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A Highly Reduced V ,%" Unit with a Metal —Metal Bond Order of 3.5
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Since the discovery of the first dimetal species containing a
quadruple bond, R€lg?~, nearly 40 years ago, the chemistry of
metak-metal bonded species has grown at a rapid pace so that there
are now thousands of such compounds that have been studied and
characterized.This field has been considered mature, and there is
generally good understanding of the bonding and electronic
structures. Furthermore, there are many important applications of
such compounds: catalysisnedicinal chemistry¢,and some are
potent reducing agents that can be used in syntResis.

The most important structural motif thus far is the “paddlewheel”
complex where two metal atoms are embraced by four bridging
ligands, such as carboxylates, amidates, amidinates, and others.
Many transition elements form compounds with this structural motif,
and bond orders can vary frolfy to 4. However, oxidation states
for isolated M units have been restricted to only three values,
= 4, 5, and 6. Although higher oxidation numbers are not
uncommon in transition metal chemistry, it has F’ee“ thought that ellipsoids are shown at the 30% probability level, and hydrogen atoms have
these would not favor metametal bond formation due to the  peen omitted for clarity. Selected distances (in A): W42 1.9295(8),
contraction experienced by the d orbitals as the positive chargeVvi—N 2.137[3], V2-N 2.146[3], V1- - -K1 3.904(1).

increases. On the other hand, oxidation numbers of less than 2 are(1 968(2) A) It should be noted that the-W bonds are the only

;Jhnecgtrnri]rrgor;f;;:;?:zl:l\?v?\ger:ilr?i,nlr?o?:g:telrial’ e;cet;r)]t Itn tht(:] case F:;metal—metal bonds, other than the so-called supershortQ2r
9 gands, that s, those wi quadruple bonds, that are shorter than 2.00 A.
Jr-acc_ept_o_rs, ar_e present. . . In 1, the paddlewheel structure is conserved, but théAbond
By judicious ligand selection, we have recently prepared the first contracts significantly to a distance of 1.9295(8) A, a difference of

_(Ij_lr?uclear comple>|<.e_; v;hfe reht*h %t?tal gr:;ége of t EEIL' Lis ﬁh about 0.05 A when compared to the neutral species. The shortening
IS was accomplished for s an In comp'exes of the of this bond is consistent with the addition of one electron and the

type [Mp(hpp)ClzJPFs, where hpp is the anion of 1,3,4,6,7,8- increase in the formal bond order from 3 to 3.5. The magnitude of

hexahydro-2i-pyrimidof1, 2a]pyrimidine. this change suggests that the additional electron resides in the

th V\;? ??W rfiFIJOCEt (tjhe |jg:at|(;]n alnd rS;rTCtuk:al Fnhar?ﬁ';?lnon of o-orbital and that the dimetal core hag%r*d configuration. This
€ first four-bladed paddiewnee! cCompiex having a, " situation may be compared to that of the dimolybdenum carbox-

5.(ThHF)Sl[fVZ(DPhZ).‘]’;’_I'_:Aguf ll,(where DPhFis thg anlonmtx)i:l ) d ylates, whose electronic structure is well understood. The difference
blp er;ly o‘rmamfl 'E ' clisd' ahlrb green cprlnp(t))und was Oh aned in bond length between M(TiPB),"" (where TiPB is the anion of

y re uc;(')O; of the Ie 1sn- row;:_,t tf'p¥HF°” eﬂZ(DP_F)‘ 1 2,4,6-triisopropylbenzoic acid and = 0 and 1) with ao?7%)2
PTECUTSOR” 2, using potassium graphite in as shownin eq L. quadruple bond and the?745 oxidized species is 0.06 &.The

V,(DPhF), + KCg — K(THF),[V ,(DPhF)] + 8C (1) change in N distances is also indicative of the lowering of the
overall charge on the dimetal core; the average distance increases

Compoundl is extremely air-sensitive. The reaction was carried from 2.101[3] to 2.142[3] A upon reductidf Finally, the decrease
out under Ar, and solvents were rigorously dried by fresh distillation in the torsion angle from about 2.¢h the neutral species to about
over Na/K alloy. Rapid crystallization was carried out by filtering 1.6° in the reduced species points toward improvedverlap.
the THF reaction mixture and adding just enough hexanes to evolve  As shown in Figure 1, the K cation is found in one of the
a precipitate. The solution was then placed in the freezerlat pockets between two of the formamidinate groups. This type of
°C, and crystals appeared after 48 h. Rapid crystallization at low association of an alkali metal cation with some of the ligands of
temperature is very important, as slower crystallization by diffusion an M, paddlewheel molecule is not without precedent and has been
of hexanes into the THF solution yielded only the Bealver several observed in Nghpp)® and Wx(hpp).1® Although these compounds
days. Some of is present even when short crystallization times were first isolated in crystals of Mhpp)-2NaEsBH,” having Na
are used? ions occupying pockets between the paddles, the matatal bond

The precurso? is in itself interesting. It represents just the fourth  distances were essentially identical whether with or without the
diamagnetic divanadium(ll,11) compound that has been structurally associated alkali cations. Ih, there are long K---N distances
characterized. It has the typical paddlewheel geometry and possesseaveraging 3.124[3] A and three THF molecules at a relatively long

Figure 1. Thermal ellipsoid plot of K(THRIV2(DPhF)], 1. Thermal

a V-V o%7* triple bond with a length of 1.979(1) A, which is
similar to those found in ¥DTolF),12 (1.978(2) A) and YDCyF),3
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average distance of 2.729[4] A, similar to those found in other
K(THF)-containing compounds.
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Figure 2. Cyclic voltammogram o, 2.0 mM in THF with 0.1 M BuNPF
supporting electrolyte, a platinum disk working electrode, and a platinum
wire auxiliary electrodeEy» + —1.46 V,AE, = 0.11 V versus Ag/AgCI.

It is noteworthy that the cyclic voltammogram 2f(Figure 2)
shows a reversible wave. As there is no potassium present in the
system, it is clear that the reduced species does not requiferK
electrochemical stability. This supports the view that the K cation
is merely filling a void in the crystal packing network. Thus, we
expect the structure of the paddlewheel we have fountitmbe
about the same as that which will be found in a crystal where no
such association occurs, and we are currently trying to trap the
cation with crown ethers. There are, however, some slight deviations
from the ideal paddlewheel-type structure due to the presence of
the K™ cation. For example, the WN distances adjacent to the
cation are 2.148[3] A, while those opposite of the cation are
2.135[3] A. Furthermore, the presence of the cation gives rise to a
slight opening of the angle between the two blades embracing the
cation to 93.7[1] as compared to 90.5[1pn the other side of the
molecule.

Although the reduced speciek, can be formally considered to
provide an example of the rare oxidation state, \dur view that
the additional electron is introduced into tbhebonding orbital,
where it is delocalized in a )" core, is further supported by EPR
results. A frozen THF solution df at 6 K gave a 15-line spectrum
which indicates that the electron is coupling with e&&4 (I =
’l,) atom equally. A simulation of the main feature giveg @alue
of 1.9999. Although this is close to the free-electron value, the
complicated hyperfine splitting pattern indicates that the unpaired
electron is localized on the dimetal core.

In conclusion, the isolation of the first,% compound is the
harbinger of the chemistry of low-valent paddlewheel compodhds,
thus expanding the available dimetal oxidation states beyond 4, 5,
and 6. Additionally, this structure contains one of the very few
examples of a vanadium atom with a formal oxidation state of less
than 2 in the absence afacids?® We believe that the presence of
a vanadium-vanadium bond plays an important role in delocalizing
the extra electron density and thus stabilizing the highly reduced
V53" unit.
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