) 136(5) 121(5) 69(3) —5(3) 25(3) ~22(4)
C(16) 48(2) 42(2) 44(2) 12(1) 4(1) -0(1)
Cc(17 73(2) 50(2) 51(2) 12(2) -3(2) —-11(2)
C(18) 100(4) 63(3) 117(4) 14(3) 12(3) 9(2)
ca9) 81(3) 63(2) 50(2) 18(2) -13(2) —-13(2)
C(20) 80(3) 113(4) 89(3) 39(3) —25(3) 1(3)
C(21) 38(2) 44(2) 49(2) (1) 8(1) 4(1)
C(22) 55(2) 40(2) 69(2) 13(2) 6(2) 6(1)
C(23) 85(3) 82(3) 89(3) 36(2) 28(2) 3(2)
C(24) 59(2) 49(2) 71(2) 6(2) -3(2) —4(2)
C(25) 100(4) 97(4) 86(3) —28(3) -3(3) 17(3)
C(26) 46(2) 4002) 48(2) 10(1) 2(1) 0o(1)
C(227) 57(2) 97(3) 90(3) 49(3) —4(2) 12(2)
C(28) 102(4) 125(4) 63(3) 40(3) —13(2) -5(3)
C(29) 43(2) 84(3) 94(3) 32(2) 8(2) 13(2)
C(30) 98(4) 90(3) 133(5) 34(3) 50(3) 42(3)

3The anisotropic temperature factor exponent takes the form: exp[—21r2(Uuh2a"‘2 + Unkzb"‘2 + U33Izc"‘2 + 2U23k1b*c' +
2Uy3hla®c* + 2U,hka*p™)].

whose apical positions are occupied by sulfide atoms remaining two dithiocarbamate ligands lie in the
S(1,8) and atoms S(7,14) from dithiocarbamate equatorial plane. Ligand structural information
ligands spanning axial and equatorial sites. The is provided in Table V. The molecular configuration



Structure of NbS(5,CNEt, ) 3

Fig. 3. Views showing the orientation of the Nb=S$ group of
the two independent NbS(S,CNEt;); molecules with respect
to the least-squares planes S(2—6) and S(9-13) (top), and
Nb(1)S(1,6,7) and Nb(2)S(8,13,14) (bottom).
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is the same in essential details as those of other struc-
turally characterized members of the seven-coordi-
nate series [MX(S;CNR;)3]%*". This extensive series
includes TI(SZCNEtz):.)Cl [12] , VO(SchEt2)3 [13] ,
MO(NO)(SzCN(n'BU)z):.) [14] , [M()O(SzChIEtz)g)]+
[15], MO(SH)(SzCNEtz)g [16], [MO(NzPhEt)(Sz-
CN(CH,);5)3]" [17], Re(COXS:CNEt,); [18], Ru-
CI(S,CNEt,); [19], Rul(S,CNMe;); [20], and,
most pertinent to the present work, NbO(S;CNEt,);
[13] and TaS(S,CNEt,); [21]. The MoN(S,CNEt;);3
portions of [Mo3N,(S;CNEt;)g]%* [22] and either
MoO(S,CNEt;); fragment of the p-oxo complex
[Mo,0(S,CNEt,)6]” [23] also have distorted PBP
structures, as do Mo(SO;)(S,CNEt,); [24] and
Ta(Sz)(82CNEt2)3 [25] if the n2-802 and nz'SZ
ligands are approximated as unidentate. Kepert’s
stereochemical model accommodates this configura-
tion as a potential energy minimum [26]. In view
of this treatment and the useful analysis of TaS-
(S,CNEt,); by Peterson et al. [21], a brief descrip-
tion of the structure of NbS(S,CNEt,); is provided.

TABLE IV. Interatomic Distances (&) and Angles (deg) for the NbS,; Coordination Sphere of NbS(S,CNEt;)3.

Nb(1)-8(1) 2.168(1)
Nb(1)-S(2) 2.594(1)
Nb(1)-8(3) 2.562(1)
Nb(1)-5(4) 2.549(1)
Nb(1)-S(5) 2.587(1)
Nb(1)-S8(6) 2.554(1)
Nb(1)-8(7) 2.716Q1)
S(1)-Nb(1)-S8(7) 157.5(1)
S(1)—Nb(1)-S(6) 90.9(1)
S(1)-Nb(1)-S8(2) 94.4(1)
S(1)—Nb(1)-8(5) 94.1(1)
S(1)—Nb(1)-S(3) 104.0(1)
S(1)—-Nb(1)-5(4) 105.1(1)
§(2)—Nb(1)-S(3) 66.8(1)
8(4)-Nb(1)-5(5) 67.1(1)
S(6)-Nb(1)-S8(7) 66.7(1)
S(3)-Nb(1)-S(4) 70.6(1)
S(2)—Nb(1)-8(6) 76.2(1)
S(5)—Nb(1)-S(6) 75.8(1)
S(2)-Nb(1)-S(5) 150.8(1)
8(2)—Nb(1)-5(4) 136.3(1)
S(3)—Nb(1)—-S8(5) 137.1(1)
S$(3)—Nb(1)-S(6) 140.8(1)
S(4)—Nb(1)-S(6) 140.3(1)
8(2)-Nb(1)-8(7) 79.8(1)
S(5)—-Nb(1)-S(7) 81.8(1)
S(3)—-Nb(1)-S(7) 93.7(1)
S(4)—Nb(1)-8(7) 93.6(1)

Nb(2)-S(8) 2.122(1)
Nb(2)-S(9) 2.595(1)
Nb(2)-S(10) 2.556(1)
Nb(2)-S(11) 2.556(1)
Nb(2)-S(12) 2.579(1)
Nb(2)-S(13) 2.558(1)
Nb(2)—S(14) 2.697(1)
S(8)~Nb(2)-S(14) 158.6(1)
S(8)-Nb(2)—-S(13) 91.3(1)
S(8)—Nb(2)-S(9) 91.6(1)
S(8)-Nb(2)-S(12) 93.8(1)
S(8)—Nb(2)—S(10) 105.11)
S(8)~Nb(2)--S(11) 105.8(1)
$(9)—Nb(2)—-S(10) 67.3(1)
S(11)~Nb(2)-S(12) 67.6(1)
S(13)-Nb(2)—S(14) 67.4(1)
S(10)—Nb(2)-S(11) 71.5(1)
S(9)—Nb(2)~-S(13) 76.7(1)
S(12)-Nb(2)-S(13) 73.9Q1)
S(9)—Nb(2)—S(12) 150.2(1)
S(9)-Nb(2)-S(11) 138.2(1)
S(10)—Nb(2)-S(12) 138.3(1)
S(10)—Nb(2)-S(13) 140.4(1)
S(11)~Nb(2)-S(13) 138.5(1)
S(9)~-Nb(2)—-S(14) 81.7(1)
S(12)~Nb(2)—S(14) 82.7(1)
S(10)—-Nb(2)—S(14) 91.1Q1)
S(11)-Nb(2)~S(14) 92.4(1)
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TABLE V. Selected Interatomic Distances (A) and Angles (deg) for the SCNEt, Ligands of NbS(S;CNEt;);3.

C(1)-S8(2) 1.710(3)
C(1)-S(3) 1.721(3)
C(6)—S(4) 1.718(4)
C(6)-S(5) 1.714(4)
C(11)-S(6) 1.734(3)
C(11)-S(7) 1.707(3)
N()-Cc) 1.317(4)
N()-C(2) 1.486(5)
N(1)-C(4) 1.466(5)
N(2)—-C(6) 1.316(5)
NQ@)-C(7) 1.474(6)
N(2)-C(9) 1.469(5)
N@3)-C(1) 1.317(4)
N(3)-C(12) 1.486(5)
N@3)-CU14) 1.468(5)
C(2)-C(3) 1.513(6)
C(4)—-C(5) 1.479(6)
C(7)-C(8) 1.493(6)
C(9)-C(10) 1.512(6)
C(12)—C(13) 1.513(7)
C(14)-C(15) 1.508(6)
Nb(1)-S(2)-C(1) 90.4(1)
Nb(1)—S(3)-C(1) 91.2(1)
Nb(1)-S(4)-C(6) 91.2(1)
Nb(1)—S(5)-C(6) 89.9(1)
Nb(1)-S(6)~C(11) 91.6(1)
Nb(1)-S(7)-C(11) 86.9(1)
S(2)-C(1)-S(3) 111.6(2)
S(4)—C(6)—S(5) 111.7(2)
S(6)-C(11)-S(7) 114.8(2)
S(2)-C(1)-N() 124.8(3)
S(3)~C(1)~N(1) 123.5(3)
S(4)—C(6)—N(2) 123.0(3)
S(5)—-C(6)—N(2) 125.2(3)
S(6)—C(11)—N(3) 120.8(3)
S(7)—C(11)-N(3) 124.4(2)

C(16)-S(9) 1.712(3)
C(16)—S(10) 1.727(3)
C(21)-S(11) 1.732(3)
CcC2D-812) 1.703(3)
C(26)-8(13) 1.736(3)
C(26)-S(14) 1.702(3)
N(4)-C(16) 1.311(4)
N@)—-C(17) 1.481(5)
N4)-C(19) 1.472(5)
N(5)-C(21) 1.324(4)
N(5)-C(22) 1.469(5)
N(5)-C(24) 1.465(4)
N(6)—-C(26) 1.322(4)
N(6)-C(27) 1.456(6)
N(6)-C(29) 1.481(5)
C(17)—-C(18) 1.492(6)
C(19)-C(20) 1.496(6)
C(22)~C(23) 1.501(6)
C(24)-C(25) 1.493(6)
C(27)-C(28) 1.494(6)
C(29)-C(30) 1.509(6)
Nb(2)—S(9)-C(16) 89.6(1)
Nb(2)-S(10)-C(16) 90.6(1)
Nb(2)-S(11)-C(21) 90.0(1)
Nb(2)—S(12)-C(21) 89.8(1)
Nb(2)—S(13)—C(26) 90.1(1)
Nb(2)—-S(14)—C(26) 86.3(1)
S(9—-C(16)—S(10) 112.12)
S(11)-C(21)-S(12) 112.5(2)
$(13)—C(26)—S(14) 116.1(2)
S(9)—C(16)—N(4) 125.0(3)
S(10)—-C(16)—N(4) 122.93)
S(11)—-C(21)—N(5) 1122.7(3)
S(12)—-C(21)-N(5) 124.8(2)
S(13)--C(26)—-N(6) 120.1(3)
S(14)—C(26)—N(6) 123.8(3)

The MS, coordination units are set out in detail
in Fig. 3 and are further defined by the atom devia-
tions from and dihedral angles between the least-
squares planes in Table VI. The two nearly perfect
planes 2 and 7, containing the chelate rings spanning
axial and equatorial sites, behave as quasi-mirror
planes across which the equatorial ligands are nearly
symmetrically disposed. Equatorial bond angles
deviate somewhat from the 72° value of a perfect
PBP. For the equatorial ligands of the two mole-
cules, the bite angles (66.8(1)—67.6(1)°) and S+++S
bite distances (2.839(2)-2.857(2) A) fall into nar-

row ranges. Distances between equatorial sulfur
atoms not in the same chelate ring, e.g., S(3)---
S(4) = 2.954(2) A, S(2)---S(6) = 3.177(2) A, and
S(5):+-S(6) = 3.159(2) A, are larger than the bite
distances. Atoms deviate significantly from the
equatorial planes, the extremes being —0.064 (S(6))
to +0.069 A (S(5)) in plane 1 and —0.123 (S(13))
to +0.111 (S(9)) in plane 2. Bond lengths in these
planes average to 2.569(20) A and 2.569(18) A,
respectively.

Another clear deviation from regular PBP
geometry is found in the axial bond angles S(1)—
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TABLE VI. Dihedral Angles (deg) between and Atom Posi-
tion Deviations (&) from Selected Unweighted Least-Squares
Planes of NbS(S,CNEt,)3.

Plane Deviation® (+) Angle
1.8(2-6) 0.045(26) 1/2 904
2.Nb(1)8(1,6,7) 0.009(5) 1/3  90.6
3.Nb(1)8(1,6,7)C(11) 0.017(9) 1/4 8.3
4.Nb(1)S(2,3)C(1) 0.004(1) 1/5 8.4
5.Nb(1)S(4,5)C(6) 0.014(5) 1/6 90.2
6.5(9-13) 0.085(39) 2/3 0.6
7.Nb(2)S(8,13,14) 0.018(9) 6/7 90.0
8.Nb(2)S(8,13,14)C(26) 0.025(9) 6/8 90.2
9.Nb(2)S(9,10)C(16) 0.043(13) 6/9 7.1

10.Nb(2)S(11,12)C(21) 0.014(4) 6/10 7.8

7/8 0.6

8Mean value for all atoms in the plane; standard deviation
from the mean is given in parentheses.

Nb(1)-8(7) = 157.5(1)° and S(8)—Nb(2)-S(14) =
158.6(1)°. This feature and the nonplanarity of the
equatorial sulfur atoms leads to the large range in
angles S(1)-Nb(1)-S(2—6) = 90.9(1)-105.1(1F
and S(8)-Nb(2)-S(9-13) = 91.3(1)-105.8(1)".
Atoms Nb(1) and Nb(2) are displaced by 0.33 A
from their equatorial least-squares planes in the direc-
tion of the terminal sulfide ligands. The distances
to these ligands, Nb(1)-S(1) = 2.168(1) A and
Nb(2)-S(8) = 2.122(1) A, are short and are experi-
mentally distinguishable. As expected, the bonds
opposite S(1,8) are lengthened by the usual trans
influence of multiply bonded terminal ligands. Rela-
tive to mean equatorial bond lengths, bond elonga-
tions are 0.15 A for Nb(1)-S(7) and 0.13 A for
Nb(2)--S(14).

Comparison of the metric data in Tables IV and
V reveals that, excluding the Nb=S groups, corres-
ponding values for the two inequivalent molecules
of NbS(S,CNEt,); differ at most by 0.02 A and 3°,
and usually by less. The molecules appear to be
significantly distinguished only by the orientations
of the ethyl groups (Fig. 2). In the Nb(1) mole-
cule the two equatorial ligands have syn and anti
arrangements at N(1) and N(2), respectively. In
the Nb(2) molecule an anti orientation obtains at
both N(4) and N(5). Ananti arrangement also occurs
in the axial-equatorial ligand of each molecule.
Neither NbO(S,CNEt,); [13] nor TaS(S,CNEt,);
[21] is isomorphous with NbS(S,CNEt,); or other-
wise crystallizes in a form with inequivalent mole-
cules; their structures (excluding the Nb=0 group)
are nearly isometric with that of the latter. These
observations underscore the unexpected result of
this investigation: the occurrence of two Nb=S§
groups whose bond lengths differ by 0.046 A in the
same molecular species, crystallographic differentia-
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tion of which appears otherwise to involve orienta-
tion of ethyl substituents at some distance from
the coordination sphere. Given that Nb(V) and Ta(V)
have identical seven-coordinate Shannon radii (0.84
A) [27], bond distances very close to 2.181(1) A
for the Ta=S group of TaS(S,CNEt,); [21] were
expected. We are unable to discern a clear origin
for the appreciable difference in Nb=S bond lengths,
or for the pairing of the longer (shorter) Nb=S dis-
tance with the longer (shorter) frans Nb—S bond.

The Nb=S bond distances of NbS(S,CNEt,),
(6) fall within the ca. 2.09-2.20 A range already
established with 15 (Fig. 1) but are more precise.
Comparable or slightly smaller distance intervals for
other M=X groups, e.g., Mo=0 [28] and Mo=S
[29], with the metal in a fixed oxidation state in
different molecules, are not unknown but a ~0.05 A
difference such as observed with 6 is not anticipated.
The larger e.s.d. values for other species in Fig. 1 tend
to obscure any structural effects on Nb=S bond
lengths. At the 3¢ level of significance five-coordinate
1 and 4, which might be expected to have the
shortest Nb=S distances and highest bond orders
owing to the absence of trans ligands, are just dis-
tinguishable but 1 and six-coordinate 2 are not.
This is reflected by the wy,=g frequencies of 536
(1) and 537 (2) cm* [6]. Values of vyp=g cover the
552483 cm™ range [2, 6, 8,9, 30—33] and show
a rough parallel with Nb=S distances. The highest
value is found with 4 [8] (and NbSCl; [30]), and
the lowest with [NbgS;7]%" [9], whose bond lengths
are the longest reported. The single resolvable feature
of 6, at 493 cm™’ (also reported at 502 cm™ [31}),
falls near the lower end of the scale. Extended
Hiickel calculations for 4, which from distance
and frequency results appear to have the highest
bond order, were carried out in C,, symmetry with
the Nb atom 0.057 A above the basal plane [8].
The Nb—C1 and Nb—S overlap populations are 0.37
and 0.64, respectively. The latter value is somewhat
larger than those for the axial (0.58) and equa-
torial (0.60) groups of 5, which were calculated
by the same procedure [9]. The collective results
of bond distances, stretching frequencies, and over-
lap populations demonstrate a real variability in
the multiple bond order of the Nb=S group, which,
however, will require additional structural data for
proper clarification.

Lastly, the present and other recent results provide
definition of the nature of three of the four members
of the set MX(S,CNR;); (M = Nb(V), Ta(V); X=0,
S). Pure NbS(S,CNEt;); and TaS(S,CNEt,); are
yellow [2, 21, 25], not green [31], with vp=g =
493 (Nb) [2] and 479 (Ta) cm ' [25]. The value
Vpa=s = 905 cm™" [21] is incorrect. In the Ta sys-
tem, a green component has been shown to be
Ta(S;)(S,CNEt,); [25]. Earlier preparations of
MS(S.CNEt,); were apparently contaminated with
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the n*-persulfide complexes. NbO(S,CNEt,); [13],
NbS(S;CNEt,;);, and TaS(S;CNEt,); [25] are iso-
structural. The remaining member, TaO(S;CNR3)s,
has not been reported.
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