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Under strictly anhydrous conditions, no reaction occurs between Mo,(O,CCMes), and tetracyanoethylene, TCNE,
at room temperature, but after addition of 1 equiv of water, a reaction proceeds to form [Mo,(O,CCMes)s((NC),-
CC(CN)CONH]], 1. The compound contains a quadruple-bonded Mo, unit and the 2,3,3-tricyanoacrylamidate anion
as a ligand (TC3A), a very unusual hydrolyzed form of TCNE. Two different solid-state structures were obtained
after crystallization of 1. Crystals obtained from CH,Cl;, consist of a two-dimensional network, and crystals grown
from a CgHjg solution form a 1-D chain motif. In both cases, the TC3A ligand acts as a polydentate ligand involving
a bidentate OCN bridging unit and two CN groups. The electrochemical and spectroscopic (IR, UV/vis/near-IR,
NMR, EPR) properties of 1 support the formulation in solution as a discrete 1:1 complex of the TC3A donor ligand
and a Mo, unit with no charge transfer. The coordinated TC3A ligand exhibits redox properties similar to those of
free TCNE.

Introduction reactivity of TCNX derivatives with electron-rich metal
complexes to form discrete as well as polymeric charge-
transfer compounds in which the donors and acceptors are
coordinated through nitrile positiods’ Among the systems
that we and others have been investigating in this general
area are metalmetal bonded specié$?efforts that include
the chemistry of tetracarboxylate compounds,{MBCR),
(R = Me, CMe;, CH,CH,CHMe,, CF;) with polycyano
acceptor ligands.

*To whom correspondence should be addressed. Y.L.M.: e-mail, Herein, we describe an unusual reaction betweeE(Me
yves.lemest@univ-brest.fr; fax33-2-98017001. K.R.D.: e-mail, dunbar@ CCMe;), and TCNE. While no reaction was observed to

mail.chem.tamu.edu; faxi 01-(979)-845-7177. ; i "
" Universitede Bretagne Occidentale., occur under strictly anhydrous conditions, the addition of 1

The charge-transfer reactions of inorganic donors with
organic acceptors of the TCNX family (TCNE tetracya-
noethene, TCNQ= 7,7,8,8-tetracyanp-quinodimethane)
continues to receive considerable attention in the field of
molecular material;® owing to the variable redox states
(0, +—, 2—) and binding modesoty*(N) or -7?(C=C)] of
these molecules.An area of particular interest is the

gTexas A&M University. equiv of water leads to the formation of [M®,CCMe;)s-
Bruker AXS Inc. . . ((NC),CC(CN)CONH)],1, which contains a Mo-4-Mo unit
() S‘_) |'\</| ';”esr;,j,gﬁ;f‘%?’;lf?u”?ﬁ?a(’r% 3,;_' ‘,t,?_?z,\'ﬂg)r)inﬁ'té?sé\(y;&ﬁf',ttiﬁb&r?‘ and the unusual hydrolyzed form of the TCNE ligand, 2,3,3-

Liable-Sands, L.; Rheingold, A. L.; Sundaralingam, M.; Epstein, A.  tricyanoacrylamidate anion (TC3A). The electrochemical and

J.; Miller, J. S.Inorg. Chem.2001, 40, 1915. . . .
) (a) Kaim, W.; Mosgherosch, MCoord. Chem. Re 1994 129, 157. spectroscopic (IR, UV/vis/near-IR, NMR, EPR) properties
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complex of the TC3A ligand and a [Mo-4-Mo] moiety. Two  d’Analyses du CNRS”, Vernaison, France. The starting material
different solid-state structures of compouhdere obtained ~ Moy(O,CCMe), was prepared as described in the literatdrehe
from CH,Cl, and benzene, namely, a two-dimensional motif TCNE reagent was pL_Jrchase_d from Aldrich. All electrochemical
and a 1-D chain, respectively. The coordinated TC3A ligand €xPeriments were carried out in a dry oxygen free atmospheje (N
exhibits redox properties similar to those of TCNE, namely box. The electrochemical cell was specifically designed to fit the
it is reduced in two one-electron steps, which indicates that rotating disk electrode (EDI Tacussel) for a minimum volume of
h ¢ fer h i d bet ' th atatal solution in the main compartment. The auxiliary and reference
g a:jged (;ans er C?Shno occgrre ewgen .e H: he.a I (ferrocenium/ferrocene= Fc'/Fc) electrodes were in separate
onded donor and the organic acceptor in spite of their well- ¢, mpartments connected to the main one through ground joints
matChed I’edOX pOtentIa|S TO our kn0W|edge, thIS IS the fII’St terminated by frits (Vycor t|ps from PAR) For voltammetric

example of an “innocent” adduct of an acceptor and a measurements, a platinum disg & 2 mm) was employed, and

multiply bonded dimetal unit dongr> the electrolyses were performed with the same electrode, but rotated
and equipped wit a 4 mmdiameter disk. A model PAR 173
Experimental Section potentiostat equipped with a PAR 179 digital coulometric unit and

a T-2Y SEFRAM Enertec chart recorder was monitored by a PAR
Materials and Methods. All reactions were performed in 175 programmer.

Schlenk tubes in a dry dinitrogen atmosphere. Solvents were Syntheses. [Me(O,CCMes)s{ (NC),CC(CN)CONHY}], 1. After
distilled using standard techniques and were thoroughly deoxygen'addition of TCNE (0.064 g, 0.5 mmol) in acetonitrile (ca. 30 mL)

_ate_d before use. Samples for physical measuremgnts were prepareg) Mox(O,CCMey), (0.300 g, 0.5 mmol), the mixture was stirred
inside a drybox (Jacomex). IR spectra were obtained with the use y¢ ympjent temperature for 1.5 h. In the presence of water, residual

?f a Niclolet Nexus spectrometer (KBr pellets or &1 solution). or deliberately added (vide infra), the solution color rapidly turned
H and*C NMR spectra were recorded on a Bruker AMX 400 from bright yellow to deep green. The volatile materials were then

MHz. EPR spectra Werg recorded using a Bruker Elexys Spectrom'removed under reduced pressure, and the residue was extracted with
eter (X-band). The UV/vis/near-IR spectrophotometer that was used ca. 20 mL of dichloromethane, filtered and lefta20°C for several

is a Hitachi U-2010. The high-resolutign mass spectrometry dat_a days. Dichroic green-red hexagonal crystals were collected. Yield
were recorded on a ZabSpec TOF Micromass at CRMPO (Uni- after crystallization: 47%. Apparently facile loss of interstitial

versitede Rennes 1). The recording conditions were positive LSIMS solvent molecules rendered it difficult to analyze single crystals

(Cs’), 8 kV acceleration, temperature 4, m:‘;‘ltrix mNBA. despite many determined attempts; therefore the elemental analysis
Elemental analyses were performed by the “Service Central was measured on a powder after pumping in vacuo for ca. 12 h.
. Calcd for GiH,gMo,N4O7: C 39.4, H 4.4, N 8.8. Found: C 39.6,

(3) (a) Cleac, R.; O'Kane, S.; Cowen, J.; Ouyang, X.; Heintz, R. A H 4.5 N 8.6. IR (KBr): 7 = 3359w, 3336w¥(NH)), 2200s, 2179m,

Zhao, H.; Dunbar, K. RChem. Mater2003 15, 1840. (b) O’Kane,
S. A, Cleac, R.; Zhao, H.; Ouyang, X.; Galan-Mascaros, J. R.; Heintz, 2158w, 2149w #(CN)), 1436-1360w cm* (v(CO)). IR (CH-

R.; Dunbar, K. RJ. Solid State Chen200Q 152, 159. (c) Heintz, R. Cly): v =2204s, 2219sh cm (v(CN)). *H NMR (CDsCN): 6 =
IA.; Zh%OH H.;lggg%nsg,lﬁ ?Jf‘gd‘.’ﬂe‘?' GI-_; Cct;JV)t/_en, J-A Dgnbar, K.R. 1.40 (s, 9 H, El3), 1.45 (s, 18 H, €El3); 11.75 (s broad, 1H, B).
norg. Chem , 144. allester, L.; Gutieez, A.; Perpinan, 1 . _

M. F.; Azcondo, M. T.Coord. Chem. Re 1999 190-192, 447. (e) *C NMR (CDLCN): 6 283, 28.4 (CCHa)s), 41'7‘_41'8
Zhao, H.; Heintz, R. A.; Ouyang, X.; Dunbar, K. R.; Campana, C. F.; (C(CHg)s), 83.7, 105.1, 111.1, 111.9, 114.3, 164@N( C=C),
Rogers, R. DChem. Mater1999 11, 736. (f) Ballester, L.; Gutieez, 195.9, 197.2 (@O). MS: calcd for GH,gN407%Mo%Mo, 638.0080;
A.; Perpinan, M. F.; Amador, U.; Azcondo, M. T.; Sanchez, A. E.;;  found. 637.9962

Bellito, C. Inorg. Chem1997 36, 6390. (g) Ballester, L.; Gil, A. M.; ’ ’ o o 1
Gutiarez, A.; Perpinan, M. F.; Azcondo, M. T.; Sanchez, A. E; The same reaction was noted to occur in slightly wetClx
%na%dolzv -Uﬁigri?pg' Jp-j -Pglfﬁl;%rmlgrgéq§£é3597b13?&r$12%6ém Single-Crystal X-ray Studies and Crystal Growth. {{[Mo-
Soc iQQé 118 12844. (|) Kunkelér, P. J van K(’)nihgsb.ruggen,. p. (OLCMe3)y((NC),CC(CN)CONH)]-10CH;Clz}«, 2. A dark brown

J.; Cornelissen, J. P.; van der Horst, A. N.; van der Kraan, A. M.; CH,ClI, solution of 1 was placed in a programmable Cryogen II-
Spek, A. L.; Haasnoot, J. G.; Reedijk, J. Am. Chem. Sod 996 80 low-temperature bath. The temperature was set to circulate

118 2190. (j) Cornelissen, J. P.; van Diemen, J. H.; Groeneveld, L. - _ A0 ° ; ; o o
R.. Haasnoot, J. G. Spek. A. L. Reedijk,Idorg. Chem 1992 31 between—10 and—40 °C with a gradient of+1 °C/h. After ~ 1

198. (k) Ballester, L.; Barral, M. C.; Glitieez, A.; Jini@ez-Aparicio, week, red hexagonal-shaped crystals in the size range 60042
R.; Martinez-Muyo, J. M.; Perpam, M. F.; Monge, M. A.; Ruiz- mm diameter were obtained. Within 2 weeks, the crystals were in
Valero, C.J. Chem. Soc., Chem. Commuad®91, 1396. (I) Lacroix, il i
L.; Kahn, O.; Gleizes, A.; Valade, L.; Cassoux, Row. J. Chim. the millimeter size range.
1985 643. (m) Shields, LJ. Chem. Soc., Faraday Trar1985 81, {[M02(0O,CCMe3)3((NC),CC(CN)CONH)]-CeHe} o, 3. A CHo-
1. Cl, solution of1 was stored in a low-temperature bath<20 °C),

(4) (a) Bartley, S. L.; Dunbar, K. RAngew. Chem., Int. Ed. Endl99], and the solvent was removed by a dynamic vacuum. Freshly

30, 448. (b) Miyasaka, H.; Campos-Fernandez, C. S’ratleR.; . . .
Dunbar, é )R_Aﬁ,’gew_ Chem., Int. pEQOOQ 39, 3831. (c) Carr:!pana, distilled benzene was added to the resulting residue, and the dark

C.; Dunbar, K. R.; Ouyang, XChem. Commun199§ 2427. (d) green solution was transferred to a Schlenk flask by a cannula.
Cotton, F. A.; Kim, Y.; Lu, J.Inorg. Chim. Actal994 221 1. () The solution was stored at room temperature for 1 week, during

?uxr?fr(’:ﬁézf';sg&fé%rffélggff’(é)z?,vggfn?gﬁﬂ 3: é fgr'ﬁ@’rg{m which time dark red hexagonal platelet crystals formed.

M. H. Inorg. Chem.1997, 36, 3258. Data Collection. {[Mo,(0O,CCMe3)3((NC),CC(CN)CONH)]-

®) Eig%%r'2§3R4;5guyang' Mol. Cryst. Lig. Cryst. Sci. Technol., Sect.  10CH,Cl,}.,, 2. A red hexagonal-shaped specimen of approximate
(6) Bell, S. E.; Field, J. S.; Haines, R. J.; Moscherosch, M.; Matheis, W.; dimensions 0.46x 0.40 x 0.20 mn? was selected for X-ray

Kaim, W. Inorg. Chem.1992 31, 3269. _ crystallographic analysis. The selected crystal was coated with a
(7) Hartmann, H.; Kaim, W.; Hartenbach, I.; Schleid, T.; Wanner, M.; - cryoprotectant consisting of a mixture of dichloromethane and
Fiedler, J.Angew. Chem., Int. EQ001, 40, 2842.
(8) Kerbaol, J.-M.; Furet, E.; Guerchais, J. E.; Le Mest, Y.; Saillard, J.-

Y.; Sala-Pala, J.; Toupet, llnorg. Chem.1993 32, 713. (10) McCarley, R. E.; Templeton, J. L.; Colburn, T. J.; Katovic, V.;
(9) Giraudon, J.-M.; Guerchais, J. E.; Sala-Pala, J.; Toupel, Chem. Hoxmeier, R. JAdv. Chem. Ser1976 150, 318.
Soc., Chem. Commut988 921. (11) Ouyang, X. Thesis, Texas A&M University, College Station, TX, 1999.
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Isolation of [M0,(O,CCMe;)3((NC),CC(CN)CONH)],

Figure 1. Ball and stick diagram of the asymmetric unit (excluding solvent molecule8) The asymmetric unit contains three [Mainits bridged by
tricyanoacrylamide ligands.

_ ; Table 1. Crystal Data and Structure Refinement for
Paratone-N and transferreq at low temperf?\ture to. a Slemens{[MOz(OchMQ:,)3(NC)zCC(CN)CONH}lOCHzClz}w(2) and
SMART 1K CCD platform diffractometer equipped with a low- {[Mo2(0,CCMes)s(NC),CC(CN)CONH} CeHg} » (3)
temperature attachment operating at 133(2) K. A 16-h data set was
collected to 0.74 A resolution, using MocKradiation. The data

were corrected for absorption and decay with the program empirical formula GgH144CleoMOgN12021  Co7H34M02N4O7

2 3

122 (i i i 4469.84 718.46

SAdDdABS using a trlgonfal cryztal_shyslzem. Space gga'gg He’t;aly&s temperature 133(2) K 133(2) K
and data sorting was per orme vylt the program Phe wavelength 0.71073 A 0.71073 A
structure was solved and refined in the trigonal space gR3af crystal system trigonal monoclinic
(No. 165) (Table 1). The structure was solved by direct methods space group P3cl C2lc
with the SHELXTL prograni?2 All atoms in the [Ma(O- unit cell dimens a=46.976(2) A a=130.855(4) A
CCM . . b=46.976(2) A b=11.1126(13) A

63)3((NC),CC(CN)CONH)] moieties were located from dif- ¢=22.801(11) A c=17.964(2) A
ference maps generated during subsequent refinement cycles. o= 90 o= 90
Refinement was carried out with a merohedral twinning matrix B =090 B =105.111(2)
[0 -1 0—1 00 0 0—1], yielding a twinning ratio of 0.37961. In y =120 y =90
addition to 36 [Ma(O,CCMey)s((NC),CC(CN)CONH)] moieties ~ Volume 43575.5(9) A 5946.5(13) R
per cell, standard atomic volume analysis indicated .that there are density (calcd) 2.044 Mg/fn 1.605 Mg/n?
also 360 CHCI, solvent molecules per cell. Of the 30 independent  aps coeff 1.67 mmt 0.893 mnTl
dichloromethane molecules, 13.5 could be located and refined with F(000) 26712 2912
C—Cl and CHCI bond restraints. These ordered dichloromethane crystal size O-SGZKOOr;"r%X 0-005;80&%5?
molecules are all located between the infinite two-dimensional refins collected 113574 13804
layers formed by the [MgO,CCMes)3((NC),CC(CN)CONH)], refinement meth full-matrix of? full-matrix on F2
units. The total volume of the void space and the approximate data/restraints/params 26338/ 3392/ 1055 4999/59/262
number of residual solvent electrons in the unit cell was calculated GOF , . 1.020 1.026
using the program PLATONE® The solvent voids are large enough Ri WR[F2 1> 20(1)]*  0.1581/0.3150 0.1000/0.1485
volume for approximately 16.5 more GEl, molecule for each aRy = S||Fo| — |Fe/l/¥|Fol, WRe = {J[W(Fo?2 — FAA/ Y [W(F?)3} 12,
formula unit. These solvent voids are infinite one-dimensional goodness-of-fit= S= {[w(Fo? — FAZ/(n — p)} 2 w= 1/[0*(Fc) + (aP)?
channels perpendicular to the [MO,CCMe;)3((NC),CC(CN)- + bR},

CONH)]., layers described above (Figure 2). Least-squares refine- ) o ) -
ment andtert-butyl group and solvent disorder modeling were H_ydrogen atoms were fixed in |dea!|zed positions. Selected bond
performed with the refinement program SHELX¥Due to the distances and angles are reported in Table 2.
solvent disorder, numerous crystallographic restraints were utilized. ~ {[M02(02CCMes)5((NC):CC(CN)CONH)]-CeHe} =, 3. A red
hexagonal plate was selected and mounted on a Siemens SMART
(12) (a) SHELXTL: Sheldrick, G. M. BRUKER AXS, Madison, WI, 2001. 1K CCD platform diffractometer. The intensities were corrected
SHELX97: Sheldrick, G. M.Programs for Saling and Refining in the manner described f& A total of 13804 reflections were

Crystal StructuresUniversity of Gdtingen: Gitingen, Germany, ; ;
1997. (b) PLATON: Spek, A. LJ. Appl. Crystallogr 2003 36, 7. measured at a maximunmdralue of 49.4, of which 4999 were

(c) X-Seed was used for molecular graphics: Barbour, LJ.J. ~ Unique and 2226 were in the category lof 20(l) (Table 1).
Supramol. Chen2001, 1, 189. Symmetry related and multiply measured reflections were averaged

Inorganic Chemistry, Vol. 43, No. 12, 2004 3675



Conan et al.

Figure 2. A projection of a single layer of the molecular packing2dh theab plane. The Mo atoms and the axial Mdl bonds display striking coplanar
geometry and are almost exactly in thke plane. For the sake of clarity several @&H, were removed, and the disorder is not depicted.

Table 2. Selected Bond Distances (A) and Bond Angles (deg){ fto,(O,CCMes)3(NC),CC(CN)CONH}10CHClo} o, 2

Bond Distances

Mo(1)—Mo(2) 2.136(2) Mo(2)-0(6) 2.093(13) Mo(3y0(12) 2.056(12) Mo(4yN(11) 2.615(15) Mo(5r-N(12) 2.650(15)
Mo(1)—0(1) 2.136(13) Mo(2)-O(8) 2.140(13) Mo(3y0(15) 2.026(12) Mo(5yMo(6) 2.159(2) Mo(6)-0(21) 2.169(12)
Mo(1)—0(2) 2.086(13) Mo(2)N(1) 2.029(14) Mo(3yN(4) 2.551(16) Mo(5r0(17) 2.067(12) Mo(6y0(22) 2.090(13)
Mo(1)—0(4) 2.113(13) Mo(2)N(7) 2.667(15) Mo(4r0(13) 2.151(13) Mo(5y0(18) 2.076(13) Mo(6y0O(24) 2.098(13)
Mo(1)—0(7) 2.039(13) Mo(3yMo(4) 2.146(2) Mo(4y3-0O(14) 2.115(12) Mo(5y0(19) 2.025(13) Mo(6)yN(9) 2.046(14)
Mo(1)—N(8) 2.543(15) Mo(3)-0(9) 2.046(13) Mo(4yO(16) 2.049(12) Mo(5y0(20) 2.078(13) Mo(6)N(3) 2.584(16)
Mo(2)—0(5) 2.0153(12) Mo(3yO(10) 2.111(13) Mo(4yN(5) 2.066(15)

Bond Angles
O(7)—Mo(1)—0(2) 94.9(5)  N(5-Mo(4)—0O(16) 93.5(6) O(7rMo(1)—0O(4) 93.9(5)  N(5-Mo(4)—Mo(3) 88.0(4)
O(2)—Mo(1)—Mo(2) 90.0(4) O(14)yMo(4)—0(13) 84.6(5) O(4rMo(1)—Mo(2) 91.8(4) N(5-Mo(4)—0(13) 93.9(5)
O(4)—Mo(1)—0(1) 84.5(4) Mo(3)yMo(4)—0(13) 90.9(4) Mo(2yMo(1)—0(1) 90.9(4) Mo(3rMo(4)—N(11)  171.2(4)
N(1)—Mo(2)—0O(8) 99.7(6)  O(17yMo(5)—0(19) 174.5(5)  Mo(2rMo(1)—N(8) 176.3(4)  O(17-Mo(5)—0(20) 86.7(5)
N(1)—Mo(2)—Mo(1) 91.2(5)  O(19)yMo(5)—0(20) 91.7(4)  O(8yMo(2)—Mo(1) 90.4(5)  O(17yMo(5)—0(18) 86.0(6)
O(7)—Mo(1)—N(8) 82.4(5)  O(19)-Mo(5)—0(18) 95.4(5)  O(4rMo(1)—N(8) 89.6(5) N(12yMo(5)—Mo(6)  177.3(4)
O(6)—Mo(2)—Mo(1) 91.1(5)  C(36)yN(12)—-Mo(5) 164.1(5) N(1)Mo(2)—0(5) 176.9(5) O(1A/Mo(5)—Mo(6) 92.6(5)
O(12)-Mo(3)—0(15) 93.8(5) N(9-Mo(6)—0(22) 93.1(5)  O(12yMo(3)—0(9) 173.8(5)  N(9-Mo(6)—0(24) 95.6(5)

0(15)-Mo(3)-0(9) 90.7(5) O(22yMo(6)-0(24)  170.8(5) O(12}Mo(3)-O(10)  87.8(5) N(9yMo(6)-0(21)  179.0(5)
O(15-Mo(3)-0(10)  176.7(5) O(22Mo(6)-0(21)  85.9(4) Mo(1yMo(2)-N(7)  169.8(3) O(24yMo(6)-O(21)  85.5(4)
O(5)-Mo(2)=N(7) 79.4(4)  N(9-Mo(6)—Mo(5) 89.0(4) O(12yMo(3)-O(15)  93.8(5) O(22)Mo(6)-Mo(5)  89.0(3)

with the program XPREM? Systematic absences indicated that color change ensued from yellow to dark green. After 1.5 h,
the crystal belongs to the space grdp/c (No. 15), withRin = highly air-sensitive, dark-red, hexagonal crystals were iso-
0.171 andRr, = 0.221. Structure solution was achieved from direct lated. Elemental analyses as well as high-resolution mass

methods for all non-hydrogen atoms. Amide group disorder and — . : . i
the fully rotationally disorderetert-butyl group were modeled by spectrometry (high-resolution LSI-MS) established the for

refining the sum of conformations of the different disordered groups mula to be [Mo(O,CCMey)s((NCRCC(CN)CONH)], 1

to be unity. (Scheme 1). In fact, the reaction was initially conducted
under conventional anaerobic conditions in “dry” solvents,
Results and Discussion but trace quantities of water were suspected to lead to
Syntheses By stirring equimolar quantities of M- variable results. In order to explore the role oftHin this
CCMey), and TCNE in either ChCl, or CH,CN under reaction, control experiments were conducted under strictly
strictly anhydrous conditions (drybox atmosphere: O1 anhydrous conditions. These results indicate that, unexpect-

ppm; HO < 2 ppm; reactants carefully dried at 30 under edly, HO is a prerequisite for the reaction, a fact that is
vacuum for a day and introduced directly into the reaction supported by the finding that TCNE is hydrolyzed to the
vessel inside the drybox) led to observation of no reaction. TC3A ligand with concomitant substitution of one pivalate
After the addition of 1 equiv of KD, however, an immediate  bridge (Scheme 1%

3676 Inorganic Chemistry, Vol. 43, No. 12, 2004



Isolation of [M0,(O,CCMe;)3((NC),CC(CN)CONH)],

Scheme 1

Spectroscopic Properties.On the basis of the redox
chemistry of Me(O,CCMe;), and TCNE, one would expect
compoundl to be a charge-transfer complex of a metal-
based radical of the type M0 and a derivative of the
TCNE anion? According to EPR measurements, however,
1is diamagnetic with only a trace of residual paramagnetism
Moreover, the compound exhibits a well-resolVétINMR
spectrum in CRCN with two signals at+1.40 and+1.45

+ MC3CCOZH

I
CMC;

(2) were grown from CHCI,;, and dark red crystals of

{[M02(O,CCMey)3((NC).,CC(CN)CONH)}CsHe} «, (3) were

obtained from GHe.

Crystals of2 were analyzed as belonging to the trigonal

space grou3cl (No. 165) (Table 1) or the hexagonal space
- group P6cc (No. 184). Although the refinement was rela-

tively poor due to twinning and considerable disorder, the

data are of sufficient quality to allow for the important

ppm in a 1:2 ratio, respectively. These signals are attributedfeatures of the structure to be ascertaitfe8elected bond

to the methyl groups of three pivalate groups in two different
magnetic environments. TRE&C NMR spectrum is in accord

lengths and angles are listed in Table 2.
In compound?, the well-known paddlewheel structure of

With this assignment, with three sets of two peaks in the pe Max(O,CR), starting material is retained, but one of the

197.2 ppm which are assigned to the primary, quaternary, yricyanoacrylamidate ligand derived from TCNE (Figure 1).

and the carbonyl carbon atoms of the pivalate units. In
addition, it is noteworthy that, as expected for the TC3A
ligand, six resonances are present in‘l@&NMR spectrum

The modified TCNE ligands are coordinated to the,Maoit
in the axial positions to give a two-dimensional sheet
structure wherein Mgunits are arranged in linked, pseudo-

(see Experimental Section) while a broad signal, character-nexagonal rings through nitrile interactions to the modifed

istic of a labile—NH or —OH proton, is located at11.75
ppm in thelH NMR spectrum. The infrared spectrum bf
in the 1306-1500 cn1* region is similar to that of the parent
compound Mg(O,CCMe;),, an indication that the paddle-

TCNE ligand (Figures 1 and 2). These sheets have hexagonal
symmetry when projected along [001]. In addition to the axial
N—Mo bonds (bond lengths from 2.543(15) to 2.667(15) A),
the Mo, units are linked by hydrogen bonds between the

wheel core has not been significantly altered in the course gmide hydrogen and the nitrile nitrogen atoms. The existence

of the reaction. The solid-state IR spectrumlofevealed
four »(CN) bands at 2200, 2179, 2158, and 2149 €in
accord with an unsymmetrically bonded polynitrile ligand.
Two sharp features that appear at 3359 and 3336 are
assigned to the hydrolyzed TCNE ligand, TC3A3 The
solution IR spectrum contains a sharp, inten@&N) band
at 2204 cm?, with a weak shoulder appearing at 2219
Cm—l_2,14,15

Single-Crystal X-ray Crystal Structures. Two types of
crystals suitable for X-ray diffraction were prepared from
different crystallization procedures from samplesldsee

Experimental Section). Both structures confirm the molecular

of these hydrogen bonds confirms the assignment of the
nitrogen and oxygen atoms in the amide groups. No suitable
hydrogen bond acceptors were found in the vicinity of the
oxygen atoms. The MeMo vectors (bond lengths from
2.136(2) to 2.159(2) A) are coplanar with the least-squares
planes of the TC3A ligands. Interstitial GEl, molecules
are located in the vacancies generated by two adjacent Mo
pairs in the rings; in addition there are numerous, highly
disordered dichloromethane solvent molecules located near
the 3-fold axes of the channels.

Crystals of3 belong to the monoclinic space groGg/c.
The asymmetric unit is depicted in Figure 3, and the structure

structure proposed in Scheme 1. Red hexagonal-shaped crys-

tals of{ [Mo(O,CCMex)s(NC),CC(CN)CONH)}10CHClz}

(13) Similar reactions were observed for addition of water to an acetonitrile
ligand coordinated to quadruply bonded dimolybdenum complexes:
(a) Cotton, F. A.; Daniels, L. M.; Haefner, S. C.; Kuhn, F.IEorg.
Chim. Actal999 287, 159. (b) Cotton, F. A.; Daniels, L. M.; Murillo,

A.; Wang, X.Polyhedron1998 17, 2793.

(14) (a) Olbrich-Deussner, B.; Gross, R.; Kaim, WW.Organomet. Chem.
1989 366, 155. (b) Stufkens, D. J.; Snoeck, T. L.; Kaim, W.; Roth,
T.; Olbrich-Deussner, BJ. Organomet. Chen1991 409, 189.

(15) (a) Roth, T.; Kaim, Wilnorg. Chem.1992 31, 1930. (b) Olbrich-
Deussner, B.; Kaim, W.; Gross-Lannert, Rorg. Chem.1989 28,
3113. (c) Kaim, W.; Olbrich-Deussner, B.; Roth, @rganometallics
1991 10, 410.

(16) The crystal structure fd2 is complex, with an extremely large unit
cell (45000 A). A large proportion £57%) of this volume is occupied
by solvent which is largely disordered. In these respects this structure
has characteristics of a macromolecular protein-like structure for which
anR-factor of 16% is understandable. In this case, it is mainly due to
the large amount of solvent and disorder. All the possible twin laws
were tested, and none gave better results than the one finally used.
The data are good with a smdXint) value but, like proteins, the
R-factor is larger than th&(int) value due to the large contribution
of scattering by solvent which does not necessarily have a regular
structure and contributes to diffuse scattering. The main point is that
the molecular structure and connectivity of the atoms in the [Mo2X]
units is irrefutable. An illustration is given in Figure S2 (see Supporting
Information).

Inorganic Chemistry, Vol. 43, No. 12, 2004 3677



Figure 3. A thermal ellipsoid representation of the asymmetric uni.in
The disorder in the tricyanoacrylamide atedt-butyl groups as well as the
benzene solvent molecule has been omitted for the sake of clarity.

consists of chains of a cyclic [Mp repeat pattern as shown
in Figure 4. As in the case &, the paddlewheel structure
of the Mo unit is retained, with three of the original

Conan et al.

of 1-D zigzag polymeric chains in which each MMo
vector is nearly perpendicular to the acrylamide plane that
connects the axial positions (Figure 4). The ™Mdo bond
length in3 (2.1267(17) A, Table 3) is longer than in the
tetracetate dimolybdenum compound (2.093(1}Ayis also
noteworthy that the MeO bond involving the TC3A ligand
(2.056(9) A) appears to be significantly shorter than those
with the acetate ligands (from 2.083(8) to 2.113(9) A), which
hints at some degree of electronic delocalization from the
ligand; this conclusion is supported by the shorter-Nib
bond length as well (2.039(10) A). The M®& axial
distances (2.561(10) and 2.577(10) A) are much longer than
the equatorial distance and are in the normal range for such
distances. An interesting feature of the extended framework
of 3 is the presence of bent nitrile groups as evidenced by
the angles C6N4—Mo1 = 121.8(8Y and C3-N2—Mo2 =
114.3(8). Previously characterized dimolybdenum com-
pounds with polynitrile ligands exhibit angles for the-MIC
interaction that are much closer to linearity, e.g., 1600
as shown in Figure &

Finally, it is worth noting that, in both crystal structur2s
and 3, the two tert-butyl groups above and below the

carboxylate ligands as well as a TC3A ligand being acrylamide plane are bent away from the amide group as
coordinated via the O and N atoms of the amide group. In compared to the standard paddlewheel structure containing
addition, two of the three CN groups are coordinated to the the same ligands. In addition, both structures exhibit disorder

axial positions of two other equivalent Manits. The main
difference in the structures &and2 is that in3 the axial

in thetert-butyl groups that are trans to the acrylamide ligand
(Figure 1).

interactions involve the CN unit bound to the same C atom  Electrochemistry. The electrochemistry df is essentially
as the amide group and the trans 3-CN group rather thanthe same in CECN, PhCN, CHCI,, and THF. Typical cyclic
two 3,3-CN groups. This difference leads to the formation voltammograms (CV) are shown in Figure 5 with the data

Figure 4. A portion of the infinite one-dimensional chaffiMo,(0O,CCMe;)3((NC),CC(CN)CONH)}.. of 3 emphasizing one of the 1-D chains along the

b axis.

Table 3. Selected Bond Distances (A) and Bond Angles (deg) fdto,(0.,CCMes)s(NC),CC(CN)CONH}CeHeg} o, 32

Bond Distances

Mo(1)—N(1) 2.039(10) Mo(2yO(1) 2.056(9) Mo(2yN(2)#2 2.577(10) Mo(1yO(2) 2.091(8) Mo(2-0O(3)  2.089(8)
Mo(1)—0O(6) 2.087(8) Mo(2O(7) 2.096(8) Mo(1)yO(5) 2.083(8) Mo(1)N(4)#1  2.561(10) Mo(2yO(4) 2.113(9)
Mo(1)—Mo(2) 2.1267(17)
Bond Angles

N(1)—Mo(1)—0(5) 93.1(3) O(1)Mo(2)—0(7) 93.6(3) N(1}Mo(1)—0O(6) 92.5(4) O(3)Mo(2)—0(7) 86.3(3)
N(1)—Mo(1)—0O(5) 93.1(3) O(7rMo(2)—0(4) 172.3(3)  N(1)Mo(1)—O(6) 92.5(4) O(1)yMo(2)—Mo(1) 91.1(3)
O(5)—Mo(1)—0O(6) 173.7(3) C(3)#2N(2)#2—Mo(2) 114.3(8) N(1)Mo(1)—0(2) 177.6(4) N(2yMo(2)—Mo(1) 91.6(3)
O(5)—Mo(1)—0(2) 86.7(3) O(4yMo(2)—Mo(1) 91.2(2) O(6y-Mo(1)—0(2) 87.6(3) O(1yMo(2)—N(2)#2 91.3(4)
N(1)—Mo(1)—Mo(2) 90.8(3) O(3)yMo(2)—N(2)#2 86.5(4) O(5rMo(1)—Mo(2) 92.3(3) O(73Mo(2)—N(2)#2 91.9(3)
O(6)—Mo(1)—Mo(2) 90.6(2) O(4)Mo(2)—N(2)#2 85.1(3) O(2yMo(1)—Mo(2) 91.6(3) Mo(1yMo(2)—N(2)#2  175.7(3)
N(1)—Mo(1)—N(4)#1 86.5(4) C(7rO(3)-Mo(2) 117.2(8) O(5-Mo(1)—N(4)#1 98.6(3) C(6)#2N(4)#2—Mo(1) 121.8(8)
O(6)—Mo(1)—N(4)#1 78.8(3) C(12yO(6)—Mo(1) 118.7(9)  O(2yMo(1)—N(4)#1 91.2(4) C(1AHO(4)-Mo(2) 116.0(8)
Mo(2)—Mo(1)—N(4)#1 168.9(3) C(12)O(7)-Mo(2) 116.6(9) O(1)yMo(2)—0(3) 177.7(4)  Mo(1yMo(2)—N(2)#2  175.7(3)

aSymmetry transformations used to generate equivalent atoms:x#t Yo,y — Y, =z 4 Yp; #2 —x + Yy, y + Yo, =z + 3.
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Isolation of [M0,(O,CCMe;)3((NC),CC(CN)CONH)],

Table 4. Electrochemical Data for the Complex [M@®,CCMes)3((NC),CC(CN)CONH)]1, and Its Precursors in Various Solvents with 0.1 M
BusNPFs at 1.5 mM Concentration at a Pt Electrode, 298H [V versus FerroceneNE, = Epa — EpdmV)]

2nd reduction 1st reduction
TC3A TCNE TC3A TCNE [Md"-3.5-Md']**/[Mo"-4-Mo']

free TCNE

CHsCN —1.20 (260) —0.20 (60)

PhCN —1.20 (180) —0.20 (90)

CH.Cl, —1.37 (340) —0.17 (60)

THF —1.44 (200) —0.30 (100)
[Mo2(0.CCMe3)4]

CHsCN —0.04 (70)

PhCN —0.02 (60)

CH.Cl, 0.00 (180)

THF —0.08 (100)
omplex1

CHsCN —-1.7¢ —0.76 (90) 0.24 (60)

PhCN —-1.6¢ —0.85 (80) 0.23 (60)

CH.Cl, —-1.7¢ —0.84 (80) 0.28 (60)

THF -1.8% —1.00 (100) 0.22 (110)

a[rreversible peak potential.

provided in Figure 5a,b, respectively. It is interesting to note
that, except for the redox potentials which are shifted, the
electrochemistry ofl resembles that of an independent
organic acceptor derived from TCNE and the original
Mo,(O.CCMe;), species. The CV peaks and RDV waves
for the oxidation and first reduction df exhibit essentially
the same current intensities, an indication that these processes
belong to a single species. It is also noteworthy that the CV
peak and RDV wave intensities ftrare very close to those
observed for Mg(O,CCMe)4, which implies that the product
has a similar diffusion coefficierd, and consequently the
same nuclearity. The number of electrons exchanged for the
two processes was confirmed by coulometry and found to
be one electron. Bulk electrolysis @fat 0.5 V at a large
surface electrode led to the isolation of the oxidation product
of 1 which exhibits a reversible reduction at the same
potential as the original oxidation process. The solution EPR
spectrum of the oxidized species is typical of a delocalized
mixed-valence dimolybdenum compound [Me3.5—
Mo"]** as shown in Figure 6, witlh = 1.939,As, = 25.5

G 8 Electrolysis at a potential for the first reduction step
resulted in the decomposition of the complex.

The following conclusions can be drawn from the elec-
trochemical study. In solution, compouridis a discrete
entity that contains two electroactive fragments, namely, the
Figure 5. Comparative cyclic voltammetry dfand its precursors in PhCN, [M9'4'_M01 core and the acry!amld_e T.CSA molety. There is
[BusN]J[PFs] 0.1 M at a platinum electrode & = 1.5 x 10°3 M: (a) free no indication that the TC3A is labile in any of the solvents
TCNE, (b) Moy(O,CCMe)a, and (c) complex (the dashed line indicates  that were used in these studies. Interestingly, the coordinated
a scan down to-2.2 Vinstead of 1.2V, solid fine). TC3A fragment retains the redox acceptor capability of
TCNE, e.g., two reversible one-electron processes, but it is
more difficult to reduce than TCNE. The most unusual
finding, however, is that there appears to be no charge
transfer, DA— D*tA*~, between the [Mo-4-Mo] and the
TCS3A bridge in the ground state. The HOMO level is clearly
Mo—Mo based, and the LUMO level is TC3A-based. The
difference between the oxidation and reduction potentials is
generally considered to provide an evaluation of the HOMO/
LUMO gap, at least comparativelin 1 the values obtained,

(17) Cotton, F. A.; Mester, Z. C.; Webb, T. Rcta Crystallogr.1974 AE*=1.00-122V (Table 4)’ suggesta Iarge gap between
B30, 2768. the quadruply bonded Mo-4-Mo donor and the TC3A

being provided in Table 4. CV and rotating disk voltammetry
(RDV, not shown) reveal the presence of a reversible one-
electron oxidation process, and a reversible one-electron
reduction process (in both cas&E, = Epa — Epc ~ 60 mV;
ipdipc & 1). In addition, an irreversible process was also
observed (Figure 5c). For the sake of comparison, the two
successive reductions of free TCNE and the reversible
oxidation of the parent compound M@.CCMe;), are
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Scheme 2

2
[(Mo-4-Mo)(L) ] :— [(Mo-4-Mo)(L®)] T === [ [(Mo-4-Mo)(L)] ] ‘_e: [(M0-3.5-M0.)(L)]+
[ +e 1

Unstable (Mo-4-Mo) = Moy(0,CCMey); L = (NC),CC(CN)CONH)

acceptor. This interpretation is supported by the results of Concluding Remarks
the UV/vis/near-IR spectroscopy data.

As shown in Figure 7, the compound exhibits an intense
low-energy transition in the near-infrared regidp4 = 900
nm, e = 26000 M* cm™Y) along with a broad feature at
Amax ~ 400 nm. On the basis of the electrochemistry, it is
logical to assign the lowest electronic absorption transition
to a metal-to-ligand charge transfer (MLCT) transition from
a stabilized metal-based HOMO (ground state) tor*a
TC3A-based LUMO. The experimental HOMO/LUMO gap
obtained from the electrochemical dad5/V = E'%x — E'%eq
~ 1.1V, and from optical spectroscopXE = hdl ~ 1.4
eV, are very similat® These collective observations are in
agreement with the redox pathways outlined in Scheme 2.

In this study, an unprecedented complex of the [Mo-4-
' Mo] variety has been characterized as a discrete species in
solution as well as two different types of polymeric
architectures in the solid state. Rather than observing a DA
— D*tA*~ charge-transfer reaction, as one would predict
from the redox chemistry of MgO,CCMes), and TCNE,
we discovered that the reaction pathway involves the loss
of a pivalate unit and an unusual type of TCNE hydrolysis
to form the bridging tricyanoacrylamide anion TC3A.
Although numerous TCNE hydrolysis reactions have been
reported in the literaturE;'°the most common route involves
the release of an HCN molecule to form tricyanovinyl alcohol
anion?!® Of direct relevance to the present work is the fact
that the addition product of } and TCNE with no CN
cleavage is a highly unusual hydrolysis route that has been
reported to occur only under very high pressure and at

elevated temperaturé$The structure ofl from the reaction

f with Mo,(O,CCMey), is apparently the only example wherein

the hydrolysis of TCNE to give the tricyanoacrylamide anion
4//\] has occurred under mild conditiots.The mechanistic
——g:T_/\/ /\/’J\/'/\/"— pathway likely involves, as a first step, axial coordination

of TCNE leading to [Mg(O.CCMes),>T™—TCNE’"]. Subse-

guent fixation of HO by the TCNE ligand and an acid

base equilibrium with one of the pivalate moieties are
plausible steps in the hydrolysis of the nitrile. The subsequent
coordination of the TC3A anion to Mavould be the final

wJ step leading td.
X-ray data collected on two different crystal forms of
\ [M0,(O,CCMe;)3((NC),CC(CN)CONH)] clearly support the
assignment of the solution structure as one that contains an
acrylamide ligand in place of one of the pivalate groups in
L ‘ | ‘ | ‘ | ‘ | ‘ | ‘ L the paddlewheel structure. In the solid state, these units
Figure 6. EPR spectrum of** generated by electrolysis in PhCN at 208 associate in two different architectures as illustrated by the
K showing the usual features of three components of one, six, and elevenCONNEctivity patterns of the structurgsand3. In structure
lines expected for a delocalized electron on two molybdenum nuclei 2, the two bridging 3,3CN groups from the acrylamide are
(292505810, | = 0, natural abundance ca. 75% aftdMo, | = °0, connected to two Mounits. The angle between the two CN
natural abundance ca. 25%). . .
groups is about 120thus 2-D hexagonal rings are formed.
30000 In structure3, the two bridging 2,3-CN groups connected to
two Mo, units are in trans positions, thereby leading to the
formation of 1-D zigzag polymeric chains.
20000 The spectroscopic and electrochemical properties iof
solution establish its formulation as a substitution product
15000 of an unoxidized Mo-4-Mo unit and an unreduced TC3A
fragment. It is noteworthy that TC3A exhibits two accessible
one-electron reduction processes similar to TCNE, but is
harder to reduce, while the Mo-4-Mo unit is more difficult
to oxidize in1 than in Mg(O,CCMey)s. This complex can

0 : ; . . thus be described as an intimate complex of a donor and an
300 500 700 900 1100
A/nm (18) Drago, R. S.Physical Methods in ChemistnySaunders College

Publishing: Philadelphia, 1977.
Figure 7. UV/vis/near-IR spectrum of in CH3zCN. (19) Prince, M.; Hornyak, JJ. Chem. Soc., Chem. Commui966 455.
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