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Abstract: Full characterization of the first homologous series of dimolybdenum paddlewheel compounds
having electronic configurations of the types ¢%7%0*%, x = 2, 1, 0, and Mo—Mo bond orders of 4, 3.5, and 3,
respectively, has been accomplished with the guanidinate-type ligand hpp (hpp = the anion of 1,3,4,6,7,8-
hexahydro-2H-pyrimido[1,2-a]pyrimidine). Essentially quantitative oxidation of Moz(hpp)a, 1, by CH.Cl; gives
Moz(hpp)4Cl, 2. The halide in 2 can be replaced by reaction with TIBF, to produce Moz(hpp)4(BF.), 3.
Further oxidation of 2 by AgBF, produces Mo,(hpp)4CIBF4, 4. The change from bond order 4 (in 1) to 3.5
in Mo,(hpp)4Cl is accompanied by an increase in the Mo—Mo bond length of 0.061 to 2.1280(4) A. A further
increase of 0.044 A in the Mo—Mo distance to 2.172(1) A is observed as the bond order decreases to 3
in 4. At the same time, the Mo—N distances decrease smoothly as the oxidation state of the Mo atoms
increases. Electrochemical studies have shown two chemically reversible processes at very negative
potentials, Ei/z = —0.444 V and Ef,z = —1.271 V versus Ag/AgCI. These correspond to the processes
Mo285+ and Moy>™4*, respectively. The latter potential is displaced by over 1.5 V relative to those of the
Mo, (formamidinate), compounds and the first one has never been observed in such complexes. Thus, in
surprising contrast to previously observed behavior of the dimolybdenum unit, when it is surrounded by
the very basic guanidinate ligand hpp, there is an extraordinary stabilization of the higher oxidation numbers
of the molybdenum atoms.

Introduction
A wealth of knowledgé on multiple metat-metal bonded T
complexes has accumulated since the correct formulation of the
first quadruply bonded species, &4g?~, was published almost Zr
four decades agdSince then, other halide speciesX4™, I,
having direct and unsupported metahetal bonds have been Hf
made for four other metals, ¥ Mo, W, Tc, and Os, as shown
in Figure 1. Figure 1. Portion of the periodic table depicting the groups 4 through 10

. — . . transition metals that form paddlewheel structures. Green represents halides,
Much of the progress in this field has come in quantum jumps red represents carboxylates, blue represents formamidinates and related

Closely associated with the deVelOpment of new typeS of |igands. compounds, and yellow represents hpp compounds.

For example, substitution of the halide ions by carboxylate

anions brought about an almost explosive growth. This allowed !l . commonly known as paddlewheel or tetragonal lantern
the preparation of hundreds of compounds having two metal Structures. As shown in Figure 1, metal atoms capable of

atoms bridged by four monoanions, providing structures of type forming such structural types include Cr, Ru, and Rh as well
as those known to form pKg"~ species

* To whom correspondence should be addressed. E-mail: cotton@tamu.edu Further expansion of the number of elements capable of

(FA.C.), murillo@tamu.edu (C.A.M.). forming paddlewheel compounds had to wait until amidinate-
Texas A&M University. . -
* University of Costa Rica. type ligands, such as the formamidinatéls, were used.These
8 Virginia Military Institute. ushered in yet another stage of development, allowing isolation
1) Cotton, F. A.; Walton, R. AMultiple Bonds Between Metal Atonnd : P 5+ ;
) o Unvarsy Broser OMferg 1053 of the first Ni®* complex having a bond order of 132s well
(2) Cotton, F. A.; Harris, C. Blnorg. Chem 1965 4, 330. as the first \4™ 4 Fe3t4+ 5 Co3t4+5+ 6 |r,4+ 7 and Pgtt5+.6+

10.1021/ja0266464 CCC: $22.00 © 2002 American Chemical Society J. AM. CHEM. SOC. 2002, 124, 9249—9256 = 9249



ARTICLES

Cotton et al.

compound¥(see Figure 1), although for the latter, other types
of Pt—Pt-bonded species were already kndwn.

< . o ?‘Q o
oy =z
0
- X - X l o N
M M | 7 |
x/ l X/ /0 0
| ! Y
) | 1I
H N
R R /\\
~ N X N ~ NFTXN

Optimism about filling still more holes in the periodic table

was tempered by the discovery that formamidinates are cleaved

rather easily in the presence of certain low-valent metal species
for example those of Nb and Palt was then necessary to
find a more sturdy ligand that would not be cleaved as easily.

One that seemed to have those desirable characteristics wa

the anion of 1,3,4,6,7,8-hexahydrébyrimido[1,2-a]pyrimi-
dine, hpp V). The parent guanidinate-type compound had
the advantage of being commercially available, and the anion
had been shown to stabilize Rt units1° Using this ligand,
we were able to synthesize the first triply bonded Nb
complex!! As indicated in Figure 1, this anion can also form
paddlewheel complexes with many other transition metal
atomst?

More importantly, it is now clear that not only is the hpp

ligand more robust than the formamidinates but also that there
are significant electronic differences. The hpp ligand has been

considered a weak nucleophile, but studies of the electronic
structuré3 have shown that it is a very strong Brgnsted base. It

has been estimated that it is nearly 100 times more basic than

tetramethylguanidin&, V.

(3) (a) Cotton, F. A.; Matusz, M.; Poli, Rnorg. Chem 1987, 26, 1472. (b)
Cotton, F. A.; Matusz, M.; Poli, R.; Feng, X. Am. Chem. Sod988
110 1144.

(4) Cotton, F. A,; Daniels, L. M.; Murillo, C. Alnorg. Chem1993 32, 2881.

(5) (a) Cotton, F. A.; Daniels, L. M.; Maloney, D. J.; Matonic, J. H.; Murillo,
C. A. Inorg. Chim. Actal997, 256, 283. (b) Cotton, F. A.; Daniels, L. M.;
Matonic, J. H.; Murillo, C. Alnorg. Chim. Actal997, 256, 277. (c) Cotton,
F. A.; Daniels, L. M.; Falvello, L. R.; Matonic, J. H.; Murillo, C. Anorg.
Chim. Actal997, 256, 269.

(6) (a) Cotton, F. A.; Daniels, L. M.; Maloney, D. J.; Matonic, J. H.; Murillo,
C. A.Inorg. Chim. Actal997, 256, 283. (b) Cotton, F. A.; Daniels, L. M.;
Feng, X.; Maloney, D. J.; Matonic, J. H.; Murillo, C. Anorg. Chim. Acta
1997 256 291.

(7) Cotton, F. A.; Poli, RPolyhedron1987, 6, 1625.

(8) Cotton, F. A.; Matonic, J. H.; Murillo, C. Ainorg. Chim. Actal997, 264,
61

(9) (a) Cotton, F. A,; Daniels, L. M.; Matonic, J. H.; Murillo, C. A.; Wang, X.

Polyhedron1997, 16, 1177. (b) Cotton, F. A.; Daniels, L. M.; Murillo, C.
A.; Wang, X.Inorg. Chem 1997, 36, 896.

(10) Bear, J. L.; Li, Y.; Han, B.; Kadish, K. Mnorg. Chem 1996 35, 1395.

(11) Cotton, F. A.; Matonic, J. H.; Murillo, C. Al. Am. Chem. S0d997, 119,
7889.

(12) See for example: (a) Cotton, F. A.; Timmons, DPdlyhedron1998 17,
179. (b) Cleac, R.; Cotton, F. A.; Daniels, L. M.; Donahue, J. P.; Murillo,
C. A;; Timmons, D. Jinorg. Chem 2000 39, 2581.

(13) Novak, I.; Wei, X.; Chin, W. SJ. Phys. Chem. £001, 105, 1783.

(14) Schwesinger, RChimia 1985 39, 269.
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From UV photoelectron spectroscopy, it has been established
that the HOMO ionization of Hhpp corresponds to a nitrogen
lone pair at the N(1) position (the N at the topl).22 It has
been argued that there are possible intramolecular interactions
between orbitals localized on imingdy, 7cn) and amine §n)
moieties with the lone pairs from N(1) interacting more strongly
with the mcy orbital than with the lone pair orbital at the
nonprotonated nitrogen atom. Thus, it is likely that such large
electronic differences between hpp and formamidinate ligands
are responsible for the stabilization of a series of highly oxidized
M. species by hpp ligands. Because of the high basicity of
bicyclic amines such as Hhpp, they have been used extensively
as catalysts in many organic reactions such as nitroaldol (Henry)
reactions, addition of dialkyl phosphates to a variety of carbonyl
compounds and iminé§, and transesterification reactiots.
More recently, there has been great interest in the study of proton
affinities of polyguanidine$’ For those, their very large intrinsic

'basicity has been traced to a dramatic increase in the resonance

stabilization of the conjugate bases. Also, an extensive review
on the coordination chemistry of the simpler guanidines and
auanidinates has appearéd.

In a preliminary communication, we reported the first triply
bonded tetragonal lantern compounds having thefManits
surrounded by nitrogen donor ligantd.ikewise, the first and
only known singly bonded R&" and doubly bonded "
tetragonal lantern compounds were prepared recéhtly.
Unfortunately, M(hpp)"* species tend to have low solubility.
Thus, reactions have been difficult to accomplish in a fully
controlled manner. For example, when the oxidation ofyMo
(hpp) with AgBF, was attempted for the first time, the doubly
oxidized [Ma(hpph](BF4). compound was the only product
isolated, and the intermediate [Mbpp)]™ species was not
observed? However, a few crystals of M¢hppuCl were
isolated at a later stage.

We have now overcome the synthetic problems encountered
earlier after realizing that, contrary to what is commonly known
for quadruply bonded Md" species, the Ma*" unit is very
easy to oxidize when it is embraced by hpp ligands. In fact,
mere dissolution of Mghpp), in CH,CI, causes formation of
Mo2°" in essentially quantitative yield. In this solvent, addition
of stronger oxidation agents such as AgB#Il proceed with
further oxidation to Mg®™ and beyond. On the basis of the
recognition of these facts, the series of Jdpp)"* species,
forn=20, 1, and 2 has been completed. This is the first truly
homologous series having MG units with bond orders of 4,

(15) Simoni, D.; Rondanin, R.; Morini, M.; Baruchello, R.; Invidiata, F. P.
Tetrahedron Lett200Q 41, 1607.

(16) Gelbard, G.; Vielfaure-Joly, Hetrahedron Lett1998 39, 2743.

(17) (a) Maksi¢ Z. B.; Kovaevic, B. J. Org. Chem 200Q 65, 3303. (b)
Kovatevic, B.; Maksi¢ Z. B. Org. Lett 2001, 3, 1523.

(18) Bailey, P. J.; Pace, €oord. Chem. Re 2001, 214, 91.

(19) Cotton, F. A.; Daniels, L. M.; Murillo, C. A.; Timmons, D. Zhem.
Commun 1997, 1449.

(20) Cotton, F. A.; Gu, J.; Murillo, C. A.; Timmons, D. J. Am. Chem. Soc
1998 120, 13280.

(21) Cotton, F. A.; Murillo, C. A.; Timmons, D. Lhem. Commuri999 1427.

(22) Timmons, D. J. PhD Dissertation, Texas A&M University, 1999.
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3.5, and 3 with an electronic configuration of the tyger*dx,
x =2, 1, 0. Here we also report voltammetric studies on these

Anal. Calcd for GoHs,ClsMo,Ny: C, 37.93; H, 5.52; N, 17.69%.
Found: C, 38.31; H, 5.77; N, 18.07%. Magnetism: 1ug4EPR (CH-

molybdenum complexes and show the existence of an enormousClz: 13 K) singlet,g = 1.94. Visible absorption spectrum (QEl,):

difference in the oxidation potential of the Md unit of ~1.5
V for compounds with N-donor ligands of the formamidinate

type and those with hpp. There exists a tremendous capability

for tuning the oxidation potential of the Mt unit by modifying

the ligands, a situation that could be relevant in the creation of
electrochemical sensors, an area of much current int€rast
other applications. Furthermore, it is important to recognize that
the backbone of the hpp ligand is the guanidinate grou@,, N
derived from guanidineyl. Guanidine has been recognized as
an important biological molecule with many of its derivatives
having important biological functior?s.

i\IlH
e N
H/ \H
VI

Experimental Section

General ProceduresAll synthetic techniques were performed under
a nitrogen atmosphere, and all glassware was oven-dried prior to use
Hexanes, toluene, THF, GBIl,, BuNBF,, and Hhpp were purchased
from Aldrich. Butyllithium (1.6 M) in hexanes was purchased from

Amax, NM; (em, L/mol-cm) 770 (200), 500 (shoulder). IR (KBr, ci):
2929(m), 2841(m), 2820(m), 1636(w), 1522(s), 1492(s), 1473(m), 1442-
(s), 1380(m), 1308(s), 1280(s), 1205(s), 1137(m), 1068(w), 1028(w),
739(m), 720(m), 414(w).

Method B. A red-orange solution of Mghpp), (0.10 g, 0.13 mmol)
in 10 mL of toluene was layered with a solution ofHsl-Cl, (0.018
g, 0.067 mmol) in 10 mL of acetonitrile. No solid precipitated as the
layers diffused. After the diffusion was complete, the yellow-orange
solution was layered with 10 mL of diethyl ether. A few yellow-orange
crystals of2 (free of interstitial solvent) grew within a few days. The
yield was not optimized.

Moa(hpp)a(BF4), 3. Moz(hpp) (0.20 g, 0.27 mmol) was dissolved
in 20 mL of CHCl,. Once the red solution had turned brown, it was
transferred via cannula to a flask with TIBFD.10 mg, 0.34 mmol)
and stirred for 2 h. The brown solution was filtered into a 50-mL
Schlenk tube and layered with hexanes. Brown crysta®2CH,Cl,
(0.15 g) were collected after 3 weeks, giving a 61% yield. Anal. Calcd
for CogHasBFsMO2N12: C, 40.45; H, 5.82; N, 20.22. Found: C, 40.26;
H, 6.12; N, 19.94. Visible absorption spectrum ({CH}): Amax, NM;
(em, L/mol-cm) 760 (200), 520 (shoulder). IR (KBr, ci): 2934(m),
2847(m), 2821(m), 1629(w), 1522(s), 1490(s), 1467(s), 1445(s), 1382-
(s), 1308(s), 1281(m), 1207(s), 1139(m), 1054(s), 1026(s), 743(m), 720-
(w), 417(w).

Moa(hpp)4CI(BF4), 4. Moz(hpp) (0.20 g, 0.27 mmol) was dissolved
in 20 mL of CHCl,. Once the red solution had turned brown, it was

transferred via cannula to a flask containing Agi%60 g, 0.31 mmol).

The mixture was stirred f&2 h and then filtered into a 50-mL Schlenk
tube and the solution layered with hexanes. Brown crystals (0.13 g)

Acros and used as received. The solvents THF, toluene, and hexanesyere obtained after two weeks, giving a 56% yield. Anal. Calcd for

were dried over Na/K alloy and GEl, over ROs. All solvents were
freshly distilled under nitrogen prior to use. Hhpp was sublimed, and
Bu:NBF, was oven-dried prior to use. TIBRas prepared by titrating
TI,COs with HBF4-2E%O, both purchased from Strem and used as
received. The oxidantdElsI-Cl, was prepared following a modification

of published procedures by bubbling chlorine gas through iodoben-
zene?® After filtration, the yellow solid was washed with hexanes and
stored at 5°C. Mox(hpp), 1, was made using a modification of a
previous synthest&where the solvent of reaction/crystallization was
switched to THF.

Physical Measurements.Elemental analyses were performed by
Canadian Microanalytical Service, Ltd., Delta, British Columbia,
Canada. UV~vis spectra were recorded on a Cary 17D spectropho-
tometer for4 and a Shimadzu UV-1601 PC spectrophotometer2for
and 3. 'H NMR spectra were recorded on a Unity Plus 300 NMR
spectrometer, using GBI, to reference chemical shift®)), Cyclic
voltammetry was recorded using a BAS 100 electrochemical analyzer
with a 2-mm diameter Pt disk working electrode, Ag/AgCl reference
electrode, and Pt wire auxiliary electrode with JBiBF,-3toluene as
solvent?®?” The scan rate for the voltammograms was 200 mV/s.
Potentials are reported versus Ag/AgCl.

Preparation of Moz(hpp)4Cl, 2. Method A. Moz(hpp) (0.20 g, 0.27
mmol) was dissolved in 20 mL of Gi€l,. The deep red solution turned
brown within 5 min, and was stirred for 1 h. The brown solution was
transferred to a 50-mL Schlenk tube via cannula and layered with
hexanes. Brown crystals (0.18 g) were collected after two weeks, giving
a yield of 71%. X-ray studies confirmed the product2a8CH,Cl,.

(23) See for example: Katz, E.;"Bkmann, A. F.; Willner, I.J. Am. Chem.
Soc 2001, 123 10752 and references therein.

(24) Mori, A., Cohen, B. D., Lowenthal, A., Ed$Guanidines: Historical,
Biological, Biochemical and Clinical Aspects of the Naturally Occurring
Guanidino Compound$lenum Press: New York, 1985.

(25) See for example: Krassowska-Wiebocka, B.; Prokopienko, G.; Skulski,
L. Synlett1999 1409 and references therein.

(26) Pickett, C. JChem. Commurl985 323.

(27) Fry, A. J.; Touster, 1. Org. Chem1986 51, 3905.

CosH4gBCIFsMON12: C, 38.79; H, 5.58; N, 19.39. Found: C, 38.98;

H, 5.42; N, 19.61'H NMR (CD.Cl, ppm): 3.30 (t, (CH)), 2.01 (quin,

CHy,). Visible absorption spectrum (GBL,): Amax, NM; (em, L/mol-

cm) 610 (270), 427 (15 000). IR (KBr, ctH: 2934(m), 2860(m), 1636-

(m), 1538(s), 1492(s), 1448(s), 1383(s), 1311(s), 1217(s), 1137(s),

1067(s), 1029(s), 880(w), 802(w), 751(s), 728(m), 518(w), 413(w).
X-ray Crystallography. Single crystals o, 2:2CH,Cl,, and4, were

attached to quartz fibers with a minimum of silicone grease. Data were

collected at 213 K on a Bruker SMART area detector using the SMART

and SAINT progran®§2*for 2:2CH,Cl, and4. For 2, a Nonius FAST

area detector was employed. The crystal structures were solved via

direct methods and refined using SHELXL-®Hydrogen atoms were

placed at calculated positions. Non-hydrogen atoms were refined with

anisotropic displacement parameters. Cell parameters and refinement

results for compoundg, 2:2CH,Cl,, and4 are summarized in Table

1.

Results and Discussion

Syntheses.The quadruply bonded starting material, Mo
(hpp), was prepared as before by reaction of @CCF;)4
and Lihpp!?2 However, we made a simple but important
modification by replacing toluene with THF as the solvent for
the reaction. This switch from toluene to THF increased the
yield of red crystalline material from 22% to 73%.

We had found earlier that this quadruply bonded compound
could be oxidized, in low yield, to the triply bonded Mbpp)y-
(BF4)2 species by reaction with AgBn CH,Cl,. Interestingly,
the oxidation always resulted in the isolation of the o
species, even when the ratio of M6 to Ag™ was 1:1. An

(28) SMART, Version 5.618, Bruker AXS, Madison, WI, 2001.

(29) SAINT, Version 6.02, Bruker AXS, Madison, WI, 2000.

(30) Sheldrick, G. M. SHELXTL, V .5; Siemens Industrial Automation Inc.:
Madison, WI, 1994.
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Table 1. Crystallographic Parameters for Compounds 2, 2:CHCl,
and 4
cmpd 2 2-2CH,Cl, 4
formula GeHaeCIMONy,  CaHs,ClsMo,N;, CogH4sBCIF,MO,N 1,
fw 780.11 949.97 866.92
space group P4/n (No. 85) P4/nnc(No. 126) P4/ncc(No. 130)
a(A) 13.561(11) 13.6912(8) 14.4878(8)
c(A) 8.5330(3) 20.475(1) 16.3787(9)
V (R3) 1569(2) 3838.1(4) 3437.8(5)
z 2 4 4
deac (g/cm3)  1.651 1.644 1.675
w (mmL) 0.926 1.042 0.870
radiation Mo Ka. (A, = 0.71073 A)
T(K) 213(2) K
R12wR2 0.064, 0.113 0.027, 0.062 0.070, 0.135

3RL = Z||Fo| — |Fdll/Z|Fo|. °WR2 = [E[W(Fo? — FA)?/ZW(Fe?)7Y2 w
= 1/[04Fed + (aP)2 + bP], whereP = [max(0 orFq?) + 2(FA)]/3.

attempt to oxidize a solution df with CgHsl-Cl, in CH;CN
finally provided the first few crystals of Mg¢hppuCl, 2, which
allowed us to determine its structuid® While working to
improve the yield, the reaction conditions were monitored in
various ways. Whenever tiél NMR spectrum of Me(hppy

was checked, we noticed a change occurring as a function of

time when the solvent was GDl, but not in other solvents
such as CBCN. The longer the time after preparation of the

samples, the broader the weak NMR signals became. There was
also a noticeable darkening of the dilute solution. It soon became
apparent that the broadening of the signals was due to the

presence of the paramagnetic Mo species, with CBCly

unexpectedly acting as an oxidizing agent. Thus, bulk samples

of the brown crystalline and paramagnetic materiabfpp)-

Cl were prepared simply by dissolving Mbpp), in CH.Cl,

and then stirring the solution at room temperature for an hour.
After layering the solution with hexanes, crystals2CH,-

Cl, were isolated in about 71% yield. It is worth mentioning

Cit
D

Figure 2. Thermal ellipsoid plot of MghppkCl in 2 with probability
ellipsoids shown at the 50% level. The atoms Mo(1), Mo(2) and CI(1) are
on the four-fold axis. Selected interatomic distances (A) are: Me1)-

(2) = 2.128(2), Mo(1}-N(11) = 2.122(6), Mo(2)}-N(12) = 2.139(6), Mo-
(2)—ClI(1) = 3.091(6).

.\;
% N \
P o

that although dichloromethane is seldom thought of as an figure 3. The crystal environment i2-2CH,Cl,. Labels are on the

oxidizing agent, it has been used in our laboratory for the
oxidation of Wy* quadruple bond¥, and the reduction of alkyl
halides has been a topic of much inteféand has been studied
extensively (vide infra).

The chloride ion in2 can be substituted by reaction with
TIBF4 whereby brown, paramagnetic Moppu(BFs), 3, can
be isolatec?®3* Compound<2 and 3 are slightly air-sensitive;
crystals will decompose withil h when exposed to air. Like
the parent Mg(hpp) complex,2 and 3 exhibit very limited
solubility in most common laboratory solvents. They are,
however, slightly more soluble in CBl,, giving brown
solutions.

Further oxidation to the corresponding b0 species was
accomplished quite easily by allowing Mbpp), to react with
CHCI; to give the corresponding M®™ complex and then

(31) Canich, J. A. M.; Cotton, F. A.; Dunbar, K. R.; Falvello, L.IRorg. Chem
1988 27, 804.

(32) See for example: (a) Sz, J.-M.Acc. Chem. Red993 26, 455. (b)
Pause, L.; Robert, M.; Séaat, J.-M.J. Am. Chem. So200Q 122, 9829.

(c) Savent, J.-M.J. Am. Chem. S0d987, 109, 6788.

(33) If the stoichiometry was not carefully controlled during the preparation of
3 and less the 1 equiv of TIBFwas added t@®, crystals of Ma(hppy-
Clo.s(BF4)o.5 Were obtained. These crystallized in the tetragonal space group
P42,2 with the following crystallographic parametera:= 14.2091(8) A,
c=16.415(1) AV = 3314.3(4) R. The structure was highly disordered.
The Mo—Mo distance was 2.1193(6) A.

(34) Crystals of3-2CH,Cl, have been obtained, and crystallographic charac-
terization has revealed the presence of a highly disordereghdp),™
cation and B~ anion. Crystallographic data are: monoclinic space group
P2i/c, a=9.820(3) A,b = 20.859(5) A,c = 19.797(3) A s = 96.44(1,

V = 4029(2) &. The Mo—Mo distance was 2.110(1) A.
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crystallographically independent hpp ligand, and probability ellipsoids are
shown at the 50% level. Each GEl; has a 50% occupancy. Selected
interatomic distances (A) are: Mo@Mo(2) = 2.1281(4), Mo(1)3N(1)

= 2.102(2), Mo(2)-N(2) = 2.160(1), Mo(2)--CI(1) = 2.838(1).

adding one equivalent of AgBFAfter workup of the reaction,
the very dark brown and diamagnetic compodndas isolated

in reasonably good yields (56%). Compouddalso shows
relatively low solubility in most common organic solvents. Thus
the sequence of events leading from #foto Mo," via Moy>"
can be summarized as:

Mo;(hpp)4BFy
[€)]

1

TIBF,

Mo(0,CCFy)4 Liee,.

Moy(hpp) -2xidation by, Mo,(hpp)Cl
e @ @

oxidation by
AgBF,

Mo,(hpp)4(BE,); <228 Moy(hpp)4CI(BFy)

Structural Studies. All three complexe2, 2-:2CH,Cl,, and
4, crystallized in a tetragonal space group, and their structures
are shown in Figures 2, 3, and 4, respectively. For each of them,
selected interatomic distances are given in the corresponding
figure caption. There is a common structural motif whereby four
guanidinate groups wrap the dimetal unit, giving a paddlewheel
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Figure 4. Thermal ellipsoid plot of the triply-bonded M@pphCI(BF4)
compound4, showing displacement ellipsoids at the 50% probability level.
Selected interatomic distances (A) are: Mefbo(2) = 2.1722(9), Mo-
(1)—N(1) = 2.092(4), Mo(2Y-N(2) = 2.108(4), Mo(2)--Cl(1) = 2.983-
(2), Mo(1y--Cl(1) = 3.034(2).

or tetragonal lantern structure with the Mo unit located along
the four-fold axis, where the axial chloride ions are also found.

What is more remarkable is the magnitude of the difference
for comparable oxidation numbers in changing the ligand from
the formamidinate DTof to the guanidinate-typ@-72-(NPh)-
CNHPF7 and hpp. It appears that the shorter M distances
for the latter are a reflection of stronger binding that is likely
to be due to the higher basicity of the hpp ligand, a derivative
of the extremely basic prototype guanidine ;KbLbC=NH.

The Mo—Mo distances in Table 2 also show a marked
variation as the oxidation state increases. However, the variation
is the opposite of that for the MeN distances. Clearly, there
is an even, stepwise increase of the metaétal distance in
going from Ma@*" to Moy>" and M@®*. This is consistent with
the decrease in bond order combined with the increase in charge.
In the parent compound the electronic configuration of the
Mo2*" is that of a typical quadruply bonded unit where the eight
bonding electrons give @r*d? configuration. The removal of
an electron reduces the bond order to 3.5, and the-Mo
separation increases by 0.06 A. Removal of another electron
from theo orbital brings the bond order to 3, and the Mo
distance increases by 0:60.04 A for Moy hppu(BFa). and4,
respectively.

The relatively small magnitudes of the changes are likely due
to the fact that the electrons are being removed féoanbitals
which do not make a major contribution to the total Mdo
bond strength. Nevertheless, the trend clearly supports the

These are at distances that are too long to be considered aghange in electronic configuration fron?#92 to 027% and

making significant bonding contributions. The molecules are
well-ordered with the hpp ligands being such that in one ring
the central CH group deviates in one direction and in the other
ring the corresponding CHgroup deviates in the opposite
direction.

For all three complexes the distances within the hpp ligands

are very similar. Outside the guanidine core, £ZNhe C-N
and CG-C distances are-1.45 and~1.50 A, respectively. For
the core, the two chemically equivalent—@l distances in
each of the hpp ligands are significantly shorter and fall in the
range 1.33-1.35 A while those &N distances between the

atoms shared by the two rings of the hpp ligands are just slightly

longer and in the range between 1.35 and 1.39 A. This is
consistent with the four atoms of the guanidinate core being
regarded as gphybridized with some of their electrons
occupying pr molecular orbitals, leading to near planarity of
the CN; unit.

Structural Trends among the Dimetal Cores.With this
report concerning the first two Mthpp)™ species, we can now
for the first time track accurately how the Md/o distances
vary as the charge of the MY unit changes from 4 to 5 and

o%7* as the value oh in the Mo"" species changes from 4 to
5 and 6, respectively.

Variations in the same direction are also observed for the
other two M@**/Mo,®" couples shown in Table 2. For another
pair, namely that of MgSOy)4* 3%and Mo(SQOy)43~,3° the
metat-metal distances show a similar increase as they vary from
2.110(3) to 2.164(3) A. It is important to note that entirely
analogous trends are to be fodafibr the Wa(hpp), Wo(hpp)™,
and Wx(hpp)?* series with the metalmetal distances increasing
by ~0.04 A and the average WN distances decreasing by a
similar amount. Again, this is consistent with the corresponding
configurations ofg?7%02, o274, and o%7*.

Although there are a large number of structures of quadruply
bonded Mg(carboxylate) compounds known having MeMo
distances 0f~2.07-2.10 Al the actual isolation of oxidized
Mo2>" species has been challenging and it was not until very
recently that structures of the first three compounds having Mo
(carboxylatey™ monocations were reporté®lOnce again a small
lengthening of metal-to-metal distances-3.06 A with respect
to that of the corresponding parent compound was observed.

6 on a series of homologous compounds. The data are presente@S €xpected, the increase in the charge on the dwe from

in Table 2 which also includes the results of a parallel study on
Wo(hpp)"* analogues$® When the average MeN distances

the loss of one electron caused the-Md bonds in the cations
to shrink by ~0.025 A. Unfortunately, the only previously

are compared, the general trend is for a small but significant reported Me(carboxylatef* species cannot be included in the
decrease as the oxidation state increases. This is consistent witgomparison for the following reasons. This is a tetraacetate

the generally observed shrinking of the atomic radii as the charge

increases. The overall change in going from#tdo Moy is
0.08-0.10 A with the difference roughly split for the Mo

species. Slightly smaller differences have been observed for the

only other M@*"/Mo,®" couples surrounded by nitrogen ligands,
also shown in Table 2.

(35) Cotton, F. A.; Huang, P.; Murillo, C. A.; Timmons, D. lhorg. Chem.
Commun 2002 5, 501.

(36) Cotton, F. A.; Feng, X.; Matusz, Mnorg. Chem 1989 28, 594.

(37) (a) Bailey, P. J.; Bone, S. F.; Mitchell, L. A.; Parsons, S.; Taylor, K. J.;
Yellowlees, L. J.Inorg. Chem 1997 36, 867. (b) Bailey, P. J.; Bone, S.
F.; Mitchell, L. A; Parsons, S.; Taylor, K. J.; Yellowlees, Lldorg. Chem
1997, 36, 5420.

(38) Angell, C. L.; Cotton, F. A.; Frenz, B. A.; Webb, T. R. Chem. Soc.,
Chem. Communi973 399.

(39) Cotton, F. A.; Frenz, B. A.; Webb, T. B. Am. Chem. Sod973 95,
4431.

(40) Cotton, F. A.; Daniels, L. M.; Hillard, L.; Murillo, C. Alnorg. Chem
2002 41, 1639.
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Table 2. Variations of the M—M and M—N and Selected M=~Cl Distances (A) for Paddlewheel Families (M = Mo, W) and Differences in the
Metal—Metal Distance between the Corresponding Cationic and Neutral Species

A(M-M) species charge of

cmpd M-M M5 —M,* Mo —M,5* M-N (av) M-++Cl M, unit ref
Moz(DTolF)2 2.085(4) 0.037 2.17 4 36, 46
[Mox(DTolF)s]PFs? 2.122(3) 2.15 5 36
Mo{ u-n?-(NPhL,CNHPH 4 2.0839(9) 0.035 2.17 4 37
[Mo2{ u-1?-(NPhLCNHPH 4]BF4 2.119(1) 2.14 5 37
Moz(hpp) 2.067(1) 0.061 2.16 4 12a
Moz(hppyCl 2.128(2) 0.061 0.044 (0.01%) 2.13 3.091(6) 5 this work
Moz(hppuCl-2CH,Cl, 2.1280(4) 0.044 (0.018) 2.13 2.838(1) 5 this work
Moz(hpp)CI(BF4) 2.1722(9) 2.10 2.983(2) 6 this work
Moz(hppu(BFa)2 2.142(2) 2.08 6 19
Wo(hpp)-2NaHBEg 2.1607(4) 2.15 4 35
Wo(hppkClo.sClo.sc 2.209(1) 0.048 0.041 2.12 2.8425(9) 5 35
Wo(hpphCl 2.2131(8) 0.052 0.037 2.12 2.938(4) 5 35
Wo(hppyClz 2.250(2) 2.08 3.064(9) 6 12b

aDTolF = N,N'-di-p-tolyformamidinate anion? The numbers outside parentheses are relativé; tthose within the parentheses are compared to
Moz(hppu(BF4)2. ¢ The net stoichiometry is WhppxCl. Each axial position is half occupied by a chlorine atom.

derivative having a neopentyl (np) group at each of the Electrochemistry. The recent creation of extended structures
axial sites*! Here the Moe-Mo distance is 2.1302(6) A, and  with multiple Mot units, for example, pairs, loops, triangles,
the average MeO distance is 2.103(1) A. For comparison, squares, cages, and more complex architectures has allowed
the Mo—Mo bond length in Meg(2,4,6,-triisopropylphenyl-  further electrochemical study of Mb™ units#3 In these a range
carboxylateyPFs, Moy(2,4,6,-triisopropylphenylcarboxylati@F, of electronic interactions between Monits occur through the
and Ma(pivalate)PFs are 2.1364(8), 2.1441(5), and 2.1512(5) linker ligands as oxidation of the entire supramolecule pro-
A, respectively, and the corresponding average{@adistances ceeds* In this class of compounds the maximum extent of
are 2.066, 2.067, and 2.077 A. Thus the-Mdo bond distance electrochemical oxidation thus far observed leads to fow®Mo

in the Mo®" species is slightly shorter than those in #to units in one molecule and never to an Mo species® Thus,
compounds, and the corresponding average-Radistances to gain insight into the apparent ability of hpp to stabilize higher
are longer. It is important to note, however, that in the triply oxidation numbers in dimetal units we decided to study the
bonded Mg®" species the axially coordinated neopentyl groups electrochemistry of the Mghpp) system. Solubility problems
are presumably covalently bonded to the Mo atoms-@/= precluded the use of the traditional conditions in obtaining a
2.103(1) A) while the anions in the MY carboxylates do not  cyclic voltammogram (CV) or a differential pulse voltammo-
interact strongly with axial ligands. It does not seem reasonable gram (DPV). However, a search of less common electrochemical
to compare a compound of the M@®.CR)R'>-type with the media revealed BiNBF,-3toluene, first described by Pick&tt
Mo,(O,CR)s™ or Mox(hppk™ (n = 1, 2) types. The bonding  and further characterized by Fry and Tougfeip be suitable

in the Mo(O.CR)uR',> type molecule, along with several for this purpose. The CV and DPV of M@pp) show two
analogous WP complexes was described a2 However, waves corresponding to reversible one-electron proces$gs at
this does not appear to be an entirely satisfactory explanation,= —0.444 V andE; = —1.271 V versus Ag/AgCl (Figure 5).
since it seems very peculiar that removal af bhond from the Under these conditions, the ferrocene/ferrocenium couple is
M, manifold would strengthen the Moond enough to break  found at+0.524 V, and the MgDTolF)s/Mo,(DTolF);" couple

the trend of increasing MM distances as the oxidation of is at +0.417 V. For comparison, the latter was reported at
Mox*" species takes place. More work will be needed to +0.333 V for a measurement carried out in £y with Bug-

reconcile this apparent discrepancy. NBF, as the supporting electrolyté.
Magnetic Behavior. 'H NMR data clearly show thad, For these values to be compatible with the chemistry
having the Mg®* core, is diamagnetic as is the parent Mgt" described above, the dominant species at the resting point must

complex. For4 there are a sharp triplet and quintet centered at be the doubly oxidized M§" species. Thus, thE},2 must
3.30 and 2.01 ppm, respectively, that integrate in the expectedcorrespond to the reduction to Md, and theEf,2 at—1.271V
ratio of 2:1. For all of the Mg™ compounds théH NMR gives must be associated with the second reduction to the neutral Mo
only very broad signals which are typical of paramagnetic (hpp), complex.

substances. The presence of the expected unpaired electron was The number of reports on electrochemical behavior of M
confirmed by variable-temperature magnetic measurements (se¢Mo and W) formamidinates, carboxylates, and related ligands

Supporting Information) and the EPR spectrun2adf CH,Cl, is rather limited. Some have already been mentioned
glass at 13 K which shows a metal-centered free radical signalabove?0.41.43-46 byt others are also relevatitSome data are
with values ofgy = g = 1.94 similar to those found in Me summarized in Figure 6. It is important to note that potentials

(carboxylatejy™ species® In a tetraguanidinato complex of  are relative to Ag/AgCl and that the data have been collected

Cr5t, namely Cg[(PhNXLCN(CH,)4]sPFs, the g value was
1.97342 (43) (a) Cotton, F. A;; Lin, C.; Murillo, C. AAcc. Chem. Re2001, 34, 759.
. . (b) Cotton, F. A,; Lin, C.; Murillo, C. A.Proc. Natl. Acad. Sci. U.S.A.

2002 99, 4810.
(41) Chisholm, M. H.; Clark, D. L.; Huffman, J. C.; Van Der Sluys, W. G; (44) See for example: Cotton, F. A.; Donahue, J. P.; Lin, C.; Murillo, C. A.

Kober, E. M.; Lichtenberger, D. L.; Bursten, B. E.Am. Chem. S04 987, Inorg. Chem 2001, 40, 1234.

109 6796. (45) Cotton, F. A,; Lin, C.; Murillo, C. AJ. Am. Chem. So2001, 123 2670.
(42) Cotton, F. A,; Daniels, L. M.; Huang, P.; Murillo, C. Anorg. Chem (46) Lin, C.; Protasiewicz, J. D.; Smith, E. T.; Ren,Ifiorg. Chem 1996 35,

2002 41, 317. 6422.
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Figure 5. Cyclic voltammogram of Mghpp), 1, in BusNBF4-3toluene
with potentials referenced vs Ag/AGCI showing two reversible one-electron

events aE}, = —0.444 V andE;, = —1.271 V. Under these conditions,
the ferrocene/ferrocenium couple appeared-@t524 V.
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carboxylate formamidinate (NPh),CNHPh hpp

Figure 6. Variation in potentials as a function of ligand for paddlewheel
complexes of the type Blls, M = Mo, W. The data were compiled as
follows: for carboxylates from reference 40, for formamidinates from
reference 46, for (HPBCNHPh from reference 37, and for hpp the data
are from this work.

in a variety of conditions that might be expected to change the
potentials by a few millivolts. Nevertheless, some of the trends
observed are overwhelmingly clear. For example, oxidation of
comparable quadruply bonded ¥ species is significantly
easier (by>0.5 V) than those having M6" units. It is also
apparent that oxidation of formamidinates is not significantly
different than that of carboxylates, although variation of
substituents in the aryl groups provides considerable tunability
of the potential¢® However, the most amazing observation is

the very large magnitude of the change of the potential as the

ligands are modified to include the guanidinate core,3CN

(47) See for example: (a) Cotton, F. A. Pedersoningrg. Chem 1975 14,
399. (b) Santure, D. J.; Huffman, J. C.; Sattelberger, AnBrg. Chem
1985 24, 371. (c) Cotton, F. A.; Ren, T. Am. Chem. S0d 992 114
2237.

especially for those of the hpp ligand. Here thg, for the
process:

Mo,(hpp),” + 1e — Mo,(hpp),

is ~1.5 V apart from that of the corresponding process for the
tetraformamidinate having anisyl groupp-CsH,OMe) and
almost 2.0 V from that op-CgH4CFs. Thus, such an enormous
shift in the electrode potential is what allows the observation
of an electrochemical wave for the process corresponding to:

Mo,”" —Mo,?" + 1e

The reduction potential at0.444 V (Figure 5) indicates that
even the oxidation of Mghpp)™ is far easier than that of any
of the neutral tetraformamidinate or tetracarboxylate species,
MoL4. This great ability of the guanidinate-type ligands to
stabilize higher oxidation numbers places them in a unique new
category among the ligands that have revolutionalized the
chemistry of metatmetal compounds. These allow another
quantum jump and the creation of a category of highly oxidized
paddlewheel dimetal units.

The increased stability of higher oxidation number given to
dimetal units by hpp is further supported by the isolation of
other M®" compounds, for example, M W,12° Re#8 Rul9,
Osl2b |r,21 Pd2° and Ptl?® There are other signs that this
generality does exist. It has also been repdfttht Ry(hppy?*
can be reversibly oxidized to Riinpp)3*, the only known case
of RwP" to Rw’*. In addition, we have recently prepared and
characterized the first @5 species, Oghppu(BFs)s.4°

It appears that one of the reasons for this behavior is the
presence of the guanidinate skeleton with the partialNC
double bond character of each of the three bonds as shown by
the short distances (vide supra). However, important differences
between hpp and (NBRCNHPh also indicate that it is likely
that electronic effects from substituents must play a role (e.qg.,
changes in basicity). The rigidity imposed by the fusion of the
two rings in the hpp ligand could also be important.

To evaluate the relative importance of various factors it will
be necessary to create new ligands of the guanidinate type; those
having additional arms will be particularly appealing because
they should also increase solubility of the dinuclear units. Efforts
to develop the necessary synthetic chemistry are currently
underway in our laboratory.

Comparison with Mo[Mo(CO) 4(PhPO,),],*~. At the same
time we were studying the Mthpp)"* system, we were
reinvestigating a compound reported eafflers (BunN)zH,-
{Mo2[Mo(CO)4(PhPQ),]} .. We have determined that the two
hydrogen atoms in the originally proposed formula are not
present, and thus the Manit contains a triple, not a quadruple,
bond and should be regarded as an,Maunit.>! Interestingly,
electrochemical study shows that for such a system there is one
(not two) chemically reversible one-electron wave at the very

(48) Cotton, F. A.; Gu, J.; Murillo, C. A.; Timmons, D.J.Chem. Soc., Dalton
Trans 1999 3741.

(49) Cotton, F. A.; Huang, P.; Murillo, C. A. Unpublished results.

(50) Wong, E. H.; Valdez, C.; Gabe, E. V.; Lee, F. Rolyhedron1989 8,
2339.

(51) Cotton, F. A.; Daniels, L. M.; Liu, C. Y.; Murillo, C. A.; Schultz, A. J,;
Wang, X.Inorg. Chem 2002 In press.
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negative potential of-1.54 V versus Ag/AgCl that corresponds
to the process M+ + e — Moy**.

Thus, the stabilization of the M®™ and Ma®" cores is
effected by two very different types of ligand: the hpp anion
and thecis[Mo(CO)4(PhPQ),]*~ tetraanion. The key to the
action of the hpp ligand is its extremely high basicity coupled
with its ability to interact with the Mg cores via its
delocalizedr orbitals. For thecis-[Mo(CO)4(PhPQ)z]* ion,
the key feature is the large amount of negative charge, 8
distributed over eight oxygen atoms.

Comproportionation Constant, K. From the electrochemi-
cal data provided above, and using thE;, values, measured
by the method of Richardson and TauBdt is possible to
calculate the comproportionation constant for the process

Mo,(hpp), + Mo,(hpp)”* = 2Mo,(hpp),"

The equilibrium constant at 298 KKc, is given by the
expressioff Kc = exp(AE12/25.69) whereAE;, is the separa-
tion for successive one-electron processes in millivolts.

Thus, forEj, of —0.444 V andE?,, of —1.271 V, theAEy,
is 827 mV, aniKc is 9.56x 103, indicating that the equilibrium
strongly favors the monooxidized species. This is not due to
the lack of stability of the Mghppy?" species but to the
apparently disfavored M¢hpp), complex, a phenomenon
observed now for the first time in quadruply bonded Ao
species.

Because of the large value &f, it should be no surprise
that the cation Mg(hpp)* forms even by reaction of M¢hpp)
with CH,Cl, at room temperature. A cyclovoltammogram of
the solvent CHCI, (1 mM in BwNBF4-3toluene) shows a
chemically and electrochemically irreversible reduction wave
at—1.114 V. At this potential, CkCl, is able to oxidize Mg-
(hpp) to the corresponding monocation.

Some Additional Thoughts. At least two aspects of the
present work provoke some thoughts on biological systems. One
is the known toxicity of CHCI, and the reduction via production
of free radical$* The other aspect is the importance of
guanidinate groups in living processgs.

large number of studies on the toxicity of @Ei,.5”

It is noteworthy that the reaction of Mhpp) with CH,ClI;
leads to the reduction of the dihalomethane and concomitant
formation of metal-based radicals as shown by the EPR spectra
(vide supra). This reaction is occurring because of the high
stabilization of the oxidized dimetal units by the hpp ligands
which are guanidine derivatives.

This might be relevant to biological systems as it is known
that many enzymes containing dimetal units with bridging
ligands do participate in many redox proces¥esrom what
we have shown in this work, it is clear that very large changes
in potentials can be created by the nature of the ligands.

The capacity of changes in ligands (or in any other, or
additional, component of the environment) surrounding a metal
atom, or group of metal atoms, to modify the oxidation potential
of the metal atom (or group) is as fundamental a question as
any in chemistry. With the evolution of our knowledge of
bioinorganic chemistry, the question has taken on still wider
interest and significanc®. We have shown here a dramatic
example of how to change the redox potential of a metal unit
simply by modifying the ligand&®

Concluding Remarks

We have completed the series Mapp),™* forn= 0, 1, and
2. We have now also shown that the electrode potentials of
bonded dimolybdenum units are extraordinarily sensitive to
variations resulting from ligand changes. Variations of more
than 1.5 V in the potentials of such Mainits open up the
possibility, inter alia, of using them as sensors that could be
fine-tuned by small variations in the substituents.
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It has been proposed that possible mechanisms that lead td°!F format for compoundg, 2-:2CH,Cl,, and4 (PDF). This

reduction of alkyl halides, for example, GEl,, are the
following types??

R—X +e— R+ X (electrochemical)
R—X + A" — R+ X~ + A (homogeneous)

where A/A~ is a chemically stable redox couple reacting in an

outer-sphere manner. Such single-electron-transfer reactions

have been shown to play an important role in homogeneous
chemistry and also in photochemistry. Interestingly, the action
of free radicals has long been implicated in cancers and many
degenerative diseas&sThus, it is not surprising to see a very

(52) Richardson, D. E.; Taube, thorg. Chem 1981, 20, 1278.

(53) See for example: (a) Cotton, F. A.; Donahue, J. P.; Lin, C.; Murillo, C. A.
Inorg. Chem 2001, 40, 1234. (b) Flanagan, J. B.; Margel, S.; Bard, A. J.;
Anson, F. CJ. Am. Chem. Sod978 100, 4248. (c) Ito, T.; Hamaguchi,
T.; Nagino, H.; Yamaguchi, T.; Kido, H.; Zavarine, I. S.; Richmond, T;
Washington, J.; Kubiak, C. B. Am. Chem. Sod999 121, 4625.

(54) See for example: Bolt, H. M.; Gansewendt,@it. Rev. Toxicol 1993
23, 237 and references therein.

(55) Hannon, C. L.; Anslyn, E. V. IBioorganic Chemistry FrontiersDugas,

H., Ed.; Springer-Verlag: Berlin, 1993; Vol. 3, p 193 and references therein.
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35, 138. (d) Casanova, M.; Bell, D. A.; Heck, H. d’Aczundam. App.
Toxicol 1997 37, 168. (e) DeMarini, D. M.; Shelton, M. L.; Warren, S.
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In making this statement we set several defining conditions to avoid
ambiguity: (1) only ligands, not any aspect of the redox center itself, are
changed; (2) the redox reaction occurs at the metal atom (or cluster of
metal atoms) as demonstrated by EPR spectroscopy; (3) in each couple,
the redox reaction entails no change in the ligands other than small ones
that are unavoidable in view of the alteration of the charge on the redox
center; (4) spin states on corresponding sides of the couples being compared
are the same; thus, for example, we exclude comparing JFBH/Fe-
(H20)s%" (both high-spin) with Fe(CN§~/Fe(CN)3~ (both low-spin), or
Co(NHs)e?"/Co(NHs)6** (high- to low-spin) with Co(HO)s?>"/Co(H0)e*"
(high-spin to high-spin).
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