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Stereoselectivity in the Formation of Metallomacrocycles from
[Mo(NO){HB(3,5-Me,C3HN,)3} 5] and Ditopic Proligands: The X-ray Crystal Structures of
anti-[[Mo(NO) { HB(3,5-M€2C3HN2)3}{ 1,4-(OCH2)2C6H 4}]2’4CHC|3,

syn—[Mo(NO){ HB(3,5-M€2C3HN2)3}{ 1,4-(OCH2)2C6H4}]2'2CH2C|2, and

anti-[Mo(NO){ HB(3,5-M€2C3HN2)3}{ (4-OC6H 4)2CH2}]2'2CHC|3'CH 2C|2
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The reaction between the chelating ligand 1,2-(HQzEH4 and [Mo(NO)(tp*)k] {tp* = HB(3,5-M&C3HN,)3}

in the presence of NE&ffords the monometallic complex [Mo(NO)(td{(lOCH,).CsH4} ], 1. However, reactions
involving the nonchelating ditopic proligands HE-EHE-EH = 1,4-(HOCH),CeHy, 1,3-(HOCH).CgH4, and
4,4-(HOCgH4),CHy} afford the binuclear metallocyclophanes [Mo(NO)(tp*XE)]. as mixtures obyn andanti-
isomers. These binuclear complexes are formed under kinetic control sosyndMo(NO)(tp*){1,4-
(OCH,)2CgHa} ]2, 2s forms more rapidly thamnti-[Mo(NO)(tp*){ 1,4-(OCH).CsHa} ]2, 23, but in lower yield.
Some kinetic control is also apparent in the formation ofsiyre andanti-isomers of [Mo(NO)(tp*j 4,4 -(OCsHa)2-
CHa}]2, 4, and [Mo(NO)(tp*X 1,3-(OCH,)CsHa} ]2, 3, but in these cases the reaction is less stereoselective. The
X-ray crystal structures of three complexes were determined to establish their isomeric struahir¢do-
(NO){ HB(3,5-MQC3HN2)3}{ 1,4-(OC|‘D2C5H4}]2'4CHCE3, C46H6082M02N14OG'4CHC|3, triclinic, space gI’OU}Pi,
a=11.967(3) A,b = 18.004(2) A,c = 8.740(2) A,o. = 102.31(13, B = 109.32(1}, y = 82.08(1}, Z = 1;
syn[Mo(NO){HB(3,5-Me&C3HN>)3} { 1,4-(OCH,)2CsH4} 12, CasHsoB2M02N1406-2CH,Cl2, monolinic, space group
P2i/a, a = 16.576(3) A,b = 20.844(2) A,c = 17.024(2) A, = 109.32(1}, Z = 4; anti-[Mo(NO){ HB(3,5-
M62C3HN2)3}{(4,4'-OC6H4)2CH2}]2, C56H64Bz|\/|02N1406'2CHCb'CH2C|2, triclinic, space grOU|Pl, a=12.665-
(2) A, b= 13.013(2) A,c = 11.894(2) A,a. = 111.80(1}, B = 95.48(1), y = 94.78(2), Z = 1. All three
structures are characterized by short-M® bond distances indicative of some 2pMod,, bonding. In the case
of 2a evidence for weak hydrogen bonds between solvating G@llecules and the alkoxide oxygens was
found.

Introduction that the reaction products are formed under equilibrium control
in self-assembly reactions. The product distribution obtained
in such reactions reflects the geometric requirements of the metal
center and the structural demands of the ditopic proligand. Thus
the 90 angle between theis-coordination sites ofiPd(en) 2"

and the rigid linear arrangement of the donor atoms in the 4,4
bipyridyl proligand leads to the formation of the cyclic tetramer
[{Pd(en)(4,4CsH4N)2} 4], In contrast, the more “flexible”
proligand 1,2-bis(4pyridyl)ethane can accommodate the

— - — ) 90°angles at the metal center to form the cyclic dimged-
(1) The termditopic refers to a ligand containing two donor atom sites (en)(4-NGH4CHy)} ]4+ 3b
which are potentially able to coordinate to a metal centre, but does 4 - 2j2r2l - )
not imply that the ligand can act in a bidentate sense toward a single ~ An alternative approach to the production of metallomacro-

metal fon to form a chelate ring. Since, strictly speaking, a ligand ¢y cles involves reactions in which the product distribution is

only exists as a component of a metal complex, the fenoligandis S
used to refer to a molecule that may become a ligand following reaction controlled kinetically. Stephan has shown that {2¢CsHs)--

with a metal ion. This terminology avoids difficulty in cases involving  {1,3-(OCH).CsH4} ]2 may be obtained in 29% yield from the
the release of protons during complexation so that a proligand HE- reaction between [Zpf-CsHs)x(Me),] and 1,3-(HOCH),CeH4.5

EH can give rise to the ligand E?E, which is a component in a : N ; ;
binuclear metal complex; in such cases HE-EH is not the ligand. In this case ©-Zr p,—d, charge donation contributes toZ0©

(2) (a) Maverick, A. W.; Klavetter, F. Bnorg. Chem.1984 23, 4129~ bonding and enhances the stability of the product. In our
4130. (b) Maverick, A. W.; Buckingham, S. C.; Yao, Q.; Bradbury, laboratory we have been investigating the formation of metal-
J. R.; Stanley, G. GJ. Am. Chem. S0d.986 108 7430-7431. (c)
Jones, C. JChem. Soc. Re 1998 27, 289-299.

The reactions of appropriately selected ditopic proligands
with suitable transition metal complexes can lead to the
formation of metallomacrocycles which can have the potential
to act as host molecul@€One commonly used approach to the
synthesis of such compounds involves the reaction of square
planar, or tetrahedral, metal centers with bi- or polypyridyl
ligands3“ These reactions often involve labile metal centers so

(3) (a) Fujita, M.; Yazaki, J.; Ogura, KI. Am. Chem. Sod99Q 112 (4) (@) Lehn, J.-M.Supramolecular ChemistrtyVCH Verlagsgesell-
5645-5647. (b) Fujita, M.; Ogura, KBull. Chem. Soc. Jpril996 schaft: Weinheim, 1995. (b) Houghton, M. A.; Bilyk, A.; Harding,
69, 1471-1482. (c) Stang P. J.; Olenyuk, Bcc. Chem. Red.997, M. M.; Turner, P.; Hambley, T. WJ. Chem. Soc., Dalton Trank997,
30, 502-518. (d) Slone, R. V.; Yoon, D. I.; Calhoun, R. M.; Hupp, 2725-2733.

J. T.J. Am. Chem. S0d.995 117, 11813-11814. (5) Stephan, D. WOrganometallics199Q 9, 2718-2723.
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lomacrocycles from [M(A)(tp*)%] {tp*~ = hydrotris(3,5-
dimethylpyrazol-1-yl)borate; M= Mo, W; A = NO; X = I:
M = Mo; A = O; X = CI}%7in reactions that involve proligands
with two suitably disposed hydroxy, thiol, or amine donor
groups. In the presence of NFthenols or alcohols, ROH, react
with [Mo(tp*)(NO)I ] to produce [Mo(tp*)(NO)(ORy].8 This
finding may be exploited in the development of rational

McQuillan et al.

Ci0Hs linking group and which do not interconvert thermaify.

In this paper we describe the syntheses of metal-containing
cyclophané®like structures from the reactions of [Mo(NO)-
(tp*)12] with the symmetric “flexible” ligands HE-EHHE-EH

= 4,4-(HOGsH4)2CHp, 1,2-(HOCH;)2CeHa, 1,3-(HOCH)2CgHa,

and 1,4-(HOCH)2C5H4}

syntheses of metallomacrocycles. Thus we have found that [Mo- Experimental Section

(tp*)(NO)I] reacts with poly(ethylene glycol)s in the presence
of NEts to produce the monometallomacrocycles [Mo(tp*)(NO)-
{OCH,(CH,OCH,),CH,0}] (n = 2, 3, 4, 5), of which the
compound witm = 3 has been characterized by an X-ray crystal
structure? These reactions proceed smoothly in yields of-47
68% without recourse to high dilution techniques. The-M®»
bonds in these complexes are augmented by—e\od,

interactions which stabilize the coordinatively unsaturated 16-

electron Mo centet.A similar situation is found in [Mo(NO)-
(7°-CsHs)(SPhY], where the coordinatively unsaturated 16-
electron Mo center is stabilized by SpMod, interactions'?

General Details. All reactions were carried out under an oxygen-
free, dry nitrogen atmosphere. Dry, freshly distilled dichloromethane
or toluene was used for all reactions. Triethylamine was dried over
molecular sieves (4 A) and stored over activated alumina. The starting
material [Mo(NO)(tp*)k]-CsHsCHs was prepared following known
procedures$® The new compounds were purified by column chroma-
tography using silica gel (Merck; Kiesel gel 60,7830 mesh). IR
spectra were recorded on a Perkin-Elmer 1600 series FT-IR spectro-
photometer from KBr disks'H NMR spectra were recorded using a
Bruker AMX-400 (400 MHz) spectrometer. Liquid secondary positive
ion mass specti+)-LSIMS} were obtained from a VG Zabspec mass
spectrometer utilizing arnitrobenzyl alcohol matrix and scanning in

Although there is some evidence that ligand exchange canthe positive ion mode. Cyclic voltammetry was carried out using an

occur between alcohols and [Mo(NO)(tp*)CI(ORJ]reaction

EG & G model 174A polarographic analyzer, with ca-1énhol dm2

rates are slow in the absence of Brgnsted acids. This suggestsolutions of complex under dryNn dry solvents. A Pt bead working

that, once formed, the MeO bonds in [Mo(NO)(tp*)(ORy]
might be sulfficiently kinetically stable to allow the formation

electrode was used, with 0.2 mol di[Bu™N][BF,] as supporting
electrolyte, and a scan rate of 200 m\.sPotentials were recorded vs

of polynuclear metallomacrocycles under kinetic control. The a saturated calomel reference electrode, and ferrocene was added as

presence of the MeO—R link in such compounds reduces the

degree of structural control present during any macrocycle

formation reaction as compared to the situation wftRd(en)-
(4,4-CsHyN)2} 4] However, the Op—Mod, charge donation
may be expected to restrict rotation about theNlb bond and
impose some rigidity on thfMo—O—RY} link.8 Furthermore,

an internal standard.

Microanalyses were performed by the Microanalytical Laboratories
of the University of Birmingham and the Univrsity of North London
on finely ground samples dried for several days in vacuo at*@
remove solvent.

Preparation of [Mo(NO)(tp*) {(1,2-OCH,),CeH4}1, 1. Triethyl-
amine (1.0 cr¥) was added to a solution of [Mo(NO)(tp%}tCeHsCHs

the steric demands of the tp* ligand may also promote the (334 mg, 0.43 mmol) and 1,2-(HOG}CsH4 (69 mg, 0.50 mmol) in
metallomacrocycle formation process as the pyrazolyl 3-methyl dry dichloromethane (80 cth The mixture was heated under reflux
groups project toward the trigonal prismatic coordination sites for 2 h; the solution was allowed to cool to room temperature and
of the metal, restricting the volume of space that can be exploredfiltered to remove HNE!. The filtrate was evaporated to dryness in
by a bound ditopic ligand. As a consequence, macrocycle Vacuo, the residue was redissolved inLCH, and the reaction products
formation may be favored by the proximity of the second metal were separated by column chromatography on silica gel using a mixture

binding site and the restricted orientational freedom of the

ditopic ligand. Once a metallomacrocycle is formed, it is likely

to be kinetically trapped and isolable from the reaction mixture.
Preliminary studies have confirmed these expectations and showej 11 Hz, @H,), 6.04, 5.54 (2H, s, 1H, s, MEsHN,), 2.48, 2.47, 2.36

of dichloromethane and-hexane (7:3 v/v) as the eluent. The major
blue fraction was collected and further purified by recrystallization from
dichloromethane and-hexane. Yield: 179 mg (74%)H NMR (400
MHz, CDCk): ¢ 7.38 (4H, m GH4), 7.32, 6.29 (2H, d2J 11, 2H, d,

that the nuclearity and isomer distribution in the mixtures of 1.29{6H, s, 6H, s, 3H, s, 3H, s (€):CsHN.}. Anal. Found: C, 49.2;
cyclic oligomers formed is highly dependent on the nature of H, 5.70; N, 17.2. Calcd for &HsBN;OsMo: C, 49.4; H, 5.41; N,

the ditopic ligand involved?12We have previously described
the syntheses and crystal structures ofdfyye andanti-isomers
of [Mo(NO)(tp*)(2,7-O,C10Hg)]2, Which contain the rigid 2,7-

(6) (a) McCleverty, J. AChem. Soc. Re 1983 12, 331-360. (b) Jones,
C. J.; McWhinnie, S. L. W.; McQuillan, F. S.; McCleverty, J. A.
Molecular Electrochemistry of Inorganic, Bioinorganic and Organo-
metallic CompoundsPombiero, A. J. L., McCleverty, J. A., Eds.;
NATO ASI Series C; Kluwer Academic Publishers: Dordrecht, 1993;
Vol. 385, p 89. (c) Berridge, T. E.; Chen, H.; Hamor, T. A.; Jones, C.
J. Polyhedron1997, 16, 3695-3698.

(7) (a) Cleland, W. E.; Barnhart, K. M.; Yamanouchi, K.; Collison, D.;
Mabbs, F. E.; Ortega, R. B.; Enemark, J.IHorg. Chem.1987, 26,
1017-1025. (b) Berridge, T. E.; Jones, C.Bolyhedron1997, 16,
2329-2333.

(8) (a) McCleverty, J. A.; Rae, A. E.; Wolochowicz, |.; Bailey, N. A;;
Smith, J. M. A.J. Chem. Soc., Dalton Tran§982 951-965. (b)
Charsley, S. M.; Jones, C. J.; McCleverty, J. A.; Neaves, B. D;
Reynolds, S. JJ. Chem. Soc., Dalton Tran&988 301—307.

(9) AlObaidi, N. J.; Salam, S. S.; Beer, P. D.; Bush, C. D.; Hamor, T. A;
McQuillan, F. S.; Jones, C. J.; McCleverty, J.lAorg. Chem1992
31, 263-267.

(10) Ashby, M. T.; Enemark, J. HI. Am. Chem. Sod.986 108 730-
733.

(11) Coe, B. J.; Jones, C. J.; McCleverty, JPslyhedronl994 13, 2117
2124.

17.5. (H)-LSIMS: m/z 561 (M"). IR data (KBr disk): 2540w1gp);
1635s {no) cm L.

Preparation of [Mo(NO)(tp*)(1,4-OCH ,CsH4CH,0)]2, 2. Triethyl-
amine (1.0 crf) followed by 1,4-(HOCH),CeH, (180 mg, 1.30 mmol)
was added to a solution of [Mo(NO)(tp%]tCsHsCHs (1.00 g, 1.30
mmol) in dry toluene (100 cA. The mixture was heated under reflux
for 18 h. The dark brown solution was allowed to cool to room
temperature and filtered to remove HNET he filtrate was evaporated
to dryness in vacuo, the residue was redissolved inGTiand the
reaction products were separated by column chromatography on silica
gel using a mixture of dichloromethane amndhexane (8:2 v/v) as the

(12) (a) McQuillan, F. S.; Jones, C. J.; McCleverty, JPalyhedron1995
14, 3157-3160. (b) McQuillan, F. S.; Jones, C.Rolyhedron1996
15, 1553-1557. (c) McQuillan, F. S.; Chen, H.; Hamor, T. A.; Jones,
C. J.Polyhedron1996 15, 3909-3913. (d) Hinton, H. A.; Chen, H;
Hamor, T. A.; Jones, C. J.; McQuillan, F. S.; Tolley, M. I8org.
Chem.1998 37, 2933-2942.

(13) McQuillan, F. S.; Chen, H.; Hamor, T. A.; Jones, C. J.; Paxton, K.
Inorg. Chem.1997, 36, 4458-4464.

(14) Diederich, F. NCyclophanesRoyal Society of Chemistry Monographs
in Supramolecular Chemistry; Stoddart, J. F., Ed.; Royal Society of
Chemistry: London, 1991.

(15) Reynolds, S. J.; Smith, C. F.; Jones, C. J.; McCleverty, J. A.; Bower,
D. C.; Templeton, J. Linorg. Synthl985, 23, 4-9.
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eluent. The first two green bands to elute were discarded, and the major(1:1 v/v) as the eluent afforded a brown isoma,(R; = 0.70), which

salmon pink fraction that followed was collected. This contained a
mixture of theanti- andsynrisomers 2a and2s respectively) of [Mo-
(NO)(tp*)(1,4-OCHCsH4CH,0)].. Yield: 220 mg (30%) anti-[Mo-
(NO)(tp*)(1,4-OCHCeH4CH,O)]2, 23, 23% and syn[Mo(NO)(tp*)-
(1,4-OCHCeH4CHO)]2, 25 7% by H NMR}. *H NMR (400 MHz,
CDCly): 2a,0 7.28 (8H, s GH4), 5.87,5.72 (4H, s, 2H, s, MESHN)),
6.61, 6.05 (4H, d2J 11.3, 4H, d,2] 11.3 Hz, GHy), 2.73, 2.37, 1.73
{12H, s, 18H, s, 6H, s (85).CsHN,}. 256 7.13 (8H, s GH.), 5.87,
5.71 (4H, s, 2H, s, M€C3HN,), 6.74, 6.10 (4H, d2J 11.5, 4H, d,2)
11.5 Hz, G4y), 2.75, 2.36, 2.34, 1.9812H, s, 12H, s, 6H, s, 6H, s
(CH3)2CsHNg}. Anal. Found: C, 49.9; H, 5.60; N, 17.3. Calcd for
CueHeoB2N140sMo02: C, 49.4; H, 5.41; N, 17.54)-LSIMS: m/z1119
(M™). IR data (KBr disk): 2541wgn); 1634s ¢no) cmt.

Further fractionation by repeated column chromatography afforded
an isomerically pure sample ainti-[Mo(NO)(tp*)(1,4-OCHCsHs-
CH:0)], 2a, but it was not possible to obtain a samplesgft[Mo-
(NO)(tp*)(1,4-OCHCsH4CH,0)],, 2s free of2a, although some single
crystals of2swere physically separated and characterized by an X-ray
diffraction study (vide infra).

The reaction was repeated using different heating times to give
differing yields of 2a and 2s as follows: after 90 mirRa, 14%; 2s
6%; after 54 2a, 25%;2s, 5%, the relative proportions &a and2s
in the binuclear product fraction being determined ¥y NMR
spectroscopy.

Preparation of [Mo(NO)(tp*)(1,3-OCH ,C¢H4CH0)],, 3. Triethyl-
amine (1.0 cr¥) followed by 1,3-(HOCH),CsH4 (180 mg, 1.30 mmol)
was added to a solution of [Mo(NO)(tp%)tCsHsCH5 (1.00 g, 1.30
mmol) in dry toluene (100 cA. The mixture was heated under reflux
for 18 h. The dark brown solution was allowed to cool to room
temperature and filtered to remove HNET he filtrate was evaporated
to dryness in vacuo, the residue was redissolved inGItand the

is sparingly soluble in toluene, and a brown ison#s (R = 0.64),
which is freely soluble in toluene.

4a. Yield: 282 mg (35%).!H NMR (400 MHz, CDC}): 6 7.05,
7.20 (8H, d,3J 8, 8H, d,%J 8 Hz GHg), 5.85, 5.81 (4H, s, 2H, s,
Me,CsHNy), 4.00 (4H, s E©y), 2.41, 2.40, 2.33, 2.306H, s, 12H, s,
12H, s, 6H, s (El3).CsHNZ}. Anal. Found: C, 54.4; H, 5.40; N, 15.4.
Calcd for GeHesB2aN14OsMoy: C, 54.1; H, 5.19; N, 15.8).4)-
LSIMS: m/z1243 (M"). IR data (KBr disk): 2543wign); 16525 {no)
cm

4s. Yield: 210 mg (26%).*H NMR (400 MHz, CDC}): 6 7.15
(16H, s, GHa), 5.87, 5.75 (4H, s, 2H, s, ME3HN,), 4.06, 3.79 (2H,

d, 33 15, 2H, d,3J 15 Hz (Hy), 2.40, 2.39, 2.1312H, s, 18H, s, 6H,
S (CH3)2.C3HNZ}. Anal. Found: C, 54.2; H, 5.20; N, 15.6. Calcd for
C56H54BzN1405M02: C, 54.1; H, 519, N, 1584()-LS|MS m/z 1243
(M™). IR data (KBr disk): 2543wifg); 1666s {no) cm 2.

The reaction was repeated using different heating times to give
differing yields of 4a and 4s as follows: after 15 mirda, 237 mg,
29%; 4s 199 mg, 25%; after 54 HWa, 639 mg, 79%4s 69 mg, 9%.

A cyclic trimer, [Mo(NO)(tp*X 4,4-OCsH4).CHz} 15, 5 (R = 0.83),
could be isolated from the product mixture after reaction times of 15
min or 18 h but was not present in isolable amounts when a reaction
time of 54 h was used.

5.Yield: 207 mg; 26% at 15 min reaction time; 160 mg, 20% at 18
h reaction time!H NMR (400 MHz, CDC}): 6 7.18-7.07 (24H,
overlapping signals, ), 5.81, 5.74, 5.73, 5.71 (6H, S/4H, s,
1Y,H, s,%4H, s MeC3HNy), 3.94 (6H, overlapping signalstg), 2.40,
2.39, 2.22, 2.21, 2.20, 2.19, 2.15, 2.12, 2{®H,s, 18H, s, #,H, s,
41/2H, S,4‘/2H, S,‘p‘/zH, S, 2/4H, S, 4‘/2H, S, 2‘/4H, S (CH3)2C3HN2}.
Anal. Found: C, 53.9; H, 5.42; N, 15.5. Calcd fopgB3:B3N210g-
Moz C, 54.2; H, 5.19; N, 15.84)-LSIMS: m/z 1865 (M"). IR data
(KBr disk): 2542w {gy); 1661s ¢no) .

reaction products were separated by column chromatography on silica gty cture Determinations.® Cell dimensions and intensity data

gel using a mixture of dichloromethane andhexane (7:3 v/v) as the

(Table 1) for the three complexe&a, 2s, and4a, were measured on a

eluent. The first two green bands to elute were discarded, and the majorRigaku R-AXIS Il area detector diffractometer. The structures were

pink/brown fraction that followed was collected. Further fractionation

by repeated column chromatography using dichloromethane and

n-hexane (1:1 v/v) as the eluent afforded a pink isor8eryhich is
sparingly soluble in toluene, and a peach/brown colored iso8ikr,
which is soluble in toluene.

3i. Yield: 130 mg (18%).*H NMR (400 MHz, CDC}): o6 7.47,
7.28,7.27,7.19 (2H, £ 1.8. 2H, dd,2J 8.3,43 1.8, 2H, d,3] 6.6,4]
1.8, 2H, dd,3J 8.33] 6.6 Hz, GH,), 5.83, 5.68 (4H, s, 2H, s,
MexC3HNp), 6.12, 6.02 (4H, d?J 12.1, 4H, d2J 12.1 Hz, GHy), 2.67,
2.32,2.31, 2.1412H, s, 12H, s, 6H, s, 6H, s (&),CsHN,}. Anal.
Found: C, 49.4; H, 5.31; N, 17.4. Calcd foreHsiB2N140sMo02: C,
49.4; H, 5.41; N, 17.5.€)-LSIMS: m/z 1119 (M'). IR data (KBr
disk): 2547w {sn); 1647s ¢no) CMT L.

3ii. Yield: 130 mg (18%)*H NMR (400 MHz, CDC}): o 7.59,
7.20, 7.19 Hz), 7.10 (2H, tJ 1.8, 2H, dd 2] 8.2,4) 1.8, 2H, d 3] 6.6,
4J 1.8, 2H, dd,®J) 8.2%J 6.6 Hz, GH,), 5.85, 5.60 (4H, s, 2H, s,
MezCsHNy), 6.47, 6.34 (4H, d2J 12.6, 4H, d2J 12.6 Hz, G,), 2.64,
2.36, 2.346H, s, 24H, s, 6H, s (B3).CsHN,}. Anal. Found: C, 49.1;
H, 5.25; N, 17.5. Calcd for £HeoB2N14OsMoy: C, 49.4; H, 5.41; N,
17.5%). (+)-LSIMS: m/z1119 (M"). IR data (KBr disk): 2544wifgn);
1644s {no) cm .

The reaction was repeated using different heating times to give
differing yields of3i and3ii as follows: after 50 mir8i, 68 mg, 9%;
3ii 97 mg, 13%; after 54 Bi, 135 mg, 19%3ii 105 mg, 14%.

Preparation of [Mo(NO)(tp*) {4,4-OC¢H4)2,CH3}]2, 4. Triethyl-
amine (1.0 crd) followed by 4,4-(HOCeH4),CH, (260 mg, 1.3 mmol)
was added to a solution of [Mo(NO)(tp%)tCsHsCH; (1.00 g, 1.30
mmol) in dry toluene (100 cf. The mixture was heated under reflux
for 18 h. The dark brown solution was allowed to cool to room
temperature and filtered to remove HNET he filtrate was evaporated
to dryness in vacuo, the residue was redissolved inGItand the

determine#f2 by direct methods and refin&d by least-squares of?

using anisotropic thermal parameters for non-hydrogen atoms, apart
from the carbon atom of a disordered molecule of dichloromethane in
4a, which was located from a difference map and included in the
calculations with an isotropic thermal parameter. Hydrogen atoms were
placed in calculated positions, but those of the disordered dichlo-
romethane were omitted. Diagrams were drawn with ORTERgrmal
ellipsoids are at the 30% probability level.

Results and Discussion

The reaction between [Mo(NO)(tp3]land 1,2-(HOCH),CgH,4
in the presence of NE#ffords, as the main reaction product,
the chelate complex [Mo(NO)(tpflL,2-(HOCH).CeHa}], 1
(Figure 1). The elemental analyses and IR #dNMR spectra
of 1 are in accord with its formulation as a 1:1 compleX bfo-
(NO)(tp*)} with {1,2-(HOCH).CsH4}. The mass spectrum
(LSIMS) contained a molecular ion a¥z 561 in accord with
a monomeric formulation and contained no ions attributable to
higher nuclearity cyclic oligomers. In contrast the reactions
involving 1,4- and 1,3-(HOCLJ,CsHa, which are unable to form
mononuclear chelate complexes, afforded crude reaction prod-
ucts with mass spectra that indicate the presence of both cyclic
dimers and cyclic trimers.

The mass spectrum of the crude product isolated from the
reaction involving [Mo(NO)(tp*)}] and 1,4-(HOCH),CeH4
contained a molecular ion at'z 1118 corresponding with the
cyclic dimer [Mo(NO)(tp*X 1,4-(HOCH,).CsHa} ]2 (2) together

reaction products were separated by column chromatography on silica(16) (a)TeXsan Single-Crystal Analysis Software, version 1.6; Molecular

gel using a mixture of dichloromethane amdhexane (1:1 v/v) as the

eluent. The first two green bands to elute were discarded, and the major

brown fraction that followed was collected. Further fractionation by
repeated column chromatography using dichloromethane-drectane

Structure Corporation: The Woodlands, TX 77381, USA, 1993. (b)
Sheldrick, G. M.SHELXL-93 Program for Crystal Structure Refine-
ment; University of Gottingen, 1993. (c) Johnson, C. BRTER
Report ORNL-5138; Oak Ridge National Laboratory: Oak Ridge, TN,
1976.
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Table 1. Crystallographic Data
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2a 2s 4a
formula Q6H5082N14OGM02‘4CHCb C46H5()BzN1405M02’2CH2C|2 C56H54BzN1406M02‘2CHCh'CH2C|2
fw 1596.1 1288.4 1566.4
a A 11.967(3) 16.576(3) 12.665(2)
b, A 18.004(2) 20.844(2) 13.013(2)
c, A 8.740(2) 17.024(2) 11.894(2)
o, deg 102.31(1) 90 111.80(1)
B, deg 109.32(1) 94.87(2) 95.48(1)
v, deg 82.08(1) 90 94.78(2)
v, A3 1732(1) 5861(2) 1797(1)
z 1 4 1
space grp P1 P2;/a P1
T,°C 21 21 21
A 0.7107 0.7107 0.7107
Pealcd 1.531 1.460 1.448
(Mo Ka), mmr? 0.880 0.668 0.703
Ru(Fsd 0.1699 0.1115 0.1979
R(F,) for obsd rflng 0.0522 0.0789 0.0648

ARW(Fe?) = [TW(Fe? — FAHIW(FAAY2 R(Fo) = Y (IFo — Fo))/ZIFl.
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Figure 1. Structural formulas for compounds-5.

with an ion atm/z 1677 attributable to the cyclic trimer with an
intensity 3% that of the ion atn/z 1118. Chromatographic
separation afforded a pure sample2afs a mixture okyn and
anti-isomers. These isomers could not be completely separated
but repeated chromatography afforded a samplanti[Mo-
(NO)(tp*){ 1,4-(HOCH))2CsH4} 12 (2d), which was isomerically
pure and was characterized by an X-ray crystallographic study
(vide infra). Attempts to obtain a sample ®fn[Mo(NO)(tp*)-
{1,4-(HOCH,),CsH4} ]2 (29 free of theanti-isomer were unsuc-
cessful, although single crystals 26 were separated from a
mixed crystalline sample and used in an X-ray crystallographic
study (vide infra). The mixture of isome2s and2swas further
characterized by LSIMS, IR, antH NMR spectroscopy and

by elemental analyses. Théd NMR spectra of the isomea

and2sdiffer but do not distinguish between tsgn andanti-
forms. However, the isomeric structures can be unambiguously
assigned by reference to the X-ray studies. Thus iAHHEMR
spectra of botl2a and 2s the signals due to the pyrazolytC
protons appear in the area ratio 4:2 and those due to the
pyrazolyl 3- and 5-methyl protons in the area ratios 12:12:6:6.
The signals due to the methylene protons of the 1,4-
(OCH,),CgH4 ligands appear at low field due to their proximity

to the formally 16-electron Mo cenférand comprise two
doublets associated with an AB system.da these signals
appear at slightly lower field than s The relative proportions

of 2a and 2s in the isomer mixture may be determined from
the 'H NMR spectrum and were found to vary with reaction
time. Thus the ratio oRa2swas 14:6 after 90 min, 23:7 after
18 h, and 25:5 after 54 h, the total yield 24 and2s at these
respective times being 20, 30, and 30%. Heating the 14:6
mixture of2aand2sunder reflux in toluene solution for 2 days
produced no change in the relative proportions of the isomers.
These findings are consistent with the reaction proceeding under
kinetic control with no significant changes in yield or isomer
distribution occurring between 18 and 54 h. The small increase
in the yield of2aand decrease in the yield a8 after 18 h may
simply reflect experimental errors, or some slight decomposition
of 2s may occur with the extended reaction time. Overall the
anti-isomer2ais formed in preference to thsynisomer2swith

a selectivity of ca. 4:1 in this reaction. The cyclic trimer could
not be isolated in a pure form.

The mass spectrum of the crude product isolated from the
reaction involving [Mo(NO)(tp*)4] and 1,3-(HOCH),CsH4
contained a molecular ion at'z 1119 corresponding with the
cyclic dimer [Mo(NO)(tp*X 1,3-(HOCH),CsH4} 12 (3) and an
ion atm/z 1678 attributable to the cyclic trimer. After a reaction
time of 50 min the intensity of the ion at/z 1678 was 13%
that of the ion atr/z 1119. Chromatographic separation afforded
pure samples of two isomer8i and 3ii, of the binuclear
compound. Thé H NMR spectra of3i anda3ii differ, but both
contain signals consistent with the presence of a 1,3-substituted
phenyl ring in addition to signals due to the tp* ligand and the
methylene groups. In each case the relative areas of the signals
are consistent with the presence of a mirror plane bisecting the
tp* ligands and relating the two xylyl moieties. The relative
areas are also consistent with the tp* and xylenediolate ligands

(17) Jones, C. J.; McCleverty, J. A.; Neaves, B. D.; Reynolds, S. J.; Adams,
H.; Bailey, N. A.; Denti, GJ. Chem. Soc., Dalton Trans986 733—
741.
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being present in equimolar proportions. Th& NMR spectra

do not reveal whetheBi and 3ii are syn or anti-isomers.
However, these isomers differ in solubility in tHgitis sparingly
soluble in toluene wheredii is freely soluble. Since we have
found that2a and 4a (vide infra) are less soluble in toluene
than2sand4s and thatanti-[Mo(NO)(tp*)(2,7-O,C10He)]2 is
insoluble in toluene whereayn[Mo(NO)(tp*)(2,7-OCioH6)] 2

is soluble, the emerging trend is for thati-isomers of these
bimetallomacrocycles to have lower solubility in toluene than
the synrisomers. On this basis we tentatively assign ainé-
structure to3i and thesynstructure to3ii. Once again the
proportions of3i and 3ii formed in the reaction vary with
reaction time. Thus the yield ratio &i:3ii was 9:13 after 90
min, 18:18 after 18 h, and 19:14 after 54 h, the total yields of
3i and 3ii at these respective times being 22, 36, and 33%.
Heating3i or 3ii under reflux in toluene solution for 2 days did
not result in isomerization. As in the case2d and 2s, these

Inorganic Chemistry, Vol. 38, No. 7, 1999559

should give rise to a total of 14 singlets, of which 10 should be
of relative area %, and four of relative area's. Despite some
signal overlap the observed spectrum fits this model well,
indicating that5 contains a statistical mixture of isomers and
that its formation is not stereoselectivittempts to isolate a
pure sample of the cyclic tetramer, observed in the mass
spectrum of the crude product, were unsuccessful.

The variation with time in the proportions df, 4s and5
formed in the reaction was investigated. After 15 min the ratio
of 4a:4swas 29:25, 35:26 after 18 h, and 79:9 after 54 h, the
total yields of4a and4sat these respective times being 54, 61,
and 88%. Heatinga under reflux in toluene solution for 3 days
did not result in isomerization. However, under these conditions
4s converted to a ca. 1:1 mixture df and 4s together with
some decomposition products. The yields of the cyclic trimer,
5, isolated after 15 min and 18 h were 26 and 20%, but
significant quantities 06 could not be isolated after a reaction

findings are consistent with the reaction proceeding under kinetic time of 54 h. Heating a sample 6funder reflux in toluene for

control with 3ii forming more rapidly than3i and both
compounds reaching a maximum yield within about 18 h. If
the assignment of theynstructure to3ii is correct, then it is
thesynisomer that reaches its maximum yield most quickly as
was found for 1,4-(HOCH),CsHa. However, the reaction with
1,3-(HOCH,),CsH4 appears to be essentially nonselective after
18 h unlike that involving 1,4-(HOCH.CsH4. Attempts to

54 h resulted in some decomposition, but under these conditions,
no substantial conversion 6fto 4a or 4swas observedSince

the yields of thesynisomer4sand the cyclic trimer5, decline

with time while the yield of theanti-isomer4a continues to
increase to 79%, it would appear thés and 5 are kinetic
products of the reaction between between [Mo(NO)(t*ghd
(4-HOGsH4).CH, and that4a is the thermodynamic product.

isolate a pure sample of the cyclic trimer, observed in the mass This represents the first identified example of isomer intercon-

spectrum of the crude product, were unsuccessful.

version in thes¢ Mo(NO)(tp*)} -containing metallomacrocycles

The mass spectrum of the crude product from the reaction and shows that such isomerizations can occur and that the extent

between [Mo(NO)(tp*)}] and (4-HOGH,),CH, contained a
molecular ion atn/z 1243 corresponding with the cyclic dimer
[Mo(NO)(tp*){ (4-OGsH4)2CH2} 12, 4, together with an ion at
m/z 1865 attributable to the cyclic trimer [Mo(NO)(tf{¥-
OGCsH4)2CH2} 12, 5, and low intensity ion at/z 2484 attributable

to the cyclic tetramer. Compared to the reactions involving 1,3-
or 1,4-(HOCH),Cg¢H,, significantly larger proportions of the
cyclic trimer were present, particularly after short reaction times.

to which kinetic or thermodynamic factors affect the outcome
of the metallomacrocycle formation reaction is sensitive to the
nature of the ditopic ligand used.

The stereoselective formation & over2sis an unexpected
feature of these metallomacrocycle-forming reactions. Unfor-
tunately the origin of this selectivity is hard to define, as three
pathways are possible for the formation of the binuclear
macrocycles from the achiral complex [Mo(NO)(tpf))and the

Chromatographic separation afforded pure samples of the twoachiral ditopic proligand HE-EKIHE-EH = 1,3-(HOCH),C¢Ha,

isomers,4a and 4s of the binuclear compound and of the
trinuclear compound. A small sample of a cyclic tetramer

1,4-(HOCH),CgHa, (4-HOGH,).CH,}. All three pathways
involve, as a first step, formation of the chiral monosubstituted

was also isolated. However, despite giving a mass spectrumderivative [Mo(NO)(tp*)(E-EH)I] as a racemic mixture. The

free of ions due to other cyclic oligomers, this compound could
not be obtained in a pure form as judged By NMR
spectroscopy. One of the binuclear isomefs, was of low
solubility in toluene and was assigned #ugti-structure on the
basis of thét H NMR spectral data since the methylene protons
appear as a singlet. The other isordeywas more freely soluble
in toluene and was assigned thgnstructure, the methylene
protons appearing as an AB system in theNMR spectrum.
The cyclic trimer can exist as thenti,synisomer and the
synsynisomer. In a nonselective reaction, the isomer ratio might

final step in each pathway involves the ring closure,with HI
elimination, of the racemic acyclic binuclear compl€}jo-
(NO)(tp*)(E-EH)} (u-E-EY Mo(NO)(tp*)1}], which is the cyclic
dimer precursor. In the first of the three possible intermediate
reaction pathways, two molecules of [Mo(NO)(tp*)(E-EH)I]
react together to form the cyclic dimer precursor. In the second
pathway addition of a further metal center to [Mo(NO)(tp*)-
(E-BE)I] affords a mixture ofmese and dl-isomers of the
bimetallic complex {Mo(NO)(tp*)I} 2(E-E)]. Reaction of this
complex with further HE-EH then affords the cyclic dimer

be expected to be statistically determined with the isomers precursor. In the third pathway the monosubstituted derivative

present in the respective relative proportions 3:1. TFH&IMR
spectrum of5, the product isolated, is in accord with this
expectatiort20:d Although signal overlap obscures the relative

[Mo(NO)(tp*)(E-EH)I] reacts with further HE-EH to give the
achiral complex [Mo(NO)(tp*)(E-EH). This may then react
with a molecule of [Mo(NO)(tp*)}] to give the cyclic dimer

areas of the signals due to the aryl or methylene protons, theprecursor. Not all of these pathways may be involved in the

signals due to the dimethylpyrazolyf@nd 3,5-methyl protons
are sufficiently well resolved to show that neither the pure
anti,syrrisomer nor the pursynsynisomer has been isolated.
The spectrum of a 3:1 mixture of isomers should give rise to
seven signals due to the pyrazolyl @@otons. When normalized
to a single [Mo(NO)(tp*] OCsH4CH2CsH40)]3 molecule, these
should appear in the area ratitf/11Y,:1%5:1%5:1Y5:3/4:3/4.12b.d

A similar analysis of the environments of the pyrazolyl methyl

reaction, and the stereoselectivity of each may differ. Further-
more, since the substitution of the chiral ligand in a single
diastereoisomer of [Mo(NO)(tp*(—)-mentholat¢] by the
achiral ligand HOGH4NO,-4 affords a racemic produétthere

are no grounds to suppose that chirality would be retained at
the molybdenum center during the metallomacrocycle-forming
reactions.

In an attempt to determine which of the possible intermediates

protons leads to the conclusion that a 3:1 mixture of isomers might be involved in the metallomacrocycle formation process,
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the reactions of the knowhcomplexes [Mo(NO)(tp*)I(E-EH)] Table 2. Selected Structural Parameters Ra; 2s and4a*®
and [ Mo(NO)(tp*)1} 2(E-E)] have been examined. Attempts to 25
prepare [Mo(NO)(tp*)(E-EH)] have been unsuccessful since

the conditions necessary to induce substitution of both iodides _2a Mo Mo 4a
lead to metallomacrocycle formation, even in the presence of Mo—N(L) 1@;%?25951('7&%1(13) 174513) 1.761(4)
excess HE-!EH.The self-reaction of [Mo(NO)(tp*)I(OQHEl;H4- Mo—N(2) 2:245(4) 2:253(11) 2:263(13) 2:251(4)
CHzOH-4)] in the presence of NEBnd the reaction Of{MO- Mo—N(4) 2.241(4) 2.231(13) 2.237(14) 2.191(4)
(NO)(tp*)I} o{ 1,4-(OCH)CeHa} | with further 1,4-(HOCH),CeHa Mo—N(6) 2.219(4) 2.236(12) 2.236(13) 2.190(4)
and NEg afforded no metallomacrocyclic products. In the cases Mo—0(2) 1.907(3) 1.903(10) 1.912(10) 1.946(3)
of [Mo(NO)(tp*)I(OCH,CsH4CH,OH-3)] and [ Mo(NO)(tp*)I} - MO—%EO 1-%3(2) 1-288(1? 1-289(12) 1-28%(3)
{1,3-(OCH)CgHa4}] only low yields (<8%) of cyclic dimer were g(l) (1) 1.204(6) 1.204(13) 1.205(13) 1.206(5)
. . : - : (2)—C(16) 1.413(6) 1.428(13) 1.40(2)  1.354(5)
obtained, and reliable estlmates_of gyelanti-isomer ratio could 0(3)-C* 1.437(6) 1.41(2) 1.41(2) 1.365(5)
not be made. The self-reaction of [Mo(NO)(tp*)I(GH- Angles (deg)
QH2C6H4OH-4,4)] in the presence of ngtalso aﬁorded low N(1)~Mo—N(2) 177.9(2) 177.7(5) 177.7(6) 177.4(2)
yields of cyclic dimer compared to the direct reaction between n(1)—Mo—N(4) 93.2(2) 94.0(5) 95.5(6) 95.4(2)
[Mo(NO)(tp*)I ;] and (4-HOGH,).CH,, total yields of4a and N(1)—Mo—N(6) 93.7(2) 93.4(5) 93.6(6) 93.3(2)
4sbeing 3% after 105 min, 22% after 18 h, and 25% after 54 N(1)-Mo—0(2) 97.1(2) 97.7(5)  97.1(5)  97.1(2)
h. The reaction between the acyclic bimetallic complgMd- N(1)—Mo—0(3) 97.0(2) 98.3(5)  98.1(5)  99.1(2)
(NO)(tp*)1} of (4-OCsHa)2CHo}] and (4-HOGH,):CH, in the “%_mg_“% giggg gi%g Sﬂ% gjg%
) 0 . . . :

presence of NEtgave total yields ofla and4s of 8_/o a_fter 45 N(2)—-Mo—0(2) 83.6(2) 827(4) 82.2(5) 82.5(2)
min, 50% after 18 h, and 39% after 54 h. These findings would N(2)-Mo—0(3) 84.8(2) 83.8(4) 84.2(5) 83.5(2)
suggest that the pathway involving the bis-substituted intermedi- N(4)—Mo—N(6) 76.7(2) 77.3(5) 75.8(5) 79.0(2)
ates [Mo(NO)(tp*)(E-EH)] may represent the more efficient “(j):mozg(g) E%821-32(2) élgl‘ii@ égﬁ-%((i) 8153?;-2(2)
route to the cyclic dimers, but we have been unable to confirm NEG%—Mg—ngg 88'2&; 88'2% 89'3253 89.58
this by a direct experiment due to the synthetic inaccessibility N(6)—Mo—0(3) 16'3'4(2) 16'2'8(4) 16'1.7(5) 163.3(2)
of [Mo(NO)(tp*)(E-EH),]. 0(2)-Mo—0(3) 102.8(2) 102.5(4) 103.1(4) 100.0(2)

Since the structures of the metallomacrocycles produced in Mo—N(1)—0O(1) 178.3(4) 177.6(12) 178.7(13) 178.2(4)
this work resemble those of cyclophanes, which are known to mg_ggg—ggm) 11237047( (33;) 11591;&(11(%) 112392-53((11(5))) 1131357(%?3)

act as host moleculé$, attempts were made byH NMR
spectroscopy to detect evidence for hegtiest interations Torsion Angles (deg)

between the new binuclear compounds and 1,2- or 1,4- “Eig:mgigggigﬁm) ;ﬁ%) —663&3) 637'(71(111?) _zg'gég;
dimethoxybenzene. However, no evidence for haostest ' ' ' '
behavior was found, and in the case®afand2s at least, the 2Values in parentheses are estimated standard deviatiQrisis
crystallographic studies described below provide structural ©(23) in2aand4a, and C(20) in2s

reasons for this negative result.

Structural Studies. Views of the complexe&a and2s and
4aare shown in Figures-24, and selected geometric parameters
are listed in Table 2. The twanti complexes are centrosym-
metric (crystallographi€; symmetry), whereas treyncomplex,
2s has no crystallographic symmetry, but possesses approximat
mn2 (Cy) symmetry. The mirror symmetry along the Mo
Mo axis observed in thtH NMR spectra of the three complexes
is found in the solid state only approximately 2s.

and 1.931(3) A. Both categories of M® bonds are relatively
short. This implies p—dr electron donation from the donor
atom (O) to the coordinatively unsaturated metal. Large angles
at oxygen and the small N(nitrosy{Mo—O—C torsion angles
(<+20.8) are consistent with this, although steric effects may
Qlso play a role in increasing the bond angle at oxygen. The
longer Mo—0O lengths and larger MeO—C angles in systems
where the carbon atom is unsaturated may be the result of
T . additional electron delocalization involving the aromatic rings,
The coordination geometry at the molybdenum atoms is \hich compete with the oxygen-to-metat-pdr donation. The
approximately octahedral in each case. The mean deviationspheny| rings are fairly close to coplanarity with their respective

T‘ro_m id?al octahedral range from 7.In 2ato 7.8 at the Mo—O—C planes [31.1(5)and 3.6(7) for rings C(16)-C(21)
primed” molybdenum center of structus As had been noted 5.4 C(23)-C(28), respectively], consistent with this model.

previously}3 these deviations show a consistent pattern, and  The overall conformation of complexéa and 2s can be
differences between corresponding angles at the four molyb- jascribed by reference to the 12-atom best plane through the
denum centers are relatively small, mean differences beirg 0.6 o, oxygen atoms bonded to molybdenum, the methylene
1.22. Comparison of these molybdenum centers with mono- ¢4rhon atoms bonded to these oxygen atoms, and the adjoining
meric'®19and other binucle&f molybdenum complexes shows  4ioms of the phenyl rings. In the centrosymmetric comgiax
that_ the mean differences between corresponding angles are this grouping is coplanar to withi#0.53 A, with the Mo atoms
similar magnitude. close to the plane (deviatich0.18 A) and the nitrosyl oxygen
The molybdenumtoxygen bonds fall into two categories. In atoms displaced by 2.78 A on opposite sides of this central
2aand2s where the oxygen links the molybdenum to af-sp  plane. The corresponding 12-atom groupin@dis less planar,
hybridized carbon, the MeO bonds have lengths of 1.899  with atomic deviations of up to to 0.87 A and the Mo atoms
1.923 A (mean 1.909(3) A), whereas4a, involving an Mo- displaced by 0.59 A on the same side of this plane in accord
O—C(sp) system, the Me-O lengths are longer at 1.946(3)  with the approximate€,, symmetry of compleRs The nitrosyl
oxygen atoms, O(1) and O(1pre displaced by 2.31 and 2.30
(18) Obaidi, N. A.; Hamor, T. A.; Jones, C. J.; McCleverty, J. A;; Paxton, A, respectively. However, when compared with theti

as) *é-oi' %hgTHSa‘rf& DT"’f'tAolr,‘ }gﬁgigfg }.Qiﬂ}cég’%ﬁy 3 A Bloor. b COMPplexes2a and 4a, and analogousnti and syn binuclear

Cross, G. H.; Axon, T. LJ. Chem. Soc., Dalton Tran$995 673- complexes;? the orientation of both thEMo(NO)(tp*)} residues
684. is rotated through 180with respect to the linking ring system,
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Figure 3. View of complex2s Primed atoms are related to the corresponding unprimed atoms by an approximate (noncrystallographic) mirror
plane.

Figure 4. View of complex4a. Starred atoms are related to the corresponding unstarred atoms by an inversion center.

so that, effectively, the nitrosyl ligand and the (N(2), N(3), All three complexes contain solvent of crystallization. In
C(1)—C(5)) pyrazolyl ring have interchanged coordination sites, crystals of2a, two symmetry-related molecules of chloroform
bringing the nitrosyl ligand closer to the central plane. The are hydrogen-bonded to ring oxygen atoms O(3) and O(3)*,
centrosymmetric complega can be described by reference to  with C--O 3.20 A, H--0 2.27 A, and angle €H:--O 159
a 14-atom central plane, consisting of the seven atoms C(22),(H atoms in calculated positions). The angles Ma(3)---H
C(19), C(16), O(2), 0O(3), C(23), and C(26) and the sym- and C(23)-O(3)---H are 110 and 104, respectively, so that
metrically related atoms (starred in Figure 4). This atomic the hydrogen atom appears to be in a suitable orientation for
grouping is coplanar to withie=0.07 A with the metal atoms  hydrogen bonding. Two other symmetry-related molecules of
displaced by+0.88 A. The nitrosyl oxygen atoms are at chloroform have their hydrogen atoms at 2.45 A from ring
distances of 3.31 A on opposite sides of the plane. oxygens O(2) and O(2)*, probably too far for significant
The capacity of cyclic complexes to bind guest molecules is hydrogen bonding? In 2s two molecules of dichloromethane
limited by the size of the cavity formed. For complexzsand and, in4a, two molecules of chloroform and one molecule of
2s, the central cavity is too small to bind even small guest disordered dichloromethane appear to act as space fillers and
molecules. Critical cross-ring interatomic distance@are do not interact significantly with the complex molecules.
C(21y--C(21)* 3.37 A and C(21)-C(22)* [and C(21)*--C(22)]
3.50 A, and in2s C(19)---C(22) 3.50 A, C(19¥-C(22) 3.61  (20) (a) Hamilton, W. C.; Ibers, J. Adydrogen Bonding in SolidsV. A.

; i Benjamin, Inc.: New York, 1968; pp 182183. (b) Taylor, R.;
A, and C(19) C(ZZ.) 3.66 A. The *CemralAcaVIty ofla is Kennard, OJ. Am. Chem. S0d.982 104, 5063-5070. (c) Desiraju,
somewhat larger, with C(18)C(18)* 5.44 A and C(17)- G. R.Acc. Chem. Red.991, 24, 290-296. (d) Steiner, TJ. Chem

C(18)* [and C(17)*--C(18)] 5.62 A. Soc., Chem. Commuf997, 727-734.
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Electrochemical Studies.The electrochemical properties of

the new binuclear complexes were investigated using cyclic

voltammetry. Each redox activeMo(NO)} center should

McQuillan et al.
Conclusion

Metal-directed macrocycle formation reactions involving

undergo electrochemical reduction at a potential that will depend [MO(NO)(tp*)I2] and the flexible ditopic proligands HE-EH

on the nature of the bridging liga®é:23 In the binuclear
complexes the extent to which the bridging ligand can com-

{HE-EH = 1,3-(HOCH),CeHs, 1,4-(HOCH,)2CeHa, (4-HO-
CeH4)2CHy} afford binuclear cyclophane-like molecules. Tri-

municate the presence of the other metal center will also affect nuclear cyclic oligomers also form, but in much lower yields.

the reduction potentiaf®:2* Thus for syn[Mo(tp*)(NO)(2,7-
0,C10H6)]2 two reduction waves are observed-a.633 and
—0.807 V (CHCI, SCE) separated by 174 mV due to the
interaction between the two metal cent&r$he longer bridging

This finding may be contrasted with the reactions of [Mo(NO)-
(tp*)1 2] with the rigid “linear” ditopic proligands 1,4-(HQTH*

and 1,4-(AHOCgH4)2CsH4,12° which afford cyclic trimers and
tetramers as the predominant cyclic oligomer fractions. The

groups in the complexes described here might be expected toreactions with the flexible ligands appear to proceed under

support smaller interactiod8and this is in fact observed. Cyclic
voltammetric investigation a2arevealed a single broad wave
centered at-0.65 V (CHCI, SCE) which did not appear fully
reversible. This results from two overlapping electron-transfer
processes with a separatiakE;, estimated at 85 mV from the
differential pulse voltammograg?. This is comparable to the
electrochemical behavior of the binuclear acyclic comp{@&4d-
(tp*)(NO)CI} { 1,4-(OCH)CsHa} ], which also shows a broad
wave at—0.60 V with an estimated\E; of 85 mV8 The
solubilities of the complexe3i andg3ii in solvents suitable for
electrochemistry were insufficient to allow meaningful electro-
chemical study. However, in the cases of completeand4s,
well-formed, apparently reversible, waves appear@t72 V
(CH.CI, SCE) with an estimatedE; of 90 mV, there being no

kinetic control, with thesyrrisomer of the cyclic dimer forming
most rapidly. The outcome of the reaction is highly dependent
on the nature of the ditopic proligand HE-EH. Thus with 1,2-
(HOCH,),CsH4 no cyclic dimers are isolated; instead only the
mononuclear chelate compléxs obtained. In the case of 1,4-
(HOCH,),CeH4, the anti-isomer of the cyclic dimer is formed
stereoselectively, but with 1,3-(HOG)JACgH4 or (4-HOGH4)-

CH, the reaction appears essentially nonselective. Only in the
case of (4-HOGH,4),CH, was evidence found for the conversion
of one isomer of the cyclic dimeds to anotherda. Although
direct evidence is lacking, the relatively low yields of cyclic
dimer obtained from reactions involving [Mo(NO)(tp*)(E-EH)I]

or [{Mo(NO)(tp*)I(E-E)], and the high yield ofl (74%),
suggest that [Mo(NO)(tp*)(E-EH) may be an important

resolvable difference between the electrochemical behaviors ofiniermediate in cyclic dimer formation.

the two isomers. The binuclear acyclic complékp(tp*)(NO)-
Cl} o{4-(OGsH4)2CHy} ] shows a well-formed wave at0.35 V
involving two unresolved processes with an estimaiég of
65 mV. The presence of a second phenoxide ligandtan
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