The Tungsten—Tungsten Triple Bond

suggested previously?® that bridging through the amide ni-
trogen more readily takes place in the actinide series than in
the early d transition series because of a reduced ligand p»
to metal orbital 7 interaction in the f series. This reduction
allows the amide nitrogen atom to more easily become tet-
rahedral and act as a bridging atom. Consequently the actinide
amides may tend to oligomerize and/or be more thermally
unstable than analogous d transition compounds. The recent
report of the isolation of Zr(N(i-Pr),), by sublimation at 120
°C (107* mmHg)!! supports this suggestion since the analogous
U compound was not isolated by Jones et al.® nor by our group
to date. However, much work remains to be done on these
compounds in both f and d transition series.

Registry No. Uj;(dmed)s, 61202-81-1; U(NEt,),, 40678-59-9.

Supplementary Material Available: Listings of structure factors
and formulas used in data reduction (10 pages). Ordering information
is given on any current masthead page.
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W, (NMe,)s and W,Me,(NEt,), each react with carbon dioxide to give W,(O,CNMe,)s, I, and WyMe,(0,CNEL,),, 11,
respectively. Single-crystal x-ray structural analyses show that both I and II are dinuclear and contain tungsten to tungsten
triple bonds (W=W,, = 2.275 A) bridged by two dialkylcarbamato, O,CNR,, ligands. Crystal parameters are as follows:
W,(0,CNMe,)q, PT, 2= 12018 2) A, b =16.516 (4) A, c = 11.630 (3) A, a = 111.09 (2)°, 8 = 107.26 (2)°, v = 91.00
(2)°, Z = 2; R, = 0.073; for W,Me,(O,CNEy)y, P2;/c, a = 16,014 (4) A, b =10.433 (4) A, c = 18.983 (5) A, 8 = 107.51
(2)°, Z = 4, R; = 0.040. In both compounds each tungsten atom is at the apex of an irregular pentagonal pyramid. The
basal vertices of each pyramid are defined by the two oxygen atoms of the bidentate nonbridging carbamato ligand (W-O,,
= 2.16 A), one oxygen atom from each of the two bridging carbamato groups (W-0,, = 2.08 A), and either an oxygen
atom from the other carbamato ligand (W—O,, = 2.07 A) in compound I or a miethyl group (W-C,, = 2.20 A) in compound
II. In compound I, the second oxygen atom from the nonbridging carbamato ligand is weakly bonded (W-O,, = 2.67
A) along an extension of the tungsten-to-tungsten triple bond. NMR studies show that, while T and 1 retain their structures
in solution, both molecules are fluxional. The low-temperature 'H NMR spectra for W,(O,CNMe,)¢ provide a slow-exchange
limiting spectrum at —60 °C, consisting of four signals of relative intensities 4:4:2:2, consistent with the structure found
in the solid state which has approximate C,, symmetry. As the temperature is raised, these four signals are seen to collapse
and eventually re-form as a sharp singlet (+70 °C) showing that all three ligands undergo rapid scrambling. The
low-temperature limiting !*C NMR spectrum (—60 °C) consists of three resonances of relative intensities 1:1:1 assignable
to the carboxylic carbons and four resonances of relative intensities 4:4:2:2 assignable to the methyl carbons. As the temperature
is raised, three processes are observed, which are, in order of increasing energy, (i) the interchange of proximal and distal
methyl groups of the unsymmetrically bonded bidentate O,CNMe, ligand, (ii) interchange of the nonbridging ligands,
and (iii) interchange of nonbridging and bridging carbamato ligands. Variable-temperature 'H NMR studies on
W,Me,(0,CNE,), indicate that at +80 °C exchange between bridging and nonbridging carbamato ligands is rapid on
the NMR time scale. '

Introduction

Tungsten, unlike its neighbors molybdenum and rhenium,
has not yet been shown conclusively to form compounds
containing metal-to-metal quadruple bonds,? despite the
existence of scores of well-characterized, quadruply bonded
compounds for molybdenum and rhenium.?* However, recent
work from our laboratories has shown that there exists an
extensive series of compounds containing tungsten-to-tungsten
triple bonds, e.g., W,(NR,)s, where R = Me? and Et,? and
Wz(NEt2)4X2, where X = C1,4 Bl',5 I,S Me,6 and CstiMe3.5
There is also the compound W,(CH,SiMe;), reported first by
Wilkinson’ and recently structurally characterized by us.® In
addition, the alkoxides W,(OR),,” where R = ¢-Bu and SiMe;,
appear to be members of a structurally related series M,L,,

where M = Mo and W and L = R (alkyl),'° NR,,!! and OR, 2
containing metal-to-metal triple bonds unsupported by bridging
ligands. In the preceding paper’® we described chlorine atom
substitution reactions involving W,Cl,(NEt,),: an extensive
chemistry of compounds of the type W,X,(NEt,), where X
is a univalent anionic ligand was implicated. The transition
metal-nitrogen bond in early transition metal dialkylamides,
M(NR,),, is known to be reactive toward a number of ex-
change and insertion reactions.!*> Thus an extension of the
dinuclear chemistry of trivalent tungsten might be anticipated
from the compounds W,(NR,)¢ and W,X,(NR,),. In this
paper we describe our characterization of W,(O,CNMe,)q,
I, and W,Me,(0O,CNEt,),, II, formed by the reactions of
carbon dioxide with W,(NMe,)s and W,Me,(NEt,),, re-
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Table 1. Positional and Anisotropic Thermal Parameters® for the Anisotropically Refined Atoms in W,[0,CN(C,H),],(CH,),
Atom X y z B, B3, B33 Bis Bis Bas
W(l) 0.82502(4) 0.30374(5) 0.099 45 (3) 0.004 96 (3) 0.007 09 (5) 0.002 54 (2) 0.00122(6) 0.00319(3) 0.00071 (5)
W(2) 0.68352(4) 0.26984(5) 0.03163(3) 0.00529(3) 0.006 73 (4) 0.002 56 (2) ~0.001 37 (6) 0.003 38 (3) ~0.000 357 (5)
O(1) 0.7849(6) 0.3502(8) 0.1905(4) 0.0063(5) 0.0087(8) 0.0028(3) 0.002(1) 0.0040(5) -0.0011 (8)
0(2) 0.6431(6) 0.3288(9  0.1206(5) 0.0057(5) 0.0115(10) 0.0032(3) -0.003(1) 0.0037(6) —0.0030(9
O(3) 0.8548(6) 0.3557(9)  0.0039(5) 0.0059(5) 0.0103(% 0.0032(3) 0.002(1) 0.0046(6) 0.0033(9
04) 0.7171(6) 0.308 5(8) —0.0634(5) 0.0050(4) 0.0100(9) 0.0031(3) -0.001(1) 0.004 3(5)  0.0015¢8)
O(5) 0.8531(7) 0.1330(9) 0.1689 (5) 0.0108(6) 0.0101(10) 0.0032(3)  0.007 (1) 0.0071(¢(6) 0.0014(9
0(6) 0.8993(7) -0.1481(9) 0.0742(5) 0.0100{6) 0.0127(10) 0.0038(3) 0.011 (D) 0.0080(6)  0.005 9 (10)
O(7) 0.6432(7) 0.1012(9) 00776(5) 0.0105(6) 0.0084(9) 0.0037(3) -0.004(1) 0.0066 (7) —0.0021 (9
O(8) 0.6839(7) 0.0875(8) -0.0214(5) 0.0103(6) 0.0064(8) 0.0043(8) -0.003(1) 0.006 8 (7) —0.0002(9)
N(1) 0.6757(8) 0.416() 0.2353(6) 0.0077(7) 0.010(1) 0.0035(4) 0003(2) 0.0056(8)  0.001 (1)
N(2) 0.8139(8)  0.388(1) —0.1181(6) 0.0070(6) 0.009 (1) 0.0029(3) 0.003(1) 0.004 5 (7)  0.002 (1)
N(3) 09209 (11) —-0.040 (1) 0.1382(8) 0.0227(11) 0.017 (2) 0.0055(5)  0.025 (2) 0.016 2(10) 0.008 (1)
N(4) 0.6433(11) -0.098 (1) 0.0241(7) 0.0195 (11 0.007 (1) 0.0051(5) -0.009(2) 0.0111(11) 0.001 (1)
Cy 07025  0.363 (1) 0.179 7 (6) 0.0074(7) 0.007 (1) 0.0025(3) 0.001(2) 0.006 5(7)  0.000 (1)
C(2) 0.7933(®  0.350(D) -0.0581(6) 0.0063(7) 0.007 (1) 0.0020(4)  0.004(2) 0.0032(8)  0.002 (1)
C(3) 0.892510) 0.081 () 0.126 9 (8) 0.0084 (%) 0.013(2) 0.0037(5)  0.009(2) 0.005 2 (11) 0.003 (2)
C4) 0.6575(11) 0.029(1) 0.0272 (9 0.0081 (10) 0.010(2) 0.005 4 (7) -0.005(2) 0.002 7 (13) ~0.002 (2)
C(5) 0.8399(10) 0.515(D) 0.1071(8) 0.0074(9 0.008 (1) 0.0041(5) =-0.003(2) 0.004 6 (10) —0.002 (1)
C(6) 0.6253(9) 0457 (1) —~0.0037(9) 0.0043(7) 0.009 (1) 0.0055(6)  0.000(2) 0.003 6 (10) 0.000 (2)

@ Figures in parentheses are the estimated standard deviations in the least significant figures. The form of the anisotropic thermal param-

eter is exp[— (8, 7% + B, k% + B3l + 8,0k + B Al + 8,,kD).

Figure 1. Drawing of the W,;Me,(0,CNEt,), molecule, II. The
atom-numbering scheme is defined. Each atom is represented by a
thermal vibration ellipsoid enclosing 50% of its electron density.
Hydrogen atoms are omitted and only one of the two orientations of
each of the disordered ethyl groups is shown.

spectively., The tungsten-to-tungsten triple bond is maintained
in the reaction products. A preliminary report of this work
has been published.*
Results and Discussion

Syntheses. The preparation of W,(O,CNMe,),, I, and
W,Me,(0,CNEt,),, II, from the reaction between carbon

Figure 2. Stercoview of the WiMe2(O2CNEt;)4 molecule, 11

dioxide and W,(NMe,); and W,;Me,(NEt,),, respectively, has
been described in detail elsewhere.!” The mechanism of the
carbon dioxide insertion reaction involving mononuclear early
transition metal dialkylamides, M(NR,), + nCO, — M-
(0,CNR,),, was also studied and was shown to involve ca-
talysis by the fortuitous presence of amine in solutions of
M(NR;,), according to the sequence

HNR, + CO, = HOOCNR,
M-NR, + HOOCNR ,~ MO,CNR, + HNR,

(1)
(1b)

In the absence of HNEt,, W,Me,(NEt,), did not react with
CO,.'% It is also interesting to note that the weak acid
Et,NCOOH attacks preferentially, if not exclusively, the
tungsten—nitrogen bond. The reaction W-Me + HOOCNEL,
— WO,CNEt, + CH, would quench the catalytic cycle (1).

Structural Results. W,(0,CNEt,);Me,. The crystal is
composed of discrete molecules. All atoms of the molecule
occupy positions of general crystallographic symmetry in space
group P2,/c and there is no crystallographic symmetry im-
posed on the molecules. However, each molecule has ap-
proximate C,, symmetry if the orientations of the ethyl groups
are ignored.

A perspective drawing of the molecule along with the
atom-labeling scheme is shown in Figure 1. A stereoview of
a single molecule is shown in Figure 2. A listing of atomic
coordinates and thermal parameters for those atoms refined
anisotropically is given in Table I, while Table II contains the
atomic coordinates and the refined isotropic thermal pa-
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Table II. Positional and Isotropic Thermal Parameters? for the
Isotropically Refined Atoms in W,[O,CN(C,H,],(CH,),

Atom X y z Biso, A?
C(1,1) 0.5780(11) 0.438(2) 0.2248(10) 7.2(5)
C(1,2) 0.5472(14) 0.327(2) 0.2657(13) 9.7 (6)
C(1,3) 0.7434 (10) 0.456 (1) 0.3039 (9) 5.5(3)
C(14) 0.7727(12) 0.594(2) 0.2999(10) 7.4(5)

C2,1) 0.9012 (10) 0.442(1) -0.1112(9) 5.4(3)
C(2,2) 09096 (12) 0.582(2) -0.0861(10) 7.0(4)
C(2,3) 0.7432 (9) 0.388 (1) —0.1932(8) 4.9 (3)
C(24) 0.6884(13) 0.506 (2) ~0.2045(12) 8.8(6)
C(3,1) 0.8885(13) -0.131(2) -0.1925(11) 8.4(5)
C(3,2) 0.9712(16) —-0.170(3) 0.2433(14) 11.0(D
C(3,3) 0.9393(18) —0.106(3) 0.0749(15) 4.7 (6)
C(34) 1.0306 (28) —0.098 (4) 0.0867 (24) 9.7(12)
C(3,5) 0.9986 (21) —-0.078 (3) 0.0947 (18) 5.8(8)
C(3,6) 09227 (27) -0.147 (4) 0.0359(224) 9.001)
C(4,1) 0.6738(13) -0.175(2) -0.0338(11) 8.1(5)
C4,2) 0.5889 (17) -0.186(3) -0.0953(15) 12.1(8)
C4,3) 0.6421 (21) -0.169 (3) 0.0942(18) 59(7)
C44) 05558 (28) ~0.200(4) 0.0749(25) 9.3(12)

C4,5) 0.5688(20) -0.137(3) 0.0739(117) 5.6(7)
C(4,6) 0.6279 (24) -0.229(4) 0.1286(22) 719

@ Figures in parentheses are the estimated standard deviations in
the least significant figures.

Table I1I. Bond Distances® (A) within W,[Q,CN(C H),],(CH,),

WA-WR)  2272(1) N 1.53¢)
W()-0(1)  2.074 (9) N(2)£8’3 }'22 g;
0(3) 2080 () ey 8e
06)  21810) Ny 631 15602)
0(6) 2150 (9) DI v
<GS) 2216 (13) 53 8Y
w@-oR) 20060 0 1)
gg% 2 Eg; C(43) 1534
0®) 2154 (9) (4.5 1.78 (4)
L) 2185(13)  CA,DCA2) 156 (3)
CLH-CA 152 (2)
‘WLH  1RG  cen<ey 153Q)
ND 1hS C2HCEH 149 (2)
28 1o C(33)-C(34) 141 (6)
No) 1 C35)-C(3.6) 156 (6)
CHOEH 1385 CA1C@E2)  151(3)
oG 136 C43)-C(44)  1.36 (6)
NG 1sag c@s<@s 15205
C4)-0()  1292)

-0(8) 1.28 (2)
-N(4) 1.34 (2)

% Figures in parentheses are the estimated standard deviations of
the least significant figures.

rameters for the ethyl carbon atoms. The bond distances and
bond angles for W,(O,CNEt,),Me, are given in Tables III
and IV, respectively. Some pertinent molecular planes are
described in Table V.

The only unusual feature within the molecule is the disorder
observed for two of the ethyl groups, one bonded to N(3) and
the other to N(4). For each of the nonbridging bidentate
carbamate ligands one of the two ethyl groups is disordered
(50:50) in such a way that the dihedral angle between
N(3)-C(3,1)-C(3,3) and N(3)-C(3,1)-C(3,5) is 37.1° and
the angle between the planes N(4)-C(4,1)-C(4,3) and
N(4)-C(4,1)-C(4,5) is 46.2° (see Table V). No unusual short
intermolecular contacts were observed.

Figure 3 shows just the central skeleton of the molecule and
is helpful in examining the coordination about the metal atoms.
The virtual C,, symmetry is quite obvious in this represent-
ation. One symmetry plane contains C(3), C(4), W(1), W(2),
C(5), and C(6), while the other contains C(1) and C(2) and
is perpendicular to the W(1)-W(2) bond. The W-O bond
lengths fall into two groups. For oxygen atoms belonging to

Inorganic Chemistry, Vol. 16, No. 3, 1977 605

Table IV. Bond Angles® (deg) within W,[{O,CN(C,H,],(CH,),
W(2)-W(1)-0(1) 90.2 (3) C)-0(1)-W(1) 116.9 (8)
-0(3) 89.9 (3) -0(2)-W(2) 117.5 (8)
-0(5) 102.8(3) C(2)-0(3)-W(1) 118.1 (9)
-0(6) 106.3(3) -0(4)-W(2) 119.5 (8)
-C(5) 105.1 (4) C(3)-0(5)-W(1) 91.0 (8)
W(I)-W2)-0(2)  89.7 (3) -0(6)-W(1) 93.1(9)
-0(4) 89.3(3) C(#4)-O(7)-W(2) 92.0 (9)
-0(7)  105.5(3) -0(8)-W(2) 92.1(9)
-0(8) 105.1(3) 0(1)-C(1)-0(2) 125 (1)
- =C(6) 107.2 (4) 0(3)-C(2)-0(4) 123 (1)
0(1)-W(1)-0(3)  151.0(3) O(5)-C(3)-0(6) 116 (1)
-0(5)  75.3(3)  O(1)-C(4)~0(8) 115 (D
-0(6)  1339(3)
-C(5) 76.5 (4) N(I)C(l)ggg Hg 8;
0(3)-W(1)-0(5) 132.8 (3) N(2)-C(2)-0(3) 117 (1)
8RS sy mo
e T NG R
8 (5)
0(6)-W(D)-C(5)  135.2(5) N(4)_C(4)£g; i%g 8;
o<z)-w<2>-8<47t) 1% 3 <j> N()-C(1,1)-C(1,2) 101 (2)
:oggg 1532 §4; o €23)-Cd) 112D
e 270 s N(2)-C(2,1)-C(2,2) 112(1)
CWNDOM  146B \ G LoD 101 (1)
: -€(3,3-C(34) 107 (4)

-C(6) 75.9 (5) C(3,5)-C(3,6) 86 (4)

o<7)-W(2)—_8(<g)) 1?% 8; N@4)-C(4,1)-C(4,2) 101 (2)
0@®)-W(2)-C(6)  135.1 (5) fﬁi?iﬁﬁi‘éi g?/ 8;
aie: = i TS
coNo<2y 121() C@DNDCRYH 120 (1)
, C(3,1)-N(3)-C(3,3) 115(2)
€(2,3) 119Q) €(3,5) 126 (2)
CONDLCAL 1200 (55 N3 5335 33 ()
€G3 TQ) N NGCGs) 117 ()
€35 113(2) €45 131)
CONDLCAD  1TQ) 045 NC@s) 40 ()
€(4,3) 1192 ’ ’ (
C@45) 110 (2)

@ Figures in parentheses are the estimated standard deviations in
the least significant figures.

Figure 3. Central skeleton of the W,Me,(O,CNEt,), molecule.

bridging O,CNEt, groups, the distances are shorter, ranging
from 2.072 to 2.080 A, with an average value of 2.075 % 0.003
A. The other four W~O distances are appreciably longer,
ranging from 2,148 to 2.181 A, with an average value of 2.158
+ 0.011 A. This difference of ca. 0.08 A is probably at-
tributable to the fact that the oxygen atoms of the bridging
carbamato groups can form bonds to the tungsten atoms along
very favorable directions whereas the formation of four-
membered rings by the nonbridging carbamato ligands leads
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Table V. Unit-Weighted Mean Planes® for W,{0,CN(C,H,),,(CH,),

Chisholm, Cotton, Extine, and Stults

Equation of mean plane

Plane Atoms in plane A B C D
I O(1)-0(2)-C(1)-N(1)-C(1,1)~C(1,3) 0.1676 0.9057 -0.3893 3.8768
11 0(3)-0(4)-C(2)-N(2)-C(2,1)~C(2,3) 0.3557 -0.9223 -0.1509 1.4281
111 0(5)-0(6)-C(3)-N(3) —0.7388 -0.3372 —0.5835 ~-11.6364
v O(7)-0(8)-C(4)~-N4) -0.8136 0.1425 -0.5637 -8.6644
\% W()-W(2)-0(1)-0(2) 0.0458 0.9559 -0.2902 3.0512
VI W(1)-W(2)-0(3)-04) 0.2791 -0.9559 -0.0919 0.2976
VIL N(3)-C(3,1)C(3,3) -0.5075 -0.3652 -0.7804 -8.8843
VIl N(3)-C(3,1)-C(3,9) -0.8197 0.1421 -0.5548 -12.8895
IX N(4)C4,1)<C4,3) —0.8496 -0.2801 —0.4470 -8.5457
X N@#)-C(4,1)C4.9 -0.5560 0.3892 -0.7344 -6.3681
Displacement of Atoms from Mean Plane, A
Plane I o(l) 0.015 Plane II 0(3) 0.000
0Q) -0.009 o) -0.010
C() —-0.002 C2) 0.001
N(1) -0.015 N(2) 0.036
C(1,1) 0.016 C(,) -0.017
C(1,2) ~0.005 C(2,2) —0.009
Plane 111 0(s) 0.005 Plane IV o) 0.004
0(6) 0.005 0(8) 0.004
C(3) ~0.015 C4) -0.011
N(@3) 0.005 N(4) 0.004
Plane V W(1) -0.034 Plane VI w() -0.037
W(2) 0.034 W(2) 0.037
o) -0.034 0(3) -0.037
0Q) 0.034 0@ 0.037
Dihedral Angles between Planes, Deg
I-11 135.8 I-v 9.5
V-VI 137.5 II-VI 58
VII-VIII 37.1 IX-X 46.2

% The equation for the plane is of the form: 4x + By +Cz—-D=0.

to strain and hence weakening of the W-QO bonds.

The W-C distances, with a mean value of 2.201 £ 0.015
A, are slightly longer than those previously found in W,-
(NEt,) ,Me,® (2.17 E) and W,(CH,SiMe,)& (2.14 A), a result
probably attributable to the higher coordination number of
the metal atom in the present case,

The W-W-0 angles also vary depending on whether the
O atom belongs to a bridging or nonbridging carbamato group.
For those involving the bridging groups, the angles average
89.8 &+ 0.3°, while the other four angles average 104.9 £ 0.8°,
The W-W-C angles average 106.1 £ 0.6°. Thus, the set of
five ligand atoms about each tungsten atom deviate consid-
erably from coplanarity.

As expected, the O~W-O angles subtended by the pairs of
oxygen atoms belonging to the nonbridging carbamate ligands
are relatively small, 60.0 & 0.6°, whereas the other O-W-0O
and O-W-C angles are approximately 75°.

The W-W distance, 2.272 (1) A, is typical of those found
in related compounds containing the W—W triple bond. These
others range from 2.254 A in W,(CH,SiMe;)¢® to 2.301 A
in WzClQ(NEt2)4.4

The angle between the planes defined by the W—W bond
and each of the pairs of oxygen atoms of bridging carbamato
groups, planes V and VI in Table V, is 137.5°,

W,(0,CNMe,)C;Hz. This crystalline compound is
composed of discrete molecules but contains in addition one
toluene molecule (C,Hjy), as solvent of crystallization, for each
ditungsten molecule. Again, while there is no imposed
crystallographic symmetry, the molecule has virtual C,,
symmetry.

A perspective drawing of the molecule showing the
atom-labeling scheme as well as the labeling scheme for the
toluene molecule is shown in Figure 4. A stereoscopic drawing
is presented in Figure 5. The refined positional and thermal
parameters for all atoms are given in Table VI. The bond
distances are reported in Table VII and the bond angles are

Figure 4. Drawing of the W3(03CNMe;)s molecule, I. The
atom-numbering scheme is defined. Each atom is represented by a
thermal vibration ellipsoid enclosing 50% of its electron density.
Hydrogen atoms are omitted. Also shown is the molecule of toluene
of crystallization with its numbering scheme defined.

given in Table VIII. Pertinent least-squares mean planes are
given in Table IX. Again, no short intermolecular contacts
were observed.,

Figure 6 presents a view of the central skeleton of the
molecule and facilitates inspection of the coordination ge-
ometry. It is apparent that the general arrangement is nearly
identical with that in W,(O,CNEt,),Me,, except that the two
methyl groups are here replaced by oxygen atoms from two
additional carbamate ligands. The W-O distances to the
latter, averaging 2.065 £ 0.015 A, are similar to the W-O
distances involving the bridging carbamates, 2.08 & 0.03 A,
and shorter than those to oxygen atoms of the nonbridging
carbamates, 2.16 & 0.015 A. The W-W distance here, 2.279
A, is very similar to that, 2.272 A, in the dimethyl compound.
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Figure 5. Stereoview of the W2(0O,CNMe;)¢ molecule, I, and its accompanying toluene of crystallization.

Table VI. Refined Positional and Thermal Parameters® for W (O ,CNMe ),

Atom X y z By B2 B33 Bia Bia Bas
w(1) 0.23707(9) 0.29861(7) 0.27833(9) 0.00612(8) 0.00481(5) 0.00909(9) 0.0009 (1) 0.0033(1) 0.007 26 (9
Ww(2) 0.071 78 (8) 0.30068 (7) 0.12073 (9) 0.004 94 (8) 0.004 61 (4) 0.00988(9) 0.0010(1) 0.0040 (1) 0.006 94 (9)
o 0.289 (1) 0.206 (1) 0.130 (2) 0.007 (1) 0.0038(8) 0.011(2) 0.002 (2) 0.004 (3) 0.003(2)
0(2) 0.129 (1) 0.210 (1) -0.015 (2) 0.007 (1) 0.0057(9) 0.011(2) -0.001 (2) 0.001 (3) 0.004 (2)
0(3) 0.146 (2) 0.333 (1) 0.411 (2) 0.010 (2) 0.006 9 (10)- 0.010 (2) 0.001 (2) 0.009 (2) 0.006(2)
0@4) -0.015(1) 0.339 (1) 0.260 (1) 0.010 (1) 0.0078 (9) 0.011 (1) 0.003 (2) 0.015(2) 0.012(2)
0(5) 0.285 (1) 0.436 (1) 0.396 (2) 0.006 (1) 0.0059(9) 0.013(2) —-0.001 (2) 0.007 (2) 0.005 (2)
0O(6) 0.373 (1) 0.375 (1) 0.255 (1) 0.008 (1) 0.0068(8) 0.012(1) -0.001 (2) 0.005 (2) 0.014 (1)
o 0.191 (2) 0.179 (1) 0.285(2) 0.011 (2) 0.004 4 (7) 0.014(2) -0.001 (2) 0.009 (3) 0.009 (2)
0O(8) 0.368 (2) 0.216 (1) 0.420 (2) 0.013 (2) 0.0066(9) 0.014 (2) 0.003 (2) 0.002 (3) 0.012(2)
09) 0.071 (1) 0.441 (1) 0.176 (2) 0.009 (2) 0.0022(6) 0.013(2) 0.001 (2) 0.004 (3) 0.004 (2)
0(10) 0:138 (1) 0.367 (1) 0.022 (2) 0.008 (1y 0.0053(8) 0.013(2) 0.003 (2) 0.009 (2) 0.008 (2)
0O(11) -0.018 (2) 0.184 (1) 0.088 (2) 0.009 (2) 0.0060(9) 0.012(2) 0.003 (2) 0.007 (3) 0.008 (2)
0(12) -0.142 (2) 0.236 (1) —0.047 (2) 0.007 (2) 0.008 5 (12) 0.015(2) —-0.003 (2) 0.000 (3) 0.006 (3)
N(1) 0.264 (2) 0.128 (1) -0.074 (2) 0.009 (2) 0.004 7 (10) 0.016 (3) 0.002 (2) 0.008 (4) 0.007 (2)
N@2) -0.012() 0.381 (2) 0.464 (2) 0.012 (2) 0.007 7 (14) 0.017 (3) 0.001 (3) 0.010 (4) 0.010(3)
N(3) 0.423 (2) 0.520 (1) 0.367 (2) 0.009 (2) 0.004 7 (10). 0.012 (2) 0.001 (2) 0.003 (4) 0.005 (2)
N(4) 0.264 (3) 0.098 (2) 0.394 (2) 0.015 (3) 0.006 5 (11) 0.020 (3) 0.001 (3) 0.003(5) 0.015(2)
N(5) 0.149 (2) 0.517 (1) 0.086 (2) 0.008 (2) 0.0043(9) 0.012(2) 0.001 (2) 0.007 (3) 0.008 (2)
N() —0.191(2) 0.099 (2) —0.043 (3) 0.005 (2) 0.008 6 (15) 0.021 (3) —-0.001 (3) 0.006 (4) 0.009 (3)
C(1) 0.226 (2) 0.184 (2) 0.019 (2) 0.004 (2) 0.0050(12) 0.009(2) -0.000 (3) 0.002(3) 0.004(3)
C(2) 0.039 (2) 0.351 (2) 0.374 (2) 0.013(2) 0.004 7 (13) 0.010(2) 0.003 (3) 0.018 (3) 0.003 (3)
C(3) 0.357 (3) 0.443 (1) 0.341 (2) 0.012 (3) 0.0015(9 0.010(3) 0.001 (3) -~-0.010(5) 0.000(3)
C4) 0.279 (2) 0.166 (2) 0.369 (2) 0.008 (2) 0.0050(11) 0.014(2) -0.001 (3) -0.003(4) 0.012(2)
C(5) 0.122 (2) 0.445 (2) 0.093(2) 0.005 (2) 0.007 7 (12) 0.012(2) 0.002 (2) 0.009 (3) 0.014(2)
C6) -—0.118(2) 0.175 (2) -0.005 (3) 0.005 (2) 0.006 2 (14) 0.013(3) 0.002 (3) 0.002 (4) 0.006 (3)
Atom X ¥y z B, A? Atom x y z B, A?
C(1,1) 0.194 (3) 0.100 (2) -0.213(3) 7.2(9) C(6,1) -0.162 (3) 0.028 (2) 0.009 (3) 6.8 (8)
C(1,2) 0.382 (3) 0.102 (2) -0.044 (3) 7.2(9) C(6,2) —-0.312 (3) 0.078 (2) -0.140 (4) 8.7(11)
C@2,1) -0.135 (3) 0.398 (2) 0.435(3) 7.509) C(10) 0471 (4) 0.689 (3) 0.026 (4) 9.1(1D
C(2,2) 0.054 (4) —-0.604 (3) 0.603 (4) 9.7 (12) C(11) 0431 (3) 0.714 (2) 0.150 (3) 7.0(9)
C(3,1) 0.404 (3) 0.595 (2) 0.450 (3) 58 C(12) 0.522 (3) 0.726 (2) 0.258 (3) 7.1 (9)
C(3,2) 0.506 (3) 0.523(2) 0.296 (3) 6.6 (8) C(13) 0.643(4) 0722 (3) 0.279 (4) 11.1 (14)
C@4,1) 0.364 (4) 0.069 (3) 0.479 (4) 8.7(11) CU14 0.674 (4)  0.696 (3) 0.159 (4) 8.8(11)
C@4,2) 0.152 (3) 0.042 (2) 0.342 (3) 8.4 (10) C(15) 0.596 (3)  0.679 (2) 0.042 (3) 5.9(D
C5,1) 0.138 (3) 0.600 (2) 0.170 (3) 55 C(16) 0.383 (5) 0.665 (3) -0.102 (5) 12.5 (16)
C(5.2) 0.201 (3) 0:521 (2) -0.013(3) 6.4 (8)

@ Values in parentheses are the estimated standard deviation in the least significant figures. The form of the anisotropic thermal parameter

is exp[—(8,, 7% + Byok? + Byal* + B ok + 8,01 + B3kD)].

The only qualitative difference in the two structures has to
do with the weak coordination here of additional oxygen atoms
in, or near, the axial positions, namely, along the extensions
of the W-W bond direction. The second oxygen atom of each
of the additional carbamate ligands occupies such a position.
These W—O distances are quite long, 2.67 £+ 0.01 A, and,
moreover, there is appreciable deviation from collinearity since
the W-W-O angles are 151 and 153°.

The dihedral angle between the planes of the bridging
ligands is 153.1° as compared to 137.5° in compound II. This
can be correlated to the fact that the W-W-O angles involving
the oxygen atoms that replace the methyl groups of compound
II are 98.4° rather than about 106° as in the case of the
W-W-0 angles. Also the average of the W—W-0 angles to

Figure 6. Central skeleton of the W2(O,CNMes)s molecule. Dotted
lines indicate the long, quasi-axial W-O bonds.
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Table VII. Bond Distances® (A) within W,(O,CNMe,),-C,H,

W)-W(2)  2279(1)  N()=C(D) 1.35 (2)
<) 14703
W(”gg %ég 8; <(12)  147(3)
06 Jisq  No<o 132 (2)
o8 D <20 148 (3)
0 sa) €22 1503
o® 2 NOCO 1.36 (3)
<31 135(3)
W2)-02)  2.05(1)
€(32) 148(3)
0@ 2100) 4-C(4 128 (3
0®  217() NOLE@ 20
0(10)  2.14 (1) @ 13203
C42) 1453
0anh 205 ey ¢ 127 (3
012)  2.65(1) ( )455’1) v 53;
C(1)-0(1) 1.20 (2) -C(5,2) 1.48 (3)
-0(2) 1.25(Q2)  N(6)-C(6) 1.37 (3)
- C-003) 1.31 (3) C6,1)  150(3)
-0(4) 1.23(3) -C(6,2) 1.50 (3)
C(Sg% L gg % CAa0)-C(11)  1.57 (&
C(15) 148 (4
C4)-0(N 1.29 (2) —C(IG; 1.46 (4;
-0(8) 1202)  can-cl) 1.5 (3)
C(5)-0(9) 1.31 (2) <13 142 @
0(10)  131(Q2)  C14)-CA3) 146 (#
C(6)-0(11) 1.32 (2) -C(15) 1.32 (3)
0(12) 12703

@ Figures in parentheses are the estimated standard deviations in
the least significant figures.

!
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Figure 7. Proton NMR spectra of W1(O2CNMe,)s, I, at various
temperatures, Chemical shifts are in parts per million downfield from
hexamethyldisiloxane.

oxygen atoms of the nonbridging carbamate ligands are
somewhat smaller here, viz., 101.7 £ 1.2° as compared to
about 105° in compound 1. Thus, there is greater crowding
of all ligands toward a common plane and this results in a
spreading of the angle between those W—O bonds from the
bridging ligands. Presumably, the weak axial coordination
is the principal cause of this crowding together of the other
ligands.

Remarks on Bonding. It is interesting that the W=W triple

bond is maintained in these molecules even though the co-
ordination number of the metal atoms is increased. In the
W,R4 and W,X,R, molecules, the metal atoms make major
use of only six of their nine valence-shell orbitals. Three are
employed in the W=W triple bonds and three more in the
tungsten—ligand ¢ bonds. In the carbamato compounds de-
scribed here the number of orbitals used by each metal atom
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Table VIII. Bond Angles? (deg) within W,(O,CNMe,),C,Hg

W2)-W()-0(1)  882(3) O()-C()-02) 124 (2)
0(3)  89.5(4) 0O(3)C(2)-0@)  123(2)
0(5)  100.6 (4) O(5)-C(3)-0(6) 119 (2)
-0(6) 1029 (3) ONCWA-08) 121 (2)
-0(7)  98.9 (4) O(9)-C(5)-0(10) 111 (2)
0(8) 150.8(4) O(11)-C(6)-0(12) 121 (2)
W()-W(2)-0(2) 887 (4) N()-C(1)-0(1) 117 (2)
0@)  89.1(4) 0Q2) 1192
009  1003(3) NQ)<C(2)-0(3) 117 (2)
-0(10)  102.9 (3) 0@ 1202
011)  97.8(4) N3)-C(3)-0()  125(2)
0(12) 1533 (4) 06) 1173
N@)-C4)-0(7) 116 (2)

O(1)-W(1)-0(3)  152.5 (6)
0G)  1361(5) 0@ 1232
06 158 NOCEO00) 1220
oh 1616 0(10) 127 (2)
OB)WDOE) 7515 NOCEOO1D  114()
06 13120 0(12) 126 (2)
O 772(6) CA)-N)C(L,1) 121 (2)
0(5)-W(1)-0(6) 603 (5) <2 122(2)
0(7) 1424 (6) CQ)-NQ)C(2.1) 123(2)
0(6)-W(1)-0(7)  143.6 (6) <22) 1212
0(2)-W(2)-0(4)  153.5(6) C(3)-N(3)-C(3.1) 120 (2)
-009) 1323 (6) €32 122
-0(10)  72.1(6) C(4)-N@)-C@.1) 122 (2)
-0(11)  76.1(5) €42 1232
0(4)-W(2)-0(9)  74.0 (6) C(5)-N(5)-C(5.1) 125 (2)
-0(10)  134.0 (6) <62 122Q)
-0(11)  78.0(6) C(6)-N(6)-C(6.1) 125 (2)
0(9)-W(2)-0(10)  60.3 (5) C(62) 123(2)
-O(1) 1463 ) c(10)cin-c(12) 112 (2)
0U-W2)-0UD) 1413 (6) ¢1)-c2003) 132 )
W(D)-O()-C(1) 118 (1) C(12)-C(13)-C(14) 113 (3)
-0(3)C(2) 118 (1) C(13)-CU1H-C(15) 124 (3)
WQ)-0()-C(1)  12001)  C(15)-C(10)<C(11) 118 (3)
OM@)CQR)  119(1) C(11)-C0)-C(16) 120 (3)

W(1)-0(5)-C(3) 92 (1)
-0(6)-C(3) 89 (1)
W(2)-0(9)-C(5) 93 (1)
-0(10)-C(5) 95 (1)
W(1)-0(7)~C(4) 107 (1)
W(2)-0(11)-C(6) 105 (1)

@ Figures in parentheses are the estimated standard deviations in
the least significant figures.

C(15)-C(10)-C(16) 122 (3)

increases to 8 in the case of W,Me,(O,CNE,), and nine in
W2(OzCNMe2)6.

A simple analysis of the symmetry types of orbitals required
to form the bonds and a consideration of the symmetry
properties of the metal valence-shell orbitals lead to the
following qualitative formulation of the electronic structures
of these molecules. We assume that the W=W bond is
formed primarily by overlap of metal d,: orbitals to give the
o component and metal d,, and d,, orbitals to give the =
components. This is in accord with the assumption originally
made!” and subsequently supported by SCF Xa
calculations'®!® for the quadruple bonds in Re,Clg> and
Mo,Clg*". For the five quasi-coplanar bonds to the ligands
we may then use the s, p,, p,, d,,, and d,2_,2 orbitals. In the
case of W,(0O,CNMe,)q, the p, orbitals may be employed to
help form the weak axial W—O bonds.

NMR Studies. W,(0,CNMe,)s. This compound is only
sparingly soluble in toluene but is appreciably soluble in
methylene chloride and apparently quite stable in this solvent,?
allowing its use as a spectroscopic solvent. 'H NMR spectra
for W,(0,CNMe,)¢ in CH,Cl, at various temperatures are
shown in Figure 7. The low-temperature limiting spectrum
is attained at —60 °C and consists of four sharp signals of
relative intensities 4:4:2:2 assignable to the methyl groups of
the O,CNMe, ligands. This is entirely consistent with the
freezing out of the ground-state structure (Figures 4-6) which
has approximate C,, symmetry. As the temperature is in-
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Table IX. Unit-Weighted Mean Planes® for W,(0,CNMe,),C,H,
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Equation of mean plane

Plane Atoms in plane A B C D
I O(1)-0(2)-C(1)-N(1)-C(1,1)=C(1,2) 0.4580 0.8863 —-0.0681 3.8116
II 0(3)-0(4)-C(2)-N(2)-C(2,1)<C(2,2) -0.2763 -0.9471 -0.1636 —4,3421
111 0(5)-0(6)-C(3)-N(3)-C(3,1)C(3,2) ~-0,5282 0.4471 -0,7219 ~1.4775
v O(7)-0(8)-C(4)-N(4)-C(4,1)-C(4,2) 0.5691 -0.2690 -0.7770 -2.1022
v 0(9)-0(10)-C(5)-N(5)-C(5,1)C(5,2) —0.7436 0.1710 —0.6464 ~0.1849
VI’ 0(11)-0(12)-C(6)-N(6)-C(6, 1)-C(6 ,2) 0.6750 -0.1772 ~0.7163 ~1.4805
VII W(1)-W(2)-0(1)-0(2) 0.5227 0.8459 -0.1056 3.8176
VIIL W(1)-W(2)-0(3)-0(4) -0.2201 -0.9472 -0.2333 —4.5997
Displacement of Atoms from Mean Plane, A
Plane I oQ) -0.015 Plane II 0(3) 0.038
0(2) 0.037 04) -0.020
cQ) —0.008. C(2) ~0.019
N(1) -0.055 N(2) -0.010
c(,D -0.002 C@2,) 0.032
C(1,2) 0.043 C(2,2) -0.021
w(1) 0.142 w(1) -0.174
W(2) 0.215 W(2) -0.177
Plane III 0(5) -0.012 Plane IV o 0.075
0(6) 0.022 0(8) -0.070
C3 —0.002 C4) 0.002
N4) -0.033 N4) -0.014
C@G3. 0.028 c@4,l) 0.066
C(3,2) -0.004 C@4,2) -0.059
w(1) 0.140 W(2) -0.100
Plane V . 0(9) 0.040 Plane VI 0(11) -0.027
0(10) —0.042 0(12) 0.009
C(5) 0.000 C(6) 0.017
N(S) 0.011 N@®) . 0.012
C(5,1) —-0.041 C(6,1) 0.011
C(5,2) 0.033 - C(6,2) -0.022
Ww(2) -0.122 W) 0.046
Plane VII w(l) -0.006 Plane VIII w(l) -0.014
w(Q2) 0.006 W(2) 0.014
o) . 0.006 0(3) 0.015
0(2) -0.006 04) -0.015
Dihedral Angles between Planes, Deg
I-11 162.7 I-VI 78.4
I-IV 85.7 I1-VI 84.3
[I-1v 77.0 VII-VIII 153.1
I-vII 4.9 II-VIII 5.1

¢ The equation for the plane is of the form Ax + By + Cz —D =0.
creased from —60 °C, the high-field resonances, assignable to
proximal and distal methyl groups of the unsymmetrically
bonded nonbridging O,CNMe, ligand, broaden, as does the
resonance assignable to the methyl groups of the other
nonbridging O,CNMe; ligand. At ca.-17 °C these resonances
coalesce to a single broad resonance which sharpens with
increasing the temperature to ca. 28°. At this temperature
the spectrum consists of two sharp resonances in the integral
ratio 4:8 assignable to the methyl groups of bridging and
nonbridging O,CNMe, ligands, respectively. With a further
increase in temperature both resonances broaden, coalesce, and
finally yield a sharp singlet at 77 °C. At this temperature
exchange between bridging and nonbridging carbamato ligands
is fast on the NMR time scale.

Since the O,CNC, moiety of the carbamate ligand is es-
sentially planar and since the free energy of activation for
rotation about the O,C-NC, bond can be assumed?! to be at
least 16 kcal mol ™, the exchange of proximal and distal methyl
groups observed at low temperatures corresponds to a site
exchange of the oxygen atoms of the unsymmetrically bonded
terminal carbamate ligand. However, what is not readily
apparent from the variable-temperature 'H NMR spectra is
whether W-0 axial-equatorial site exchange occurs prefer-
entially for the unsymmetrically bonded carbamate ligand or
whether W-O axial-equatorial exchange is mechanistically
correlated with a simultaneous exchange between the non-

M L:.wvwd
- ~ 0

a

Figure 8. Carbon-13 NMR spectra of W3(O2CNMe;)s showing the
carboxylato carbons, left, and the methyl carbons, right, recorded
simultaneously at various temperatures: a, -60-°C; b, ~45 °C; ¢, 30

-°C;d,0°C; e, +38 °C. The width shown for both the ketonic and
methyl carbons is 500 Hz. Chemical shifts relative to TMS are given
in the text.

bridging carbamate ligands. This question is resolved by a
consideration of the variable-temperature '*C NMR spectra
shown in Figure 8.

At —60 °C three downfield resonances of equal intensity,
6 178.4, 163.7, and 163.1 ppm (relative to TMS = 0), are
assignable to the carboxylic carbon atoms. Four resonances
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at § 36.8, 35.5 34.2, and 33.7 ppm, in the intensity ratio
4:2:2:4, respectively, are assigned to the methyl carbon atoms.
On raising the temperature, the signals assignable to the
proximal and distal methyl carbon atoms broaden preferen-
tially. Thus, at —45 °C the rate of proximal-distal methyl
exchange is sufficiently fast to cause line broadening of the
signals at 6 35.5 and 34.2 ppm. The carboxylic carbon signals
at 163.7 and 163.1 ppm remain essentially unchanged from
their appearance at —-60 °C. At -30 °C the proximal-distal
methyl resonances coalesce to give a broad signal. The rate
of exchange between the two types of nonbridging carbamates
is still quite slow as the carboxylic carbon signals at 6§ 163.7
and 163.1 ppm are well resolved; also, the signal at 6 33.7 ppm
assignable to the methyl carbon atoms of the other nonbridging
carbamate ligand is a sharp singlet. However, on raising the
temperature to 0 °C the carboxylic resonances at § 163.7 and
163.1 ppm coalesce to a single resonance; similarly the methyl
carbon signals appear as two resonances of integral intensity
1:2. The spectrum at +38 °C shows that exchange between
nonbridging carbamato ligands is fast on the NMR time scale.
We did not attempt to obtain a high-temperature limiting '*C
NMR spectrum because of the dangers involved in heating
a fragile 10-mm NMR tube containing CD,Cl, to temper-
atures above 70 °C.

We conclude that W,(O,CNMe,); shows three types of
exchange processes which, in order of increasing energy, are
(1) proximal—distal exchange of the axially bonded carbamate
ligand, (2) exchange of nonbridging carbamate ligands, and
(3) scrambling of bridging and nonbridging ligands.

These observations may be compared to the dynamical
solution behavior of (7>-CsH;)Zr(dik); compounds, The latter
may also be considered to adopt a pentagonal-bipyramidal
structure in which the center of the CsH; ring occupies an axial
vertex. In solution two types of rearrangements are observed:
(1) a low-energy process interchanges substituents on the
diketonate ligands spanning the equatorial edges while (2) a
higher energy process interchanges the unique ligand spanning
an axial and equatorial edge with the two equatorial ligands.??

W.Me,(0,CNELt,),. This substance is only sparingly soluble
in toluene and decomposes in methylene chloride. Conse-
quently its dynamical behavior was not so amenable to detailed
study. However, IH NMR data are consistent with solution
behavior similar to that found for W,(O,CNMe,)s. At and
below 40 °C in toluene-ds W,Me,(O,CNEt,), shows a single
resonance & 1.60 ppm (relative to TMS) assignable to the
tungsten—methyl protons. The NEt, resonances are broad and
poorly resolved. On raising the temperature to 100 °C, the
NEt, resonances sharpen to give a quartet, 6 3.18 ppm, and
a triplet, 5 0.98 ppm, Jyy = 7 Hz. Thus, at high temperature,
exchange between bridging and terminal O,CNEt, is rapid
on the NMR time scale.

Experimental Section

W,(0,CNMe,)¢ and W,Me,(0,CNEt,), were prepared as de-
scribed elsewhere!® and crystallized from toluene.

'H NMR spectra were obtained from a Varian A-60 spectrometer
equipped with a variable-temperature probe. Temperatures were
calibrated with methanol (low temperatures) and ethylene glycol (high
temperatures). 'H chemical shifts are shown in Figure 7 as ppm
downfield from HMDS (hexamethyldisiloxane) which was used as
an internal reference.

Variable-temperature '3C NMR spectra were recorded in the
Fourier mode on a Varian XL 100 spectrometer. The temperature
was regulated by a copper—constantan thermocouple located directly
beneath the NMR tube. Temperatures were calibrated with methanol
or ethylene glycol.

Crystal Selection and Data Collection for W,(0Q,CNEt;),Me,. In
a nitrogen-filled glovebag a crystalline sample was transferred from
an evacuated sealed tube to a petri dish and immersed in heavy mineral
oil. From this sample a well-formed, yellow crystal measuring 0.304
X 0.298 X 0.274 mm was selected for use in data collection and sealed
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in a thin-walled glass capillary. The crystal was found to be monoclinic
and to belong to the uniquely determined, centrosymmetric space
group,” P2,/c, and it was judged to be of acceptable quality for data
collection, having peak widths at half-height <0.22° in w scans of
several intense reflections.

The final lattice constants and an orientation matrix used to
calculate setting angles for data collection were determined by the
least-squares refinement of the setting angles for 15 high-angle
reflections (18.0° < 26(Mo Ka) < 35.0°) chosen to give a good
sampling of Miller indices and diffractometer settings. Final lattice

. parameters are ¢ = 16.014 (4) A, b = 10.433 (4) A, ¢ = 18.983 (5)

A, 8=107.51(2)°,and ¥ = 3024 (1) A%, The volume of 3024 (1)
A3 is consistent with that anticipated for Z = 4 and indicates that
all atoms might be expected to occupy positions of general crys-
tallographic symmetry in space group P2;/c¢ with no symmetry re-
strictions imposed on the molecule.

A syntex Pl autodiffractometer equipped with a graphite-crystal
monochromator utilizing Mo K« radiation was used to measure
intensity data. Symmetric 28 scans ranging 1.0° above and below
the calculated Mo Ka;—Mo K, doublet were used to record integrated
intensities; scan rates varied from 4.0 to 24.0° /min, depending upon
the intensity of the reflection. The ratio of total background time
to scan time was 0.50 for all scans. A total of 4042 unique data having
0° < 20(Mo Ka) < 45.0° were recorded. Three standard reflections
were measured every 100 reflections and showed no significant
fluctuations during data collection. Corrections for absorption effects,
u = 81.03 cm™!, were applied to all data. The minimum, maximum,
and average transmission coefficients are 0.101, 0.287, and 0.169,
respectively. The data were reduced to a set of relative |F,|* values
after corrections for Lorentz and polarization effects and the 2671
data having I > 30(J) were used in the subsequent structural solution
and refinement.?

Structural Solution and Refinement for W,(0,CNEt,) ,Me,. Atomic
coordinates for the two unique tungsten atoms were derived from a
three-dimensional Patterson map. The positional parameters for the
tungsten atoms were refined in three cycles of full-matrix least-squares
refinement to give discrepancy indices

R, =ZlF, |- FIlJZIF,|=0.177
R, = [Ew(IF, 1~ F ) /ZwlF, 12]/? = 0.243

All least-squares refinements minimized the function - w(jF,} - |FJ)?),
where the weighting factor, w, equals 4|F,|*/ % (}F,?) and ¢ is the esd
of |F 2. A value of 0.070 was used for p in the calculation of ¢. The
atomic scattering factors used in all least-squares refinements were
those of Cromer and Waber.Z* Anomalous dispersion effects® were
included in the calculated scattering factors for tungsten. Two
difference Fourier maps, each following least-squares refinement of
the atoms located up to that point, resulted in location of an additional
30 atoms. At this point no satisfactory positions had been obtained
for two of the ethyl groups, one of them bonded to N(3) and the other
to N(4) (see Figure 1). Two cycles of least-squares refinement of
the 32 atoms, employing isotropic thermal parameters for all atoms,
gave R, = 0.103 and R, = 0.132. A difference Fourier map at this
point indicated that the two remaining ethyl groups were disordered.
Two distinct orientations were observed for each group and a 50:50
disorder was assumed. The structure was refined to convergence in
five cycles of full-matrix least-squares refinement employing isotropic
thermal parameters for the carbon atoms of the cthyl groups and
anisotropic thermal parameters for all remaining atoms. The final
residuals are R, = 0.040 and R, = 0.054 for the 2671 reflections having
I > 36(I). During the final cycle of least-squares refinement, no
parameter shifted by more than 0.064, where ¢ is the estimated
standard deviation of that parameter. A final difference Fourier map
showed no features of structural significance other than possible
positions for some of the hydrogen atoms. No effort was made to
locate and refine the hydrogen atoms. An examination of the final
observed and calculated structure factors showed no unusual trends
as a function of reflection number, Miller indices, or (sin 8)/A.
Crystal Selection and Data Collection for W,(0,CNMe,)C,H;.
Procedures used for this compound were essentially identical with those
for W,(O,CNEt;)4;Me,. A yellow crystal measuring 0.086 X 0.266
X 0.290 mm was sealed in a glass capillary under mineral oil. The
space group was found to be P1. Accurate lattice constants, determined
from 15 reflections in the range 20.0° < 26(Mo Ke) < 35.0°, are
a=12.018 () A, b=16.516 (4) A, c =11.630 (3) A, a = 111.09
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(2)°, 8=107.26 (2)°, v = 91.00 (2)°, and V = 2036.5 (8) A3. From
results of elemental analysis and proton NMR the crystals were
believed to contain toluene solvent molecules and the observed volume
of 2036.5 A? corresponded to that expected for Z = 2 with the
asymmetric unit being composed of one W,(0,CNMze,)s molecule
and one toluene molecule. The crystal used for intensity measurements
had peak widths at half-height for w scans of less than 0.20°.

The data were measured using Mo Ko radiation and 6-26 scans.
Variable scan rates from 4.0 to 24.0° /min and symmetric scan ranges
from 0.9° above to 0.9° below-the calculated Mo Ka;-Mo Ka, doublet
were used. - A total of 5281 data having 26 < 45.0° were recorded.
Three standard reflections, measured every 100 reflections, showed
an average decrease of 17% during data collection. The crystal decay
was essentially linear and a correction for the linear decay was applied
to all data. Corrections for absorption effects, u = 60.38 cm™, were
also applied to all data. The minimum, maximum, and average
transmission coefficient were 0.244, 0.650, and 0.470, respectively.
Those 1964 data having I < 3¢([) were rejected and the 3317 re-
maining data were used in the structural solution and refinement.

Structural Solution and Refinement for W,(0,CNMe,)¢C;Hg. The
coordinates for the two tungsten atoms were derived from a three-
dimensional Patterson function and refined in three cycles of
least-squares refinement to give R; = 0.237 and R, = 0.299. A
difference Fourier map at this point clearly revealed the positions for
twelve oxygen atoms, six nitrogen atoms, and the six carboxylate
carbon atoms of the six carbamate ligands. These 24 atoms and the
two tungsten atoms were refined to give R, = 0.132 and R, = 0.183.
The remaining atoms, twelve methyl carbon atoms and the seven
carbon atoms of the toluene, were easily located from a second
difference Fourier map. All 45 atoms were refined in two cycles of
least-squares refinement employing isotropic thermal parameters for
all atoms to give R; = 0.104 and R, = 0.138. The structure was refined
to convergence in four cycles of full-matrix least-squares refinement
employing isotropic temperature parameters for all methyl carbon
atoms and the seven toluene carbon atoms and anisotropic temperature
parameters for all other atoms to yield final residuals of R, = 0.073
and R, = 0.103. No parameters shifted by more than 0.12¢ during
the final refinement cycle and a final difference Fourier map was
devoid of any peaks of structural significance.

Tables of observed and calculated structure factors for the data
used in the final refinement for both compounds are available
elsewhere.?”’
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