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Copper(l) Complexes with a NS-Macrocyclic Ligand Bearing a Pendant Naphthyl Group:
Structures of {N-[2-(1-Naphthyl)ethyl]-1-aza-4,8-dithiacyclodecangcopper(l)—Ligand, where
Ligand = p?-Naphthalene, Acetonitrile, or Triphenylphosphine
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A new macrocyclic ligand with a pendant naphthalene grdlif2-(1-naphthyl)ethyl]-1-aza-4,8-dithiacyclodecane
(L), has been synthesized and characterized. The coppadg}onitrilie complexl Cu(CHCN)](PFs) (1) was
synthesized fronk. and [Cu(CHCN)4](PFs). The acetonitrile ligand fromi was easily removed to givé: Cul-

(PFs) (2). Complexesl and2 have been crystallographically characterizedC,1H2sNCuRsP S, triclinic, P1, a

= 11.1901(10) Ab = 11.2735(12) Ac = 12.1350(10) Ao = 98.996(8J, 8 = 117.188(6), y = 105.354(79,

Z =2, R1=0.0505 (WR2= 0.1418).2-0.5hexane: @H31NCuRPS, monoclinic,P2;/c, a = 15.7318(15) A,

b = 8.9164(10) A,c = 17.205(5) A, = 102.431(6), Z = 4, R1 = 0.0587 (WR2= 0.1545). In addition, a
cocrystallized mixture of both complexes was crystallographically characterd&thexane: GeHgiNsClyp-
F12P2Sy, triclinic, P1, a = 10.8308(9) Ab = 12.6320(8) Ac = 19.9412(13) A = 80.445(53, 5 = 76.405(6J,

y = 78.825(5}, Z= 2, R1=0.0661 (WR2= 0.1871). The solid-state structuredfeatures the pendant naphthalene
group bound in am?-fashion, which is highly unusual for copper complexes. In G€lexhibits fluxional
behavior with the barrier to the process estimate@f = 12—13 kcal. Variable temperature NMR spectroscopy
gave compelling evidence for solution binding of the naphthalene gro@p apparently the first example for
copper(l). The fluxional process seen fbiis best described as interconversion of the two enantiomers via a
species with an unbound naphthalene group. Consistent with the weak binding of the naphthalene group, it is
readily replaced with other ligands, such as triphenylphosphine to fo@u(PPh)](PFs) (3). Complex3 has

also been structurally characterizeds @4 NCuRsP,S,, monoclinic,P2:/c, a = 11.462(2) Ab = 15.972(2) A,

c = 19.835(9) A8 = 94.50(3}, Z = 4, R1= 0.0906 (WR2= 0.1889).

arene group in solution has been exploited in a number of
applications for (CuOTHCsHs. These include its use as a
copper(l) starting material; as a reagent, for instance, to remove
thiopheno!® and in a copper-promoted version of the Friedel
Crafts acylation reactio®; and as a catalyst, such as in
cyclopropanation reactiot’sas well as in a number of photo-
chemical reactions of alkené%In addition, the benzene can
be removed from the solid-state material to give a species of
empirical formula CuOTf, which has been found to act as a
separation catalyst for isomeric alkylaromatic compouids.

In 1998, we published a preliminary account for the fourth
structurally characterized coppearene comple*® which fea-
tured ann?-bound naphthalene from a new N®acrocyclic
ligand with a pendant naphthyl group. Several months later,
m-arene interactions were reported in the solid-state structures

Introduction

Transition metalsz-complexes of benzene and benzene
derivatives are well-knowh? with potential industrial or
laboratory synthetic applicatiols-or copper, however, arene
complexes are very rarfe;to our knowledge the structures of
only three copperarene complexes had been reported before
1998, (GHg)CUAICI,,8 (CuOSQCFs),CsHg,” and [Cu(GaCd))-
{[p-CeH4(CH>)3]2}].8 All three complexes are polymeric in the
solid state and exhibit ap?-binding mode of the benzene ring
to copper(l). Arene binding to the copper ion in solution was
not reported for any of these complexXeshis lability of the
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of copper aryls with bulky phenyl ligand§.However, the
unique nature of our ligand allowed arene binding in solution,

Conry et al.

Crystallographic Studies. Suitable crystals were mounted with
silicone caulk to a glass fiber on the benchtop. The data were collected

the flrst unequ|voca| example for Copper Here|n, we descnbe with a Siemens P4 diffractometer with a graphlte monochromator at

the full details of the synthesis and characterization of this
system, including the new ligand, the first coppeaphthalene
complex, and a precursor complex with an acetonitrile ligan

bound to the copper(l) ion instead of the naphthalene group.

ambient temperatures from 3.5 to°4i5 26 for 1 and3 and to 50 in
26 for 2 and1&2. The structures were solved with Patterson methods

d (except the structure df&2 which was solved with direct methods)

followed by subsequent cycles of least-squares refinement and calcula-
tion of difference Fourier maps. The data were refined (full-matrix least-

Preliminary reactivity studies indicate that the arene ligand is squares o?) with the Siemens SHELXTL version 5.0.3 PC software

easily replaced, such as with BRb form a triphenylphosphine
complex, for which complete characterization is included. The

package? including its psi scan based semiempirical absorption
correction forl&2 and3. None of the structures required an extinction

arene interaction also influences the properties of the resulting correction. All non-hydrogen atoms were modeled anisotropically,
copper(l) complex, for instance making it less oxygen reactive except solvent atoms 2. Hydrogens were placed at calculated

and displaying a more positive oxidation potential than would
otherwise be expected.

Experimental Section

Materials and Procedures.All reagents were used as received from
Acros, Aldrich, EM, Fisher, or Spectrum, exceptt which was
distilled from CaH. Solvents for the synthesis of the copper complexes
were kept air-free and dried as follows: tetrahydrofuran (THF) and
Et,O over sodium/benzophenone; €EN, toluene, benzene, hexane,
and CHCI, with calcium hydride. [Cu(CkCN),](PFs)*® and 1-aza-
4,8-dithiacyclodecart@were synthesized as described in the literature.

distances and use a riding model where the positional and thermal
parameters are derived from the carbon atom to which each hydrogen
is bound, while maintaining the calculated distance and optimal angles.
No peaks or holes of greater than 0.7248 remained in the final
difference maps for the structures bf-3.

The structure for compour(wedge Ah, £k, +I collected) contains
packing disorder of the naphthalene group, in two unequally populated
positions (the major position refines to 82% occupancy and is shown
in the figure), related by rotation of the naphthalene group by’.180
The disorder is resolvable in the ethylene linker arm (appearing to
connect, in turn, to each six-membered ring in the naphthalene group),
but not in the naphthalene rings. In addition, thesPIgroup is

The copper complexes were synthesized and purified using typical high disordered and is modeled with two positions, which refine to 58%

vacuum and/or Schlenk techniqu&svalues are from the given solvent
system on Baker-Flex silica gel IB2-F TLC plates.

Physical MeasurementsRoutine'H and *3C NMR spectra were
recorded on a General Electric QE 300 MHz FT-NMR spectrometer.
Decoupling, heteronuclear correlatiohP, and variable temperature
NMR experiments were recorded on a Varian Unity Plus 500 MHz
FT-NMR spectrometetH NMR spectra were referenced to the residual
proton resonance of the solvent al€ NMR spectra to a selected
solvent resonance (CDEIH, 6 7.26,13C, 6 77.23. CRCN: H, o
1.93, 13C, 0 1.39). The3P NMR spectra were referenced to 85%
aqueous phosphoric acid (0.0 ppm). SolHeNMR data and assign-

and 42% occupancy, respectively. Far 3801 reflections were
collected; 3202 independent reflectiori&.( = 0.0327) were used in
the refinement for 382 parameters.

The structure for compoung (plate, £h, +k, +I collected) also
contains disorder in an equatorial plane of the Pgroup, which is
modeled with two positions, which refine to 59% and 41% occupancy,
respectively. In addition, there is a disordered solvent molecule of
uncertain identity sitting on a special position in the crystal lattice,
which is crudely modeled as a cyclohexane (it is most likely some
subset of isomers from the hexanes used to grow the crystals); no
hydrogen atoms were placed on this fragment. E&287 reflections

ments are given in tabular form in the results and discussion section, were collected; 4153 independent reflectioRs & 0.0558) were used

and some®C NMR data and assignments are in the Supporting
Information. UV~vis spectra were taken with a Hewlett-Packard 8452A
diode-array spectrophotometer; peaks are reported in nmgwithl —*

in the refinement for 320 parameters.
The structure for cocrystallizeti&2 (block, £h, £k, +I collected)
appears to have packing disorder and/or thermal motion of the

cm! given in parentheses. Infrared spectra (neat unless statednaphthalene group of complek In addition, the PF groups are

otherwise) were acquired on a Nicolet Protd§e FT-IR spectrometer;
peaks are given in crd. GC—MS data were recorded on a Hewlett-

somewhat disordered. However, neither of these disorders was modeled
in the final structure. In addition, there is the same sort of disordered,

Packard model 5890 gas chromatograph (acetone solvent; HP-1 crossil-behaved solvent molecule of uncertain identity that was found in

linked methyl silicone gum 25 nx 0.25 mmx 0.11um column; He
carrier gas; 80C for the first 3 min, then ramped at 2&/min up to
a maximum temperature of 28€) coupled with a Hewlett-Packard

the structure oR. Again, it was crudely modeled as a cyclohexane
(without hydrogen atoms) and is also most likely some mixed subset
of isomers from the hexanes used to grow the crystalsl&ar 10 627

model 5970 series mass spectrometer. FABMS were carried out by reflections were collected, 9047 independent reflectiBas= 0.0228)

the University of California, Riverside Mass Spectrometry Facility on
their VG ZAB mass spectrometer in a DCM/NBA matrix and are

were used in the refinement for 623 parameters, and the range of
transmission factors was 0.3770.3390.

reported as masses for the two largest peaks within each cluster (due The structure o3 (plate, +h, +k, +I collected) also has packing

to the copper isotopes) followed by assignments and relative intensitiesdisorder and/or thermal motion of the naphthalene group as well as in
for each cluster. Elemental analyses were performed by Desert Analyticsthe linker ethylene arm. Attempts to model those disorders were
(Tucson, AZ) or by NuMega Resonance Labs (San Diego, CA). Melting unsuccessful. F@, 5757 reflections were collected, 4733 independent

points were determined in open glass capillaries on a Thomas-Hooverreflections Ry = 0.0788) were used in the refinement for 442

model 6406-H melting-point apparatus and are uncorrected. Cyclic parameters, and the range of transmission factors was 0-272950.

voltammetry was performed using a BAS-50W potentiostat, and all

Synthesis of 1-Naphthylacetyl Chloride?*?2Benzene (75 mL) was

potentials are quoted relative to the saturated calomel referenceadded to 3.0 g (16 mmol) of 1-naphthylacetic acid and 3.4 g (16 mmol)
electrode. A glassy carbon disk (BAS) was used as the working of PCE. The resulting solution was stirred at 5G overnight. After

electrode, platinum wire as the auxiliary electrode, &BahNPF; (0.1
M) as the supporting electrolyte in THF with a sample concentration
of 3.2 x 1078 M; the reported peak potentials were from CV data taken

the mixture was cooled to room temperature, the solvent was removed
in vacuo. The resulting orange oil was vacuum distilled (bpg @3t
~107* Torr) to isolate 1-naphthylacetyl chloride as a yellow ail, yield

at 1.0 V/s. The potential for the ferrocene/ferrocenium couple was 253 g (12 mmol, 77%)}*H NMR (CDCL): ¢ 7.90 (m, 3 H), 7.57 (m,

determined to be 550 mV at the same conditions.
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Copper(l) Complexes with a NSMacrocyclic Ligand

2 H), 7.47 (m, 2 H);/~CyoH7; 4.58 (s, 2 H—~CH,—C(O)—ClI). 13C{*H}
NMR (CDCly): 4 171.9 (1 C,—C(0)—Cl); 134.0, 131.8, 128.0, 129.3,
129.1, 128.9, 127.1, 126.3, 125.6, 123.3 (all :HC,0H7, the last seven
have bound Hs); 50.8 (1 C;CH,—C(O)-Cl). GC-MS: t = 12.1
min; 204 (M*, 22%), 168 (32%), 141 (fgH,—CH,", 100%).

Synthesis of the Amide Precursor to L.The macrocycle 1-aza-
4,8-dithiacyclodecari&(0.77 g, 4.4 mmol) was dissolved in 15 mL of
freshly distilled toluene and cooled in an ice bath. Triethylamine (1.82

Inorganic Chemistry, Vol. 38, No. 12, 1992835

3009 mv(C—Harom); 2941 and 2855 mg(C—Hajipn); 2311 w py(C—C)
+ 0(CHgs)]; 2278 mw »(C=N); 1628 m; 1597 m; 1510 m; 1464 s;
1416 s; 1395 m; 1291 m; 1270 m; 1107 m; 1092 m; 1026 m; 843 vs
(PR"); 735 s; 558 s (PF). UV—vis (THF): 264 (4000) 274 (4100)
284 (4100). FABMS: 394/396 [([Cu]t). Anal. Calcd for GiH2gN-
CuRPS: C, 43.41; H, 4.86; N, 4.82. Found: C, 43.73; H, 5.02; N,
5.16. Mp: 153°C (dec).

Preparation of [LCu](PF ), 2. Complex1 (0.50 g, 0.86 mmol) was

mL, 13.1 mmol) was added and the solution stirred for 15 min. Then dissolved in 10 mL of ChkCl, and stirred overnight. The yellow solution
1-naphthylacetyl chloride (0.88 g, 4.3 mmol) was added dropwise. The was filtered, and the solvent removed in vacuo. Two to three cycles of
resulting mixture was stirred overnight, allowing the ice to melt, and dissolution and stirring in CKCl,, followed by removal of the solvent
the solution to slowly warm to room temperature. The precipitate was completely removes the GBN. Addition of EtO to a nearly saturated
filtered away in air and the toluene removed by distillation, leaving a CH,Cl, solution of 2 produced an off-white solid; slow diffusion of
green oil. This oil was dissolved in 60 mL of CHGInd washed with hexanes into the Ci€l, solution produced small nearly colorless (pale
a 10% NaOH solution. The organic layer was separated and dried yellow) needle-shaped crystals. Yield: 0.40 g (0.74 mmol, 86%).

(MgSQy), and the solvent removed, leaving an orange-yellow oil.
Further purification was carried out by vacuum filtration chromatog-
raphy (F-TLC silica, 50:50 ethyl acetate/hexane as ellnrt, 0.5) to

NMR (CDCL): 8.00 (d, 1 HJ = 8.3 Hz), 7.92 (d, 1 HJ = 8.3 Hz),
7.83 (d, 1 H,J = 8.3 Hz), 7.63 (m, 2 H), 7.45 (t, 1 Hl = 7.3 Hz),
7.28 (d, 1 H,J = 7.3 Hz) GoHy; 3.40 (br s, 2 H), 3.22.4 (br m, 12

give the product as colorless crystals after slow evaporation of the H), 2.10 (m, 2 H), 1.46 (m, 2 H) % CH,. **C{*H} NMR (CDCl):

solvent. Yield: 1.2 g (3.5 mmol, 80%)H NMR (CDCl): 6 8.07 (m,
1H), 7.87 (m, 1 H), 7.80 (d, 1 Hl = 8.3 Hz), 7.50 (m, 2 H), 7.42 (t,
1H,J=83Hz),7.31(d, 1 HJ=7.3Hz)—CiHs; 4.40 (s, 2 H,
—CH,—C(O)-N-); 3.61 (m, 2 H,—CH',—~N—CH,—); 3.47 (m, 4 H,
_S—CH'Z_CHvz_N_CHZ_CHZ—S—): 3.15 (m, 2 H,—CH',—CH,—
CHz—); 2.99 (m, 4 H,—CH',—CH,—CH,— and —S—CH',—CH'>—
N_CHz_CHz_S_); 1.92 (m, 2 H,—CH'Z_CHZ_CHg—). 13C{1H}
NMR (CDCl): 6173.1 (1 C—C(O)—N-); 133.8,132.2,131.7, 128.7,
127.5,126.7, 126.0, 125.6, 125.4, 123.9 (all +-C40H7, the last seven
have bound Hs); 53.5, 51.2 (1 C eaetCH,—N—C'H,—); 39.0 (1 C,
—CH,—C(0)-); 36.2, 29.6 (1 C each;S—C'H,—C'H,—N—CH,—
CH,—S-); 32.8, 30.8 (1 C each;-C'H,—CH,—CH,—); 30.0 (1 C,
—C'Hy—CH;—CH,—). IR: 3046 mv(C—Harom); 2918 sv(C—Haiipr);
1746 m; 1651 9/(C=0); 1597 m; 1510 m; 1452 m; 1411 s; 1356 s;
1301 mw; 1258 m; 1232 mw; 1180 m; 1143 m; 1018 mw; 939 mw;
784 s; 734 m; 700 m. GC-MStet = 27.2 min; 345 (M, 69%), 168
(33%), 141 (GoH;—CH", 100%), 115 (33%).

Preparation of N-[2-(1-Naphthyl)ethyl]-1-aza-4,8-dithiacyclo-

0 134.2,133.0, 131.8, 129.7, 129.6, 128.1, 127.7, 125.2, 125.0,
(all 1 C, —CyH7, the last seven have bound Hs); 56.7 (25—
CH,—CH;—N—CH;—CH,—S—); 51.1 (1 C, GgH7;—CH,—CH>—N-—);
36.2 (3 C), 32.2 (1 C), 26.1 (2 CyS—CH,—CH,—N—CH,—CH,—
S—, —CHZ—CHZ—CHZ—, _CHz_CHz_CHz_, and QOH7_CH2_
CH,—N—. IR: 3059 mv(C—Haron); 2924 and 2854 ms(C—Haipn);
1704 m; 1629 m; 1596 m, 1586 mw; 1509 s; 1463 s; 1416 s; 1396 m;
1291 ms; 1269 ms; 1106 m; 1094 m; 1023 m; 839 vss(RFH35 s;
558 vs (PE). UV—vis (THF): 276 (4400) 290 (4900). FABMS: 394/
396 ([LCu]"). Anal. Calcd for GH2sNCuRPS: C, 42.25; H, 4.67;
N, 2.59. Found: C, 41.83; H, 4.35; N, 2.55. Mp: 192 (dec).
Preparation of [LCu(PPh3)](PFs), 3. Complex1 (74.1 mg, 0.13
mmol) and PPk (32.7 mg, 0.13 mmol) were dissolved in 10 mL of
THF and stirred at room temperature for 18 h. The resulting off-white
precipitate was filtered, washed with 40 mL of hexane, and dried in
vacuo for 3 h, yielding 61.8 mg & (0.08 mmol, 61%). An analytically
pure sample was prepared by recrystallization via the diffusionsid§ C
into a concentrated solution & in CH;CN. *H NMR (CDsCN): &

122.8

decane, L.The amide from above, 0.17 g (0.49 mmol), was thoroughly 7.85 (d, 1 H,J = 8.3 Hz), 7.70 (d, 2 HJ = 8.5 Hz), 7.47 (m, 2 H),
dried and degassed in vacuo and then cooled to ice temperature. A7.40 (m, 2 H), 7.35 (d, 1 H) = 6.5 Hz), 7.3+7.24 (m, 13 H), 6.83
THF solution d 2 M BH3*SMe, (2.50 mL, 5.0 mmol) was added slowly  (d, 1 H,J = 6.5 Hz), 3.36 (m, 2 H), 3.14 (m, 10 H), 2.90 (m, 2 H),
by syringe over about 30 min (in 0-D.2 mL portions). The resulting 2.83 (m, 2 H), 1.80 (m, 2 H}C{*H} NMR (CDsCN): 6 134.2 (d, 6
mixture was refluxed fol h and again cooled in an ice bath. Excess C, 2J, . = 14.8 Hz, P-(ortho-C)s), 133.2 (d, 3 C\Jp-c = 25 Hz,
borane was quenched by slow dropwise addition of approximately 1 P—(ipso-C)s), 131.5 (3 C, P-(para-C)s), 130.1 (d, 6 C3J = 9.6 Hz,
mL of 6 M HCI. The reaction mixture was opened to the air, and water P—(metaC)s). 3*P{H} NMR (CD3;CN): 6 6.0 (PPh), —143.2 (sept]

(5 mL) was added to make the workup volume more manageable. After = 706 Hz, Pk"). 3'P{*H} NMR (CD,Cl,): ¢ 6.2 (PPR), —143.4 (sept,

removing the THF (and SMgby distillation, the aqueous layer was
made basic (NaOH pellets) and extracted witk 30 mL CHCE. The
organic fractions were combined, dried (MggQand concentrated to
giveL as a clear oil (0.15 g, 0.45 mmol, 92%H NMR (CDCL): 6
8.05 (d, 1 H,J = 8.3 Hz), 7.86 (dd, 1 HJ = 7.8 Hz, 1.5 Hz), 7.72
(dd, 1 H,J = 7.3 Hz, 1.5 Hz), 7.51 (m, 2 H), 7.39 (m, 2 H), 3.30 (m,
2 H); 3.19 (m, 4 H); 2.89 (m, 4 H); 2.87 (m, 2 H); 2.73 (m, 4 H); 1.90
(m, 2 H). IR: 3044 and 3005 M(C—Haron); 2914 and 2798 my(C—
Haipn); 1712 m; 1678 s; 1596 m; 1574 w; 1509 ms; 1452 s; 1415 ms;

J = 711 Hz, Pk). IR (KBr): 3055 and 3004 m/(C—Haron); 2940
and 2856 mv(C—Hajpn); 1637 m; 1508 m; 1479 ms; 1465 m; 1436 s;
1396 m; 1293 m; 1084 s; 842 vs (Pl 794 m; 781 m; 747 ms; 696
s; 558 s (PF); 526 s; 508 ms. FABMS: 394/396L(Cul*, 100%),
656/658 (L Cu(PPh)]* , 37% ). UV—vis (CH:CN): 208 (1150) 230
(1350) 258 (1450) 298 (1450). Anal. Calcd fog;840 NCuRP.S;: C,
55.37; H, 5.03; N, 1.75. Found: C, 55.35; H, 4.90; N, 1.77. Mp: 192
194 °C (dec).

1385 s; 1349 m; 1284 ms; 1256 ms; 1218 m; 1166 m; 1105 ms; 1023 Results and Discussion

m; 776 s; 735 m; 659 m. GC-MS;et = 24.5 min; 331 (M, 4%), 190
(C7H1aNS,—CH;*, 100%), 141 (GoH7—CH,", 17%). UV—vis (THF):
240 (3080) 270 (7400).

Preparation of [LCu(CH sCN)](PFe), 1. The ligandL, 0.21 g (0.6
mmol), was dissolved in 50 mL of THF and added to [CugCN)]-

Synthesis and Characterization of the Ligand (L).The
novel ligandL, N-[2-(1-naphthyl)ethyl]-1-aza-4,8-dithiacyclo-
decane, was synthesized in five steps (Scheme 1), with an over-
all yield of about 15%. The first three steps were required to

(PFs) (0.24 g, 0.6 mmol). The resulting solution was stirred overnight make the parent macrocycle [10]-anRSand were carried out
at room temperature and filtered and the solvent distilled away. The in a manner similar to that reported by Chandrasekhar and
crude product was washed with hexane and then dried thoroughly in McAuley 1 The naphthalene arm was added by reaction of [10]-

vacuo. The solid was dissolved in a minimum amount o§CMN, and
Et,O was slowly diffused in to form small pale yellow crystals. Yield:
0.22 g (0.37 mmol, 61%)H NMR (CDCl; + 4 equiv of CHCN to
1): 6794 (d,1HJ=8.3Hz),7.88(d, 1H)=7.3Hz),7.77 (d, 1
H, J = 8.8 Hz), 7.54 (m, 2 H), 7.42 (m, 1 H), 7.29 (d, 1 H), 3.35 (m,
2 H), 3.21 (m, 4 H), 3.12 (m, 4 H), 3.00 (m, 4 H), 2.77 (m, 2 H), 2.23
(m, 2 H); 2.00 (s, 3 H, B3—C=N). 3C{*H} NMR (CDCl; + 4 equiv
of CHsCN to 1): ¢ 116.85 C=N); 1.8 (CH3;—C=N). IR: 3062 and

aneSN with 1-naphthylacetyl chloride, which was prepared
from 1-naphthylacetic acid and RCin a combination of
literature method322 The resulting amide was purified by
column chromatography and then, in the last step, reduced to
L with excess borane. At room temperaturegxists as an oil
and is soluble in nonpolar to moderately polar organic solvents,
such as pentane, CH{ICH,Cl,, THF, and acetone, but is
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Scheme 1. Synthesis of the New Ligand_{
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insoluble in more polar solvents, including g@EN and MeOH.
Full characterization of. has been carried out, including by

IH and3C NMR spectroscopies, gas chromatography, and mass

spectrometry.

The approach, adding coordinating or otherwise reactive (24)

Conry et al.

yellow in color and are soluble in polar organic solvents, such
as CHCN, CHCE, CHyCI,, and THF, and are insoluble inJ&x
and hydrocarbon solvents. Compouh stable to air both in
the solid state as well as in GBIN solution for at least a couple
of days.

O

CH;

+[Cu(CH3CN),4]PFg—~ /C'u',

9 %

Characterization of 1. Complex1 has been characterized
by IH and13C NMR (discussed in a separate section below),
IR, and UV+vis spectroscopies, mass spectrometry, elemental
analysis, and X-ray crystallography. Two fairly weak peaks are
observed in the IR spectrum @&f at 2311 and 2278 cm, in
the region nitrile stretches are expected to occur. The 2278 cm
band can be assigned to the nitrile stretch, which has shifted to
higher wavenumbers versus free §CHN (2255 cntl), which
occurs upon coordination. The nitrile stretch observedLfi
inside the typical range given for all metacetonitrile
complexes (22782300 cnt1)25 and compares favorably with
some other C&eNCCH; complexeg8-32 with values in the
2260-2280 cnT!range. The peak observed in the IR spectrum
at 2311 cm? is assigned as the combination bamflc—C] +
O[CHg]) which is seen for CHCN complexeg®

The solid-state structure of was determined by X-ray
crystallography (crystallographic data, Table 1). The copper ion
is four-coordinate (Figure 1a), bound to the three macrocyclic
ring heteroatoms as well as the nitrogen from theCIN ligand.

(23) Some recent examples: (a) Adam, K. R.; Lindoy, L. F.; Skelton, B.
W.; Smith, S. V.; White, A. HJ. Chem. Soc., Dalton Tran&994
3361-3367. (b) Beissel, T.; Bger, K. S.; Voigt, G.; Weighardt, K.;
Butzlaff, C.; Trautwein, A. XInorg. Chem.1993 32, 124-126. (c)
Bu, X. H.; Zhang, Z. H.; Cao, X. C.; Ma, S. Y.; Chen, Y. T.
Polyhedron1997, 16, 3525-3532. (d) De Santis, G.; Fabbrizzi, L.;
Licchelli, M.; Mangano, C.; Sacchi, Dnorg. Chem1995 34, 3581~
3582. (e) Funkemeier, D.; Mattes, R. Chem. Soc., Dalton Trans.
1993 1313-1319. (f) Kim, W. D.; Hrncir, D. C.; Kiefer, G. E.; Sherry,
A. D. Inorg. Chem.1995 34, 2225-2232. (g) McLachlan, G. A;;
Fallon, G. D.; Martin, R. L.; Spiccia, Unorg. Chem1995 34, 254~
261. (h) Parker, D.; Williams, J. A. G.. Chem. Soc., Perkin Trans.
21995 1305-1314. (i) Schmid, C. L.; Neuburger, M.; Zehnder, M.;
Kaden, T. A.; Bujno, K.; Bilewicz, RHelv. Chim Actal1997 80,
241-252. (j) Shionoya, M.; lkeda, T.; Kimura, E.; Shiro, M. Am.
Chem. Soc1994 116, 3848-3859. (k) Turonek, M. L.; Moore, P.;
Clase, H. J.; Alcock, N. WJ. Chem. Soc., Dalton Trans995 3659
3666. (I) Villanueva, N. D.; Chiang, M. Y.; Bocarsly, J. Rorg.
Chem.1998 37, 685-692. (m) Whittle, B.; Batten, S. R.; Jeffery, J.
C.; Rees, L. H.; Ward, M. DJ. Chem. Soc., Dalton Tran4996
4249-4255. (n) Zhu, S.; Chen, W.; Lin, H.; Yin, X.; Kou, F.; Lin,
M.; Chen, Y.Polyhedron1997 16, 3285-3291.

Danks, J. P.; Champness, N. R.; Sdem M. Coord. Chem. Re
1998 174, 417-468.

pendant groups to macrocyclic ligands, has previously been (25) Endres, H. IComprehensie Coordination Chemistryilkinson, G.,

utilized by a number of researchéfsThe parent [10]-ane8l
macrocyclic ligand has only appeared in the one report, whic
details its synthesis, along with two octahedral Ni(Il) and Ni(lll)
bis([10]-anegN) complexes as well as the “ear-muff” ligand
derivative where two of the [10]-ang$ macrocycles are joined
with an ethylene bridgé®24

Synthesis of [LCu(CHCN)](PFs), 1. The ligandL was
coordinated to copper(l) via a stoichiometric reaction with
[CU(CHCN)4](PFe)'® in THF (eq 1). The final yield of the
product, the copper(facetonitrile complex ot., [L Cu(CHs-
CN)]PKs (1), was typically about 60%. Crystals @fare pale

Ed.; Pergamon: New York, 1987; Vol. 2, pp 26267.

h (26) Conry, R. R; Ji, G.; Tipton, A. Anorg. Chem1999 38, 906-913.

(27) Lastra, E.; Gamasa, M. P.; Gimeno, J.; Lanfranchi, M.; Tiripicchio,
A. J. Chem. Soc., Dalton Tran$989 1499-1506.

(28) Karlin, K. D.; Hayes, J. C.; Hutchinson, J. P.; Zubietdndrg. Chim.
Acta 1983 78, L45—L46.

(29) Csaegh, |.; Kierkegaard, P.; Norrestam, &cta Crystallogr., Sect. B
1975 31, 314-317.

(30) Black, J. R.; Levason, W.; Webster, Mcta Crystallogr., Sect. C
1995 51, 623-625.

(31) Diez, J.; Gamasa, M. P.; Gimeno, J.; Tiripicchio, A.; Camellini, M.
T. J. Chem. Soc., Dalton Tran$987 1275-1278.

(32) Massaux, M.; Bernard, M. J.; Le Bihan, M.-Acta Crystallogr., Sect.
B 1971, 27, 2419-2424.
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Table 1. Selected Crystallographic Data for the Structured-e8

Inorganic Chemistry, Vol. 38, No. 12, 1992837

parameter 1 2-0.5hexane 1&2-hexane 3
chemical formula QHngZCUFeP$ C22H31NCU FBP& C45H61N3CU2F12P254 C37H40NCUF5PZSZ
formula wt 581.08 582.11 1201.24 802.30
temperature (K) 293 300 299 298
A 0.71073 A (Mo ko) 0.71073 A (Mo ko) 0.71073 A (Mo k) 0.71073 A (Mo ko)
space group P1(No. 2) P2,/c (No. 14) P1(No. 2) P2i/c (No. 14)
a(h) 11.1901(10) 15.7318(15) 10.8308(9) 11.462(2)

b (A) 11.2735(12) 8.9164(10) 12.6320(8) 15.972(2)
c(A) 12.1350(10) 17.205(5) 19.9412(13) 19.835(9)
o (deg) 98.996(8) 90 80.445(5) 90

p (deg) 117.188(6) 102.431(6) 76.405(6) 94.50(3)
y (deg) 105.354(7) 90 78.825(5) 90

V (A3) 1242.6(2) 2356.8(4) 2580.7(3) 3620.0(18)
A 2 4 2 4

calcdp (g/cn?) 1.553 1.641 1.546 1.472

cryst dimens (mm) 0.8% 0.80x 0.15 0.85x 0.40x 0.06 0.74x 0.34x 0.26 0.50x 0.20x 0.02
w (mm2) 1.169 1.231 1.128 0.867

R12 0.0505 0.0587 0.0661 0.0906
wWR2 0.1418 0.1545 0.1871 0.1889

aR1 = S||Fo| — |Fel|/3|Fo| (observed datd, > 20(1)). PWR2 = [J[W(Fs? — FA)?/ S [W(FA)?]]¥2 (all data).

is essentially planar as expected; if a plane is calculated using
all 10 carbon positions, the mean deviation from that plane is
0.027 A, with the largest deviation of 0.054 A belonging to
C(16), one of the carbons in the ring not directly linked to the
macrocycle.

The positive-ion FAB mass spectrumbghows only a peak
corresponding to JCu]", suggesting weak binding to the
CHsCN ligand. This weak binding is also observed in solution;
we have been able to take advantage of this facile loss of the
CH3CN ligand to isolate [[Cu]", as discussed in the next
section.

Synthesis of [LCu](PFs), 2. The acetonitrile ligand from
could be removed, to synthesizeQu](PF) (2), by first adding
CO to a CHCI; solution of1 at room temperature, followed
by removal of the solvent and CO in vacuo (eq 2). The strategy
of replacing the acetonitrile ligand thwith a CO ligand takes
synthetic advantage of the weak coppearbonyl bond gener-
ally found for Cli—CO complexe$? The intermediate carbonyl
complex displayed a(C=0) at 2101 cm?, which is within
the range for terminal Ca-CO complexes reported through
1987 (2055-2180 cnrt).33

+ CO, CH2C12

o T [LCu(CO)]PFg

[LCu(CH3CN)]PF¢

1
=CO.CHCh _  pcupry ()
(vacuum)

2

The addition of CO in the synthesis &ffrom 1 was found
not to be necessary. The acetonitrile ligandLioould also be
removed by several cycles of stirringin CH,Cl, at room
temperature, followed by removal of the solvent in vacuo (eq
3). Similar results were obtained by repeatedly stirringn

Figure 1. Theirmal eIIipsooid plots of the solid-state structures of CH,Cl,, concentrating the solution, and precipitating the product
[LCu(CHCN)]* at the 25% probability level (hydrogens omitted for with hexane or BO. The typical isolated yield for these

gl(?r:gi)hin(ga)ccf)rcor?sttglﬁzzggs.l Just containing (b) from the crystal synthgses of2 was _850/_0. Recrystallizgtion oR was ac-

complished by slow diffusion of hexanes into a saturated@H
The geometry about the copper center is distorted tetrahedralso|ytion of 2. Crystals of2 are almost colorless and have
as is common for Cu(l), with angles ranging from 90.3t0 121.7  comparable solubility td. Surprisingly,2 is reasonably stable
(selected bond distances and angles, Table 2). The cepper tg ajr. In fact, a CHCI, solution of1 was unreactive toward an
sulfur distances are nearly identical, at 2.2687(14) and 2.260(2) atmosphere of @ added and maintained af78 °C for several
A, while the coppetnitrogen distances are different as they

should be, at 2.167(4) A for the macrocyclic nitrogen atom and (33) Hathaway, B. J. I€omprehensk Coordination Chemistryilkinson,
1.923(4) A for the nitrile nitrogen, respectively. The naphthalene G., Ed.; Pergamon: New York, 1987; Vol. 5, pp 53874.
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Table 2. Selected Bond Distances (A) and Angles (deg) for the Structurds-8f
bond distances 1 2 lin 1&2 2in 1&2 3
Cu—S(1) 2.2687(14) 2.268(2) 2.282(2) 2.254(2) 2.325(4)
Cu—S(2) 2.260(2) 2.233(2) 2.264(2) 2.255(2) 2.307(4)
Cu—N(1) 2.167(4) 2.146(5) 2.155(5) 2.139(5) 2.107(10)
Cu-P 2.189(4)
Cu—N(2) 1.923(4) 1.927(6)
Cu—C(10) 2.414(6) 2.288(6)
Cu—C(11) 2.129(6) 2.150(6)
Cu—center of C(10}-C(11) 2.168 2.109
C(10)-C(11) 1.343(11) 1.384(9) 1.356(13) 1.389(9) 1.43(4)
ave naph GC 1.381 .388 1.380 1.394 1.38
nitrile C—N(2) 1.119(6) 1.115(7)
bond angles 1 2 1lin 1&2 2in1&2 3
S(1-Cu—S(2) 109.04(6) 111.08(7) 119.96(8) 110.52(10) 105.9(2)
S(1y-Cu—N(1) 90.26(11) 90.5(2) 90.1(2) 91.3(2) 91.5(4)
S(2-Cu—N(1) 90.76(12) 91.89(14) 90.1(2) 91.7(2) 90.3(3)
S(1y-Cu—P 112.5(2)
S(2-Cu—P 118.0(2)
N(1)—Cu—P 133.5(4)
S(1)-Cu—N(2) 119.32(14) 117.7(2)
S(2-Cu—N(2) 121.73(14) 123.6(2)
N(1)—Cu—N(2) 118.0(2) 117.1(2)
S(1)y-Cu—center of C(10)-C(11) 122.6 124.9
S(2-Cu—center of C(10)-C(11) 126.1 123.5
N(1)—Cu—center of C(10)-C(11) 92.7 96.6
Cu—N(2)—C nitrile 171.0(4) 171.3(6)
N(2)—C~C nitrile 179.1(6) 177.9(7)

hours, followed by warming to ambient temperatures for 2 described as distorted tetrahedral, with bond angles ranging from

weeks!

[LCu(CH3CN)JPFg * CH2Cl

— CH4CN, CH,Cl,

1

Characterization of 2. Complex2 has been characterized
by IH and13C NMR (discussed below in a separate section),
IR, and UV-vis spectroscopies, FABMS, elemental analysis,
and X-ray crystallography. Loss of the acetonitrile ligand was
confirmed by the absence of peaks in the nitrile region of the
IR spectrum as well as the corresponding resonance(s) in the
IH and3C NMR spectra. The IR ant’F NMR spectra show
no evidence for P& binding in the solid state and solution,
respectively. Close comparison of the IR spectré @nd2 in
the region where €C stretches tend to occur show two bands
are present in both spectra, at 1596 and 1509'c addition,
there is a third band that is apparently shifted from 1574 for
to 1586 cnt? for 2 that we tentatively assign as a=C stretch.
The 12 wavenumber shift for compl&xwversusl andL seems
reasonable for weak coppearene binding. Coordination of an
alkene to copper(l) is known to shift the=C stretch from 15
to 170 cnit versus the free alkerié.

The structure o2 in the solid state, from the crystal structure

(vacuum)

[LCu]PFg
2

90.5 to 126.T (calculated using the center of the coordinated
carbon atoms from the naphthyl group, see Table 2). The
copper-naphthalene bond involves the aromatic ring joined to
the ethylene linker group, at the position including the carbon
atom bound to the linker as well as the adjacent carbon atom.
The binding to the naphthalene is unsymmetrical, with-Cu
distances of 2.414(6) and 2.129(6) A, with the longer distance
to C(10), which is bound to the linking group. While the copper

to macrocyclic ring nitrogen distance is essentially unchanged
as compared tt, the distances to the sulfur atoms are no longer
identical to each other, but vary only by 0.03 A. The C(&0)
C(11) distance (between the bound carbons) appears to change
very little upon coordination (comparir@to 1). The naphtha-
lene is essentially planar; if a plane is calculated using all 10
carbon positions, the mean deviation from that plane is 0.026
A, with the largest deviation of 0.065 A belonging to C(11). If
the plane is only calculated for the eight carbon atoms not bound
to copper, the average deviation is 0.015 A and the largest
deviation is 0.107 for C(11), with no other deviation being
greater than 0.035 A (C(10) is only 0.018 A from the plane).
Substitution Reactions of the Arene Ligand in 2: Syn-
thesis and Characterization of [LCu(PPhy)]PFs, 3. The arene
interaction in2 could be disrupted by the addition of neutral
ligands, such as nitriles, alkenes, and phosphines (eq 4), as
indicated by NMR spectroscopy. Thus, the addition of 1 equiv

(crystallographic data, Table 1), reveals that the copper ion of PPh to 2 in THF leads to formation ofl{Cu(PPR)]PFs (3)
remains four-coordinate, by binding the three macrocyclic ring in good yields, and when excess acetonitrile 2ade combined,

heteroatoms and also ly§-coordination of the pendant naphthyl

1 is regenerated. CompleX can also be synthesized froin

group (Figure 2a). The geometry about the copper center is besi(see Experimental Section). As is typical for most-€aPh

(34) (a) Engelhardt, L. M.; Healy, P. C.; Kildea, J. D.; White, A.Alst.
J. Chem.1989 42, 185-199. (b) Van Den Hende, J. H.; Baird, W.
C., Jr.J. Am. Chem. So0d.963 85, 1009-1010. (c) Munakata, M.;
Kitagawa, S.; Shimono, H.; Masuda, Horg. Chem1991, 30, 2610—
2614. (d) H&ansson, M.; Wettstra, K.; Jagner, SJ. Organomet.
Chem.1991, 421, 347-356. (e) Cook, B. W.; Miller, R. G. J.; Todd,
P. F.J. Organomet. Chenl969 19, 421-430. (f) Leedham, T. J,;
Powell, D. B.; Scott, J. G. VSpectrochim. Actd973 29A 559-

565.

complexes3 is reasonably air stable both in solution and as a
solid. Some differences in solubility f@were seen as compared
to 1 and2; 3 is essentially insoluble in THF and CHCANd is
much less soluble in C}€l,. Complex3 is quite soluble in
CH3CN and is insoluble in EO and hydrocarbon solvents,
consistent with the ionic nature of the compound. Comfdex
has been fully characterized, including ¥, 13C, and®*P NMR
spectroscopy, FABMS, elemental analysis, and X-ray crystal-
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Figure 2. Thermal ellipsoid plots of the solid-state structureslaE{i]*

at the 25% probability level (hydrogens omitted for clarity): (a) from
the crystal just containing@; (b) from the crystal containing cocrys-
tallized 1&2.

\
Cu
P

%

PFg + Ligand —
lrigand
_Cu PFs (4)
N _;S
=)

1, Ligand = CH5CN
3, Ligand = PPhy

lography (crystallographic data, Table 1). Rrthe 3P NMR
resonance for PRlappears at-6.0 ppm in CRCN (+6.2 ppm
in CD,Cly), which is shifted 12 ppm downfield from free PPh

Inorganic Chemistry, Vol. 38, No. 12, 1992839

Figure 3. Thermal ellipsoid plot of the solid-state structure of
[LCu(PPR]* at the 25% probability level (hydrogens omitted for
clarity).

and is within theAd of 15 ppm seen for most CuhPPh
complexeg$:35

Single crystals 08 could be grown by the slow diffusion of
CeHe into CH;CN or from the evaporation of Gig€l,. The solid-
state structure (Figure 3) consists of a distorted tetrahedral
copper(l) ion, bound to the macrocycle as well as the phosphine.
The angles about the copper average to 108U range from
90.3(3) to 133.5(4) (Table 2). As forl, the naphthalene is
located well away from the copper center.

Issues Dealing with the Weak Binding of the Acetonitrile
Ligand in 1. It was anticipated that the CO ligand would be
much more easily lost than the acetonitrile ligand. Thus, it was
surprising, at first, that loses its acetonitrile ligand so readily.
Although it is not unusual for Cu)NCCH; complexes to be
utilized in acetonitrile-replacing reactions, for instance, the
common use of [Cu(CkCN)," as a starting material, these
reactions usually depend on a suitable incoming coordinating
group. Thus, the loss of the acetonitrile biis facilitated, at
least in part, by the coordination of the naphthyl group.
Additional evidence for this hypothesis comes from the observa-
tion that the copper(tyacetonitrile complex of the macrocyclic
ligand without the pendant ethylnaphthyl groupNfmethyl-
1-aza-4,8-dithiacyclodecap@u(CH;CN)]PFs, does not lose its
acetonitrile ligand when subjected to the multiple cycles of
stirring/removing CHCI, that remove the acetonitrile ligand
from 1.36

The observed facile loss of the acetonitrile ligand also raised
the question of whether the resonances in the NMR spectra of
dissolved complex were representative df (with its bound
acetonitrile) or, instead, more closely corresponded to a rapidly
exchanging mixture ofl and the product from loss of the
acetonitrile ligand (LCu]" or 2). To probe this question, we
acquiredH NMR spectra with increasing stoichiometries of
added acetonitrile, up t&'130 equiv of added C¥CN to 2 (or
to Cut). We found that théH chemical shifts of not only the
acetonitrile but also of the ligand hydrogens were sensitive to
the concentration of C4CN. In all of the spectra, only one set
of peaks was observed for the acetonitrile and ligand resonances,
indicating fast exchange on the NMR time scale. The resonances
that were the most sensitive to the acetonitrile concentration
shift the most dramatically upon the addition of the first 5 equiv
of acetonitrile and then the magnitude of the shift diminishes

(35) Anderson, Q. T.; Erkizia, E.; Conry, R. Rrganometallics1998 17,
4917-4920.
(36) Conry, R. R.; Striejewske, W. S.; Caffaratti, A. R. Unpublished results.
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rapidly. Thus, to make théH and 13C NMR data more and copper(l) four-coordinate tertiary amine complexes display-
representative of, rather than an interconverting mixture bf ing Cu—N distances between 1.88 and 2.328%44651

and2, we added 4 equiv of acetonitrile to the solutionldfor Binding of the Acetonitrile and Triphenylphosphine

a total of 5 equiv of CHCN per Cu') before acquiring spectra.  Ligands in the Solid State (Complexes 1 and 3)he structural
The data from the titration experiment ®dfvith CH3CN could parameters for the GJEN and PPhligands inl and3 are also

be used to crudely estimate the room-temperature equilibrium unexceptional. Thus, the nitrile-EN distance has shortened in

constant for the binding of acetonitrile (2 + CH;CN = 1) 1 versus free acetonitrifeto nearly identical values in the two

to be in the 18 range. structures. The acetonitrile ligand is essentially linear, as is
Crystal Structure of Cocrystallized 1&2. Another conse-  typical for coppet-acetonitrile complexe¥: 325253 The cop-

quence of the equilibrium between complexeand? is that, per—nitrile angle is within the usual range for transition metal

given the right conditions, the two complexes cocrystallize. complexe® and some other CeNCCH; complexeg® 32495254
Thus, we have also determined the crystal structure of the two The Cu-Nacetniriedistances in both structures bre identical
complexes together (crystallographic data for cocrystallized t0 one another and fall within the range seen for some other
1&2, Table 1) as well as separate (discussed above). Thefour-coordinate copper(hacetonitrile complexe®: 32445254
complexes pack such that each complex occupies a discrete sitd e Cu-P distance ir8 falls well within the range seen for
within the unit cell; there is no crystallographic evidence for Some other four-coordinate, copper(l), mono-pRitruc-
disorder of the two complexes in the occupancy of the sites, tures?®3%49.5566
The two copper-containing cations from the crystal containing ~ Binding of the Naphthalene Group in the Solid State
both 1 and2 are shown in Figures 1b and 2b, respectively. ~ (Complex 2).Isolated and structurally characterizaearene

For complex1, there are mostly minor variations in the complexes are reasonably common for other transition metals;

distances and angles for the structure alone versus the one 1€ arene is typically bound in ay-fashion;»®-, »*, andy>
cocrystallized with2 (Table 2). The biggest differences include COMPlexes are less commémll structurally Chfiri(itflrézlid
a 10 widening of the S(1}Cu—S(2) angle in the cocrystallized ~ COPPer(l)-arene complexes are bound insgfashion? .15
structure and the orientation of the naphthyl group. There is NaPhthalene complexes of other metals are kneiincluding
obviogsly significant thermgl motion of 'Fhe nap.hthgalen&in (44) Atkinson. N.: Blake, A. 3., Drew, M. G. B.. Forsyth. G Lavery, A
the mixed structure, essentially amounting to pivoting about the J.: Reid, G.: Sctimber. M.J. Chem. Soc.. Chem. Comma88Q 984X' :

linker arm (attempts to model this disorder with two positions 986.
were unsuccessful). (45) (a) Hartman, J. R.; Cooper, S.RAm. Chem. Sod986 108 1202-
. — . 1208. (b) Diaddario, L. L., Jr.; Dockal, E. R.; Glick, M. D
_ For complex2, there are also mostly minor variations in the Ochrymowycz, L. A.: Rorabacher, D. Biorg. Chem1985 24, 356—
distances and angles between the two structures (Table 2). 363. (c) Chen, L.; Thompson, L. K.; Tandon, S., S.; Bridson, J. N.
i i Inorg. Chem.1993 32, 4063-4068. (d) Martin, J. W. L.; Organ, G.
However, |nhthe ?:ocrys;alllz_elzd sampfle, thi naphthyl group J.; Wainwright, K. P.; Weerasuria, K. D. V.; Willis, A. C.; Wild, S.
appears to have less of a tilt away from the copper center,  g'inorg. Chem.1987 26, 2963-2968. () Nanda, K. K.; Addison,
resulting in diminished asymmetry to the two bound carbon A. W.; Butcher, R. J.; McDevitt, M. R.; Rao, T. N.; Sinn, Forg.
atoms and a shorter copper to center of the bour@ ®ond Chem.1997 36, 134-135. (f) Flanagan, S.; Dong, J.; Haller, K.;

. : Wang, S.; Scheidt, W. R.; Scott, R. A.; Webb, T. R.; Stanbury, D.
distance. The naphthalene irfrom the cocrystallized sample M.. Wilson, L. J.J. Am. Chem. Socl997 119 8857-8868. (q)

is also essentially planar; if a plane is calculated using all 10 Wainwright, K. P.; Patalinghug, W.; Skelton, B. W.; White, A. H.;
carbon positions, the mean deviation from that plane is 0.016 Healy, P. C.J. Chem. Soc., Dalton Trand988 2301-2305. (h)

; i ; Kuppers, H.-J.; Wieghardt, K.; Tsay, Y.-H.; Kgar, C.; Nuber, B.;
A, with the largest deviation of 0.031 A belonging to C(10). If Weiss, J.Angew. Chem.. Int. Ed. Englog7 26, 575-576. ()
the plane is only calculated for the eight carbon atoms not bound Clarkson, J. A.; Yagbasan, R.; Blower, P. J.; Cooper, Sl.iehem.

to copper, the average deviation is 0.013 A and the largest Soc., Chem. Commuh989 12441245,

inti i i iati i (46) Orpen, A. G.; Brammer, L.; Allen, F. H.; Kennard, O.; Watson, D.
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n?-complexe$8 n*-complexe$? andy8-complexes? typically

the naphthalene ring system is fairly planar in the structurally
characterizedy?- and#5-complexes and deviates substantially
from planarity in they*complexes.

The distance between C(10) and C(11) is not significantly
different between the structures in which the naphthyl group is
coordinated and those in which it is not. In addition, the planarity
of the naphthalene system is essentially maintained in all the
structures ofl. and2, plus the deviations from planarity are not
substantially greater in the structureszofompared td.. This
is consistent with weak binding of the areneZnEssentially
the same properties are observed in the other cefgene
complexe$816 no discernible lengthening of the<C dis-
tance or disturbance of the planarity of the benzene rings
occurred.
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Figure 4. Proton spectra (500 MHz) for a CD{3olution of2 at 10
°C intervals from—20 °C on the bottom tet-50 °C at the top. A water
impurity is marked in each spectrum with an asterisk.

The Cu-C distances ir2 are comparable to those reported
for the other Cu(l}-72-benzene complexés8 16 which range
from 2.07 to 2.30 A. Most Cu(h(RHC=CHR) and Cu(l}
7-Cp complexes also have €€ distances within that range,
averaged at 2.079(33) and 2.211(18) A, respecti{&lyhe
binding in all of the copperarene complexes is unsymmetrical,
with differences in the pairs of CtC distances of 0.03 to 0.18
A for the other structurés®16and almost 0.3 A ir2 alone and
0.13Ain2in 1&2. At least some of the asymmetry Znalone
can be attributed to packing forces. It is also reasonable to
suggest that the linker arm may cause some of the unsym-
metrical binding; however, it is not necessarily a contributing
factor.

NMR Spectroscopic Studies on L and 3. In contrast to
theH NMR spectra ol and1 at room temperature in CD¢I
(and 3 in CD3CN), which are reasonably sharp and resolved,
the aliphatic region in thtH NMR spectrum o2 was dominated
by a broad peak for most of the aliphatic protons. When the
solution of 2 was warmed or cooled, the resultilgl NMR
spectra (Figure 4) revealed ttatindergoes a fluxional process,
with a coalescence temperature nearr@0
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Table 3. *H NMR Assignments for the Ligand Aliphatic (Above)
and Aromatic (Below) Resonances lofand1—3

assignment L 1 2(50°C) 2(—20°C) 3
#1 2.87 3.05,2.96 2.98,2.89 3.46,3.36 3.06,3.21
#2 2.73 3.05 3.40,3.21 2.82,2.76 3.36,3.21
#3 3.19 2.96,2.70 2.74,2.58 3.53,2.99 3.06, 2.83
#4 1.90 2.22,1.69 2.07,1.49 2.04,1.51 2.32,1.80
#5
#6 sameas?2 sameas2 sameas2 2.57,2.40 same as
#7 sameasl sameasl sameasl 2.79,2.68 sameasl
#8 291 3.22 3.40 3.13 2.90
#9 3.30 3.33 2.89 2.68,1.87 3.21

2
3
Dz
5
1-methyl- 2 2

assignment naphthalene L 1 (50°C) (-20°C) 3
#11 7.26 739 732 7.27 7.26 6.83
#12 7.33 739 742 744 7.45 7.28
#13 7.66 772 7.77 7.82 7.81 7.71
#15 7.80 786 7.92 7.90 7.90 7.85
#16 7.43 751 752 7.60 7.63 7.47
#17 7.47 751 758 7.66 7.63 7.40
#18 7.95 8.05 795 8.01 8.00 7.71

3C NMR spectra were acquired fdr, 1, and 3 at room
temperature and fo2 not only at ambient temperature (see
Experimental Section) but also at the two easily accessible
temperature extremes in CDLI—20 and 50°C. To help
understand what was occurring with the variable temperature
NMR experiments, we assigned the peaks in #Heand 13C
NMR spectra ofL, 1, and3 at ambient temperature pl@sat
—20 and 50°C (*H NMR data, Table 3}3C NMR data and a

discussion of how assignments were made, Supporting Informa-

tion). The assignments for the two sides of the macrocylic ring
(e.g., 1 and 7, 2 and 6, and 3 and 5)-&0 °C were made
arbitrarily.

The spectra for complexdsand3, the ligandL, and2 at 50
°C exhibited apparent mirror symmetry for the macrocyclic ring;
for 2 at —20 °C, the two sides of the macrocyclic ring were no
longer equivalent. A similar lack of symmetry was seen in the
spectra for the amide precursor ltobecause of the restricted
rotation of the amide bond. These NMR data foat —20 °C
provide unequivocal evidence for naphthalene binding in
solution!” Since the two sides of the macrocyclic ring are clearly
different, the presence of an asymmetrical group is indicated,
and the only such moiety in the system is the naphthyl group.
In addition, the linker methylene hydrogens 9 are diastereotopic,
attributable to the restricted rotation of the naphthalene group,
that can only be due to Cu(harene binding. Also, the large
chemical shift difference of only the two aromatic carbon peaks
assigned to C(10) and C(11)2wversusl, 3, andL is consistent
with binding in solution as seen in the solid-state structure of
2. The proton resonances of the aromatic group2irare
relatively insensitive to binding. The fact that at 8D the two

carbon resonances due to the bound carbon atoms C(10) and

C(11) do not significantly shift toward those for freesuggests

Conry et al.

occurring that regenerates the apparent symmetry relationship
between the two sides of the macrocyclic ring and removes the
resolvable diastereotopic character for the linker methylene
group 9. The most logical process to suggest is simply fast
interconversion of the two enantiomers &f However, with

that explanation, it is difficult to account for all of the features
of the spectra at 50C, most notably that the chemical shifts

sameas 3 sameas3 sameas3 3.46,2.90 same as Jor the same positions at 5T are not an average of those at

20 °C (e.g., protons 9 appear at 2.68 and 1.87 ppm20

C and at 2.89 ppm at 5TC). Although temperature-induced
changes in théH NMR chemical shifts are to be expected, the
magnitude seen hereir 0.5 ppm) is unusually large. Therefore,
the best explanation is that there is another species contributing
to the spectra. The most reasonable postulation for this other
species is a complex with an unbound naphthyl group, which
is a likely intermediate in the interconversion of the two
enantiomers anyway. Indeed, the chemical shift of the protons
9in the freeL as well as inl both occur at higher values, 3.30
and 3.33, respectively, consistent with the direction of the shift
seen for protons 9 foR at 50°C. Thus, the best explanation
for the fluxional process involves the exchange of the two
enantiomers o2 and an unbound complex (eq 5). Complx
must be a lower energy species than the unbound form and thus
is favored at lower temperatures. However, the substantial shift
of protons 9 at 50°C suggests that at that temperature the
concentration of the unbound complex may be significant.

+
<>
<=
Cu arene
PR B %)
4 off form
g
)
2

The barrier measured f& contains as a major component
the energy required to break the copper(}$-naphthalene bond.
The 12-13 kcal/mol represents a weak bond at best, considering
the extreme where the only contributor to this barrier is the
bond dissociation energy. Thus, it is much lower than other
measured bond energies, such as 37(2) kcal/mol for the Cr
CO bond in Cr(CQOy, 25(2) kcal/mol for the NiCO bond in
Ni(CO),, and 38(5) kcal/mol for the nickelethylene bond in
[CPNI(CoH4)] .t Such a weak coppefarene interaction is
consistent with the paucity of stable copparene complexes
and the observation of solution binding only in a chelating
system, such as provided by the unique ligand

The pendant naphthyl group definitely has an influence on
the solution chemistry 2. For example, preliminary CV data
for 2 contain an oxidation at abott1.0 V versus SCE in THF
(the process is irreversible up to the 3 V/s probed in the
experiment). This oxidation is a couple of hundred millivolts
more positive that one would normally predict for a mixed S/N
ligand on Cu(1)’2-7°> The more positive oxidation potential for

(71) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, RP@hciples

and Applications of Organotransition Metal Chemistkyniversity

Science: Mill Valley, CA, 1987.

(72) Sakaguchi, U.; Addison, A. WI. Chem. Soc., Dalton Tran$979
600-608.

that the naphthalene-bound species is a major contributor to(73) Dockal, E. R.; Jones, T. E.; Sokol, W. F.; Engerer, R. J.; Rorabacher,

that spectrum.

From the VT-NMR data, an estimation fé&xG* of 12—13
kcal/mol for the barrier associated with the fluxional process
was madé’ At 50 °C, a process in the solution spectra2df

D. B.; Ochrymowycz, L. AJ. Am. Chem. S0d976 98, 4322-4324.
(74) Bernardo, M. M.; Heeg, M. J.; Schroeder, R. R.; Ochrymowycz, L.
A.; Rorabacher, D. Blnorg. Chem.1992 31, 191-198.
Haanstra, W. G.; Cabral, M. F.; de O. Cabral, J.; Driessen, W. L.;
Reedijk, J.Inorg. Chem.1992 31, 3150-3151.

(75)



Copper(l) Complexes with a NSMacrocyclic Ligand Inorganic Chemistry, Vol. 38, No. 12, 1992843

2 is likely an influence of arene binding stabilizing the Cu(l) solution chemistry, as seen in the enhanced stabiligitofvard
ion and/or destabilizing the Cu(ll) ion. Consistent with that oxygen. However, the upper limit for the bond dissociation
observation, under the same experimental conditions, theenergy of the Cu#2-arene bond ir2 of 12—13 kcal/mol, as
addition of 4 equiv of CHCN to the solution shifts the oxidation  determined by solution NMR spectroscopic measurements,

to+0.6 V. It follows then that the stability df to O, in solution indicates a weak Cuarene bonding interaction. The weak
is at least partially due to arene binding, causig be more  binding of both the arene and acetonitrile ligands in this system
difficult to oxidize. However, the CV data fo2 are fairly has allowed their facile replacement with other ligands, such

complex and still under investigation; at 1.0 V/s, the ill-defined a5 with PPhto form 3.

oxidation at about-1.0 V must be carried out before the first

reduction peak (at-0.2 V) appears. In addition, at this scan Acknowledgment is made to the donors of the Petroleum

rate, there is a second reduction peak at0 V that upon being Research Fund, administered by the American Chemical Society,

traversed causes the appearance of four oxidation peaks. Sloweas well as to the University of Nevada, the National Science

scan rates cause even more complicated cyclic voltammogramsFoundation, and NSF Nevada EPSCoR for support of this
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ligand (L—3) have been synthesized and characterized. The

presence of the pendant naphthalene group has resulted in arene Supporting Information Available:  Table of*C NMR data for

binding in the solid state, giving a rare arene complex of copper, L and complexe$—3_ an_d di_scussion of how assignments were mgde.

which is also the first structurally characterized naphthalene and X" crystallographic files in CIF format for the structure determina-

mononuclear copperarene complex. In addition, the unique tions of1—3_and cocrystalllzed&z.. This information is available free
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arene binding in solution. This binding clearly influences the 1C981418P

Conclusions



