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IPV (eV) 

Figure 1. Plot of £°' (V vs. SCE in CH3CN) vs. IPV (eV) for fused aro­
matic hydrocarbons, compared with 1, 3, and 4. 

giving E°' = -5.21 + 0.89s (IPy).1' There is a large lowering 
of IPV for substitution of methyl for hydrogen of olefins (eth­
ylene, 10.51 eV; tetramethylethylene, 8.42 eV12) and the ad­
ditional lowering observed when alkyl groups are lengthened 
makes the observed IPV for 4 of 7.84 eV not at all surprising.13 

E0' for 4-5+* is approximately —0.36 V (8.3 kcal/mol below 
the aromatic hydrocarbon line), as shown graphically in Figure 
1. The far smaller 7r system of 4+< and its aliphatic substituents 
are expected to make solvent stabilization of 4+- substantially 
different from that for the fused aromatic hydrocarbons used 
to determine the line shown. It is thermodynamically signifi­
cantly easier to remove lone-pair electrons from 3 (E°' = 
—0.01 V,3 vertical deviation from the hydrocarbon line —1.01 
V) and 1 [E0' = +0.63 V,1 vertical deviation -0.69 V), much 
more so than IPV differences would suggest. Although solvation 
differences among 1, 3, and 4 cannot be ignored, we suggest 
that the most significant factor is the large rehybridization at 
nitrogen which occurs upon electron removal from 314 and 1; 
comparable rehybridization will not occur for 4, which is al­
ready sp2 hybridized at the vinyl carbons. 

A particularly significant difference between the oxidation 
behavior of 3 and 4 involves removal of a second electron. The 
second oxidation wave in the CV of 3 is electrochemically re­
versible, and E0,2 — E°'\ is 1.19 V, the largest value yet re­
ported for a compound showing two reversible electron 
transfers.3 In contrast, 4 in acetonitrile shows a completely 
irreversible second oxidation wave peaking at +1.96 V (scan 
rate 100 mV/s), only 0.51 V positive of E°'h Although the 
3+-/32+ and 4+»/42+ couples have the same charge and similar 
alkyl group structures (we presume the remote methylenes of 
4 are relatively unimportant), they are not isoelectronic. The 
third, antibonding 7r electron of 3+« is reversibly removable, 
but the single -K electron of 4+« should be strongly bonding. 
Because of the small difference in potentials at which a second 

electron is removed from 4, we suggest that the carbon-cen­
tered two-atom ir dication which would be the hydrocarbon 
analogue of 32 + may not be formed and that the second elec­
tron removed may well be a a electron which would be ex­
pected to cause rapid deprotonation and hence be irreversible, 
by analogy to the behavior of adamantane upon electro­
chemical oxidation.15-16 
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Tetradecaisopropoxydihydridotetratungsten(IV). 
Oxidative Addition of PrO-H across a Tungsten-to-
Tungsten Triple Bond 

Sir: 

Bimetallic compounds containing metal-to-metal multiple 
bonds1 will occupy an important position in the development 
of transition metal cluster chemistry.2 They are the smallest 
examples of unsaturated cluster compounds and should provide 
building blocks for the synthesis of new polynuclear cluster 
compounds. Furthermore their reactions should complement 
those well documented in mononuclear transition metal 
chemistry.3 We now report the preparation and character­
ization of a novel tetranuclear tungsten compound which il­
lustrates these considerations. 

Hydrocarbon solutions of W2(NMe2)6(W=W)4 react 
rapidly with 2-propanol at room temperature with the libera­
tion of amine. Upon removal of the solvent a black solid of 
empirical formula W(OPr')3 based on elemental analysis5 was 
obtained. The black substance gave very complex NMR 
spectra and was thermally unstable yielding propylene, 2-
propanol, and traces of water as volatiles when heated above 
80 0C in vacuo. These observations contrast with the reaction 
between Mo2(NMe2)6 and 2-propanol which yields the 
thermally stable and well-characterized compound Mo2-
(OPr')6(Mo=Mo).6 Additional study of the reaction between 
W2(NMe2)6 and 2-propanol in a sealed system showed that 
along with dimethylamine a gas noncondensable in liquid N2 
was formed. The latter was identified as molecular hydrogen 
by mass spectroscopy. The solids obtained from the reaction 
between W2(NMe2)6 and 2-propanol are extremely soluble 
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Figure 1. A view of the entire W4(OPrOu(M-H)2 molecule, omitting the 
^-H atoms. 

Table I. Some Bond Lengths and Angles in W4(OPrOi4Hz 

distances, A 

W(I)-W(I)' 
W(l)-W(2) 
W(l)-0(4) 
W(l)-0(5) 
W(l)-0(6) 
W(I)-0(7) 
W(l)-0(7)' 
W(2)-0(l) 
W(2)-0(2) 
W(2)-0(3) 
W(2)-0(4) 
W(2)-0(5) 

3.407(1) 
2.446(1) 
2.101 (7) 
2.005 (7) 
2.897 (6) 
2.038 (6) 
2.187(6) 
1.904(8) 
1.959(7) 
1.892(7) 
2.116(6) 
2.100(7) 

angles, deg 

0(4)-W(l)-0(5) 
0(4)-W(l)-0(6) 
0(4)-W(l)-0(7) 
0(4)-W(l)-0(7) ' 
0(5)-W(l)-0(7) 
0(5)-W(l)-0(7) ' 
0(5)-W(l)-0(6) 
W(l)-0(4)-W(2) 
W(l)-0(5)-W(2) 
0(l)-W(2)-0(2) 
0(l)-W(2)-0(3) 
0(2)-W(2)-0(3) 
0(l)-W(2)-0(4) 
0(l)-W(2)-0(5) 
0(2)-W(2)-0(4) 
0(2)-W(2)-0(5) 
0(3)-W(2)-0(4) 
0(3)-W(2)-0(5) 

78.2(3) 
91.7(3) 

173.4(3) 
107.6(3) 
95.2(3) 
86.6(3) 

168.6(3) 
70.9 (2) 
73.1 (2) 
91.9(3) 
94.3(3) 

101.7(3) 
94.5(3) 

169.9(3) 
90.5(3) 
85.2(3) 

164.6(3) 
95.8(3) 

" We give here the final values after refinement with the M-H atoms 
included. These differ by only about <0.004 A or <0.01° from those 
obtained without the M-H atoms. 

in hexane and give upon careful crystallization the title com­
pound W4(OPr'')I4H2 in ~50% yield based on tungsten. 

The presence of hydrogen atoms in bridging positions was 
deduced in the following way. 

(1) An X-ray crystallographic study7 initially showed the 
structure in Figure 1, with the bond distances and angles in 
Table I. The molecule resides on a crystallographic inversion 
center (between W(I) and W(I)'). The outer tungsten atoms, 
W(2) and W(2)', are coordinated to three terminal and two 
bridging OPr' ligands while the inner tungsten atoms, W() and 
W(I)', are coordinated to one terminal and four bridging OPr' 
ligands. Each tungsten atom is thus coordinated to five oxygen 
atoms and the WO5 polyhedra are distorted square pyra­
mids. 

(2) According to these results the compound would have to 
be either a mixed valence compound, W4(OPr1Oi4, or an al-
coholate, W4(OPr1Oi2(Pr1OH)2. The mixed valence formu­
lation would have difficulty accounting for the diamagnetism 
(as shown by NMR) and is more directly discredited by the 
observation that reaction of W2(NMe2)6 with 2-propanol 
containing Pr'OT gave a product containing tritium.8 

(3) However, the presence of Pr'OH was rendered very 
doubtful by the absence of any IR or NMR evidence for a 
hydroxyl group and by the fact that the compound does not 
react with pyridine to form W2(OPrO6(Py)2, even though the 
latter compound has been shown to exist and has been fully 
characterized9 as a species containing a triple bond (W=W 

Figure 2. A view of the W4Oi4H2 skeleton, showing the bridging hydrogen 
atoms. 

= 2.332 (I)A). 
(4) These results required us to search for some other for­

mulation and we were reminded of the [Mo2XsH]3- ions10 

which have recently been shown directly by X-ray crystal­
lography1 ' to contain /u-H atoms. The apparent absence of one 
bridging ligand between the two tungsten atoms in each half 
of the tetratungsten structure was highly reminiscent of the 
apparent10a-b absence of a third bridging ligand in the 
[Mo2XsH]3- species, later shown to be present as a hydro­
gen atom.10c-" To test the correctness of the formula W4-
(OPrOi4(^-H)2, the following two experiments were done. 

(5) The 1H NMR spectrum at 220 MHz in toluene-d8 and 
benzene-^6 at 25 0C was found to contain, in addition to the 
expected Pr'O resonances (1.34 (doublet) and 5.27 ppm 
(septet), each with JHH ^ 6.3 Hz), a singlet at 7.96 ppm (all 
positions downfield from Me4Si). The singlet had satellites due 
to coupling to 183W (/ = '/2; 14.4% of natural abundance) with 
AvH = 95 Hz. Since a cryoscopic molecular weight measure­
ment had shown that the tetranuclear structure is largely or 
totally maintained in solution, we are forced to attribute the 
simplicity of the spectrum to some process that scrambles the 
OPr' groups. Since only one pair of satellites is observed on the 
7.96-ppm signal, this same process (or some other one) must 
make the tungsten atoms equivalent so that we see only one 
183W-1H coupling constant. It should be remembered that 
we see only those molecules that contain one 183W. 

(6) We now returned to the X-ray data, encouraged by the 
fact that in the [Mo2XsH]3- ions" and in numerous other 
species with M(^t-H)M units the n-H atoms have been de­
tected and refined. We have found that there is evidence for 
a /U-H atom between W(I) and W(2) and that it can be refined 
successfully as such, to give W(I)-H = 1.61 (8) A, W(2)-H 
= 1.89 (8) A, W-H-W = 88 (4)° with the isotropic temper­
ature factor for /u-H equal to 1 ± 2 A2. 

We therefore conclude that each tungsten atom is six 
coordinate as shown in Figure 2. All qualitative features of the 
structure are now understandable. The W-O bonds trans to 
Ix-H are considerably longer than those trans to ju-OPr', which 
exactly parallels the situation in the [Mo2CIsH]3- ion." The 
ju-H is closer to W(I) so as to minimize the imbalance in 
electron density distribution that the difference in formal ox­
idation numbers in a symmetrical structure W(I) = +3'/2 and 
W(2) = +4 V2) would tend to create. 

Formation of the title compound in the reaction between 
W2(NMe2)6 and Pr'OH may be attributed to the following 
reaction steps: (i) alcoholysis, W-NMe2 + Pr'OH — W-OPr' 
+ HNMe2; (ii) oxidative addition, W2(OPr1O6 + Pr'OH — 
W2(OPr')7(jtt-H); (iii) association by Pr'O bridge formation. 
The W(I)-W(I)' distance implies no metal-metal bonding, 
whereas the W(l)-W(2) distance, 2.446 (1) A, is quite con­
sistent with the presence of a W=W bond.12 Our studies on 
these and related compounds are continuing.13 

Supplementary Material Available: Table of positional and thermal 
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parameters (2 pages). Ordering information is given on any current 
masthead page. 
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The "Supershort" Chromium-to-Chromium 
Quadruple Bond: Its Occurrence in a 
Tetracarboxamidatodichromium(II) Compound 

Sir: 

Extensive studies on tetracarboxylatodichromium(II) 
compounds1-2 have shown that they all have Cr-Cr distances 
in the range 2.29-2.53 A.3 The closely related [Cr2(C03)4]4~ 
ion has a slightly shorter distance, ,c 2.22 A. These rather long 
distances have provoked controversy as to the Cr—Cr bond 
order.4,5 On the other hand, there are a number of Cr2 species 
in which the Cr—Cr distances are short enough that there has 
been no lack of agreement that they contain quadruple bonds. 

Table I. Representative Dichromium(II) Compounds Having 
Supershort Bonds and Their Cr—Cr Bond Lengths 

bond 
compd no. length, A ref 

Cr-Cr 

Cr-Cr 

VMeO'J^OCICHjhA 

1.85 

1.89 

.87 

1.83 

8a 

8b 

8c 

8d 

Cr Cr 

' O CO 

CH, 

1.86 8e 

Table II. Some Bond Distances (Angstroms) and Angles (Degrees) 
InCr2[PhNC(CH3)O]4 

Cr-
Cr-
Cr-

-Cr 
-N 
-O 

1.873(7) 
2.06(1) 
1.97(1) 

Cr' 
Cr' 

-Cr 
-Cr 

-O 
-N 

98.0 (2) 
92.5(3) 

While two of these (with Cr—Cr distances in parentheses), 
namely, [Cr 2(CH 3) 8] 4- (1.98 A)6 and Cr2(C3Hs)4 (1.97 A),7 

have been known for several years, they are so different, at least 
superficially, from the Cr2(O2CR)4 type that their general 
significance is (or was) ambiguous. A distinct dichotomy was 
created with the discovery8 of a series of compounds, beginning 
with 1, of which those in Table I are representative. These 
contain ligands that are sterically and electronically similar 
to the carboxylato group, and yet they have vastly shorter 
Cr—Cr bonds, i.e., in a range < 1.90 A, which we informally 
designate supershort.9 

Our attempts to identify the ligand properties responsible 
for the occurrence of supershort Cr-^-Cr bonds have involved, 
inter alia, the following steps. (1) Compounds of type 2 (Table 
I) showed that the presence of Cr—C bonds is not critical, and 
compound 3 shows that Cr—O bonds are not essential. In 
short, no one type of ligand atom, C, N, or O, is critical. (2) 
Compound 5 snowed that four noncarboxylato ligands are not 
necessary. (3) Compound 4 showed that it is not necessary for 
the Cr2L4 species to be a neutral molecule. (4) The one re­
maining common feature of all of the compounds in Table I 
with supershort C r - C r bonds, namely, the incorporation of 
some ligand atoms in aromatic rings, was recently shown not 
to be essential by the discovery of supershort bonds in the 
compounds Cr 2 [ (CH 2 ) 2 P(CH 3 ) 2 ] 4 (1.89 A) 1 0 and 
Cr 2 (PhNNNPh) 4 (1.86 A).11 

We report here a further crucial experimental step, perhaps 
the penultimate one, in achieving an understanding of what 
causes (or allows) the formation of supershort C r - C r bonds. 
We have prepared the first carboxamido-bridged dichromium 
compound, viz., Cr 2 [RC(0)NR ' ] 4 with R = CH 3 and R' = 
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