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Copper(l) complexes of tripodal tris(N-methyl-4,5-diphenyl-imidazolyl)methane ligands, NsCR (1a—c, R = OH, OMe,
H), have been prepared as models for the Cu(A) site of copper hydroxylase enzymes. In the absence of additional
donors, the ligands 1 react with [Cu(CH3CN)4]PFs (2) to produce dinuclear complexes [(NsCR),Cug](PFs). (3) in
which the tripodal ligands bridge two trigonal Cu centers; the structures of 3b and 3c are established by X-ray
diffraction. Mononuclear adducts [(NsCR)CuL]Z are produced with L = acetonitrile (4), carbon monoxide (5), and
t-BUNC (6, 7). The carbonyl complexes 5 are in dynamic equilibrium with the dimeric complexes 3, but 5¢ (R =
H) can be isolated. The structures of the isocyanide derivatives depend critically on the tripod methane substituent,
R. Thus, the X-ray structures of 6 (R = OMe) and 7 (R = H) show trigonal and tetrahedral geometries, respectively,
with bi- or tridentate coordination of the tripod. A trinuclear complex [Cus(NsCOH),(-BuNC),](PFe)s (8) is formed
from N3COH (1a) which features hoth three-coordinate and two-coordinate Cu atoms and hidentate tripod coordination.
Reactions of dioxygen with dinuclear 3c or mononuclear [(NsCR)CuL]Z are sluggish, producing from the latter in
acetone [(NsCH)Cu'"(L)(L")](PFs). (9, L = acetone, L' = H,0).

Introduction incorporated the biologically most relevant bis/tris(imidazole)
donors® which have significantly different donor/acceptor
properties

We recently described rare bis(imidazole)thioetNg®-
ligands and derived Cu(l) complexes that share close

structural, electronic, and reactivity features with the Cu(B)

The copper hydroxylase enzymes, dopangirieydroxy-
lase (M) and peptidylglycinen-hydroxylating monooxy-
genase (PHM), catalyze the regio- and enantioselective
hydroxylation of mildly activated €H bonds by Q.2 These
enzymes appear to have very similar active-site structures,
featuring two Cu centers separated by ca. 12 A, with the (4) (a) Shinobu, I.; Shunichi, Bull. Chem. Soc. Jpr2002 75, 2081~
Cu(A) site ligated by three histidine-derived imidazoles and 2095 (b) Mirica, L. M.; Ottenwaelder, X.; Stack, T. D. @hem. Re.

; - L 2004 104,1013-1045. (c) Lewis, E. A.; Tolman, W. BChem. Re.
the Cu(B) site by two histidines and a methionine resitiue. 2004 104,1047-1076. (d) Hatcher, L. Q.; Karlin, K. Dl. Biol. Inorg.
Evidence derived from studies of the enzymes suggests that $he£?.2904 9N6539—A683-C (ﬁ) Fujissaévgéf-i Jgn&kgfxi;zl\gggog)ka,

_ H H i |ta]|ma, . Jo AML em. S0 .
theNs QU(A) site _IS an_eleCtron'tranSfer relay for tNgS— . Aboelella, N. W.; Kryatov, S. V.; Gherman, B. F.; Brennessel, W.
Cu(B) site, at which dioxygen and the substrate associate  w.; Young, V. G.; Sarangi, R.; Rybak-Akimova, E. V.; Hodgson, K.

i O.; Hedman, B.; Solomon, E. |.; Cramer, C. J.; Tolman, WJBAm.
and are transformed.Although many synthetic model Chem. S0C2004 126 16896.16911,
complexes for these and other poly(imitdju enzymes have (5) (a) Sorrell, T. N.; Borovik, A. SJ. Am. Chem. So¢987, 109, 4255~
been prepared with a variety of polydentate saturated amine,
pyridine, and pyrazolylborate-based ligaridather few have

4260. (b) Tang, C. C.; Davalian, D.; Huang, P.; Breslow JRAm.
Chem. Soc1978 100, 3918-3922. (c) Breslow, R.; Hunt, J. T.;
Smiley, R.; Tarnowski, TJ. Am. Chem. S0d.983 105, 5337-5342.
(d) Sorrell, T. N.; Allen, W. E.; and White, P. $org. Chem1995
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site’ Regarding the Cu(A) site of the hydroxylases, few Cu solution presumed to be the corresponding carbocation;
or Cu' complexes with polydentate imidazole ligands have addition of solid NaBH gave methane derivativie in good
been reported.Sorrell and co-workers prepared copper(l) vyield.

complexes from trig{-methyl-2-imidazolyl)carbin&f and Ligandsla—c react with [Cu(CHCN)4PFs (2) in CH.-
substituted tris(2-imidazolyl)phosphings-rom the former Cl; to form dinuclear complexe3a—c of composition [Ns-
ligand either dinuclear [(tripodCw]Z, or monometallic CR)LCw)](PFs),2 on the basis of ESI-MS and NMR analysis.
[(tripod)CuL]Z complexes were produced, depending on the The *H NMR spectrum of3b shows two singlets (3H, 6H)
coordinating ability of L. Tris[2-(1,4-diisopropylimidazolyl)]-  for the N-methyl resonances, indicating two inequivalent
phosphine forms a cationic copper(l) complex that reacts with N-methyl groups, whereas the spectrun8ofindicated that
dioxygen at low temperature to produce a reactive peroxo- all methyl groups are equivalent on the NMR time scale at
dicopper(ll) adduct, but the corresponding complex of the room temperature. Crystals 8b and3c were analyzed by
tert-butyl-substituted ligand does not react with dioxygen, X-ray diffraction, and the structure of the latter is shown in
demonstrating that steric effects are important in defining Figure 1. In both structures the two tripodal ligands bridge
Cu—0; interactions in these systertfsWe report here the  between nearly trigonal planar Cu(l) atoms (sum ef@®u—N
preparation of new, sterically encumbered tripodal tris- angles= 358.8 for 3b and 358.4 for 3¢), each coordinated
(imidazole) ligands, characterization of the corresponding via three imidazole nitrogens, two from one tripod and one
Cu(l) complexes, and their novel reactivity with isocyanides, from the second. These structures are similar to that reported
CO, and Q. for the copper(l) complex of the non-arylatsemethylimi-

dazolyl carbinol ligand? Both 3b (in SI) and 3c have
Results and Discussion

The tripodal tris(4,5-dipheny¥-methylimidazolyl)-based
ligands () were targeted since they offer a sterically
hindered, hydrophobic Cu-binding pocket which could
disfavor the formation of bridging, binuclear complexes. The
hydroxy-substituted ligantlaf® provided a convenient source
of the new -methoxyib) and -methine 1c) derivatives via
O-alkylation or reductive substitution, respectively, as out-
lined in Scheme 1. Several reported methods for the reductive
substitution of the hydroxyl group were ineffectt&°for
the conversion ofla to 1c. However, treatment ofa with
trifluoroacetic anhydride in CHCl, produces an intense blue

(7) Zhou, L.; Powell, D.; Nicholas, K. Nnorg. Chem2006 45, 3840~
3842.

(8) (a) Kujime, M.; Fujii, H. Tetrahedron Lett2005 46, 2809-2812.
(b) Higgs, T. C.; Helliwell, M.; Mclnnes, E. J. L.; Mabbs, F. E,;
Harding, C. J.; Garner, C. . Chem. Soc., Dalton Trans997, 927—

933. Figure 1. X-ray structure of the dication o8c. Selected bond lengths
(9) Nicholas, K. M.; Siegel, I. Am. Chem. S0d985 107, 4999-5001. (A) and angles (deg): Cu(¥N(14) 1.950(3), Cu(kyN(2) 2.008(3), Cu-
(10) Rathore, R.; Burns, C. L.; Guzei, I. A. Org. Chem2004 69, 1524~ (1)—N(8) 2.034(3); N(14)Cu(1)-N(2) 132.56(14), N(14)Cu(1)-N(8)
1530. 133.34(14), N(2)-Cu(1)-N(8) 92.50(14).
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inversion symmetry so that twhl-methyl groups in each

tripod are equivalent but inequivalent to the third one. The

differing solution-state NMR behaviors 8b and3c suggest

that the latter undergoes a dynamic process that averages

the imidazole environments.

In the presence of suitable coordinating molecules, L,

mononuclear [{sCR)CuL]Z complexes are produced, start-
ing either from [Cu(CHCN)4]Z (2), the tripodal ligands, and
L or from the addition of L to the dimer3, indicative of an
L- and tripod-dependent mono/dimer equilibriuta. NMR
and ESI mass spectra of solutions3afin donor solvents,

e.g., CHCN and acetone, indicated the presence of a new

species [N:CR)Cu(solv)]Pk (4). Reactions betweed and
tripods 1a and 1b in CH,CI, under CO (1 atm) produced
labile CO adducts detected by IRg 2115 cn1?; 5b, 2100

cm™1). Ether addition to these solutions precipitated only the

dimers3a and 3b, respectively. However, the adduct from
3¢, [(NsCH)Cu(CO)JPK (5¢), was isolable as a solid and
exhibited appropriate IR spectroscopic data (2092 ¢m

Inspection of computer-generated models suggests that th

apparently greater stability of the tripod complex (R =
H) relative to the-OH and—OMe derivatives%a, 5b) may
be the result of steric crowding between tHeMe groups

and the larger methine substituents on the backside of the
tripod caused by tridentate Cu coordination. It is noteworthy

that thev(CO) values of these complexes are ca. 40tm

higher than those reported for some tris(His)Cu(CO) en-

zymes!! suggesting a less-electron-rich Cu & This

difference may reflect a lower donicity of the 2-substituted

imidazoles of5 relative to 4-substituted His-imidazolesa
lower denticity of the tripod in [{zCR)Cu(CO)], coordina-

tion geometry differences, or medium/secondary sphere

effects in the protein.
More stable mononuclear adductBliJCR)CuL]PF were
formed with L = t-BuNC, the structures of which were

remarkably dependent on the tripod substituent R. Thus, Q

reaction of ligandlb (R = OMe) and2 with 1 equiv of
t-BuNC (CHCI,, at room temperature (rt)) produced a
monometallic isocyanide derivativg (ven 2189 cnt?l) on
the basis of NMR and ES-MS analysis. Both thkand*3C
NMR spectra of6 at rt exhibit a single peak for the three
N-methyl groups; this peak sharpened af@dn the H NMR

Zhou et al.

Figure 2. X-ray structure of the cation . Selected bond lengths (A)

and angles (deg): Cu(3)C(58) 1.824(2), Cu(tyN(5) 1.9739(17), Cu-
1)—N(11) 1.9855(19), C(58)Cu(1)—N(5) 134.91(9), C(58yCu(1)}-N(11)
29.51(9), N(5)-Cu(1)-N(11) 93.65(7).

D
N
Figure 3. X-ray structure of the cation df. Selected bond lengths (A)
and angles (deg): Cu(1A)C(56A) 1.897(2), Cu(1A)yN(8A) 2.098(6), Cu-
(1A)—N(2A) 2.118(6), Cu(1A}N(14A) 2.135(6), C(56A)N(57A) 1.101-
(3); C(56AY-Cu(1A)—N(8A) 129.0(3), N(8A)-Cu(1A)—N(2A) 86.1(3),
N(2A)—Cu(1A)—N(14A) 91.5(3).

(Figure 3) showed a four-coordinate pyramidal Cu(l) center

spectrum, suggesting a dynamically averaged, nearly sym-bound to the isocyanide and all three imidazole units of the

metrical structure in solution. Surprisingly, the X-ray crystal

tripod ligand, consistent with the solution-state NMR spec-

structure of6 (Figure 2) revealed the presence of a trigonal trum. We suggest that the contrasting solid-state structures
Cu(l) atom ligated by isocyanide and the tripod ligand in & of 6 and 7 are the result of a delicate energetic balance
bidentate mode with one imidazole group uncoordinated. The pbetween the stereoelectronic characteristics of the tripod’s

observed NMR spectra @ could be explained by a rapid

donor atom set, similar stabilities of the three- and four-

associative/dissociative exchange of the imidazole groups incoordinate copper(l) geometries, and steric crowding on the

solution.

The ligand1lc (R = H) reacted with Cu(l) and-BuNC
analogously to form a N:CH)CuL]PF derivative 7 (vnc
2186 cm'). The 'H NMR spectrum of7 shows a sharp
singlet for the thre&-methyl groups, indicating symmetric
structure in solution. The X-ray structure (solid state)rof

(11) (a) Jaron, S.; Blackburn, N.Biochemistry1999 38, 15086-15096.
(b) Blackburn, N. J.; Pettingill, T. M.; Seagraves, K. S.; Shigeta, R.
T. J. Biol. Chem199Q 265, 15383-15386.
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tripod backside between the methine substituent R and the
imidazoleN-methyl groups.

The reaction oR with tripod 1a (R = OH) and 1 equiv
of t-BUNC (CHCl,, rt) afforded yet a different type of
complex8, again illustrating the subtle effects of the tripod
capping group on the reaction product. The ES mass
spectrum of8 shows only a monomeric [Cu(tripod)(
BUNC)]" peak, whereas ittH NMR spectrum shows a 1:1
tripodt-BUNC ratio and a single somewhat broadened peak
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and water ligands, and the anion/Cu ratio indicates that the
Cu has been oxidized by,OWhether the water ligand &

is derived from dioxygen reduction or from water present
in the solvent has not been determined.

A number of factors may contribute to the relatively low
dioxygen reactivity of the [(imidazolyJCR]Cu" complexes.
Their positive charge probably renders them less electron
rich (and less oxidizable) than corresponding Cu(l) deriva-
tives with anionic ligands, e.g., tris(pyrazolyl)boréte,
diketiminato?’ and those with more basic aliphatic poly-
amines’ The basis for the lower reactivity of the present
poly(aryl—imidazole) complexes vis a vis Sorrell’s cationic
Cu[P(imidi-Pr)] ™ complex is less apparent but could derive
from a combination of steric inhibition by the aryl groups

Figure 4. X-ray structure of the trication 8. Selected bond lengths (A)

and angles (deg): Cu(1AYC(50A) 1.846(6), Cu(1A}N(3A) 1.973(4), Cu- and a stereoelectronic effect from the more acute chelate bite
(1A)—N(1A) 2.018(4), Cu(2A¥N(5B) 1.901(4), Cu(2A>N(5A) 1.909- angles of the (iMiCR vs the (imid)P ligands. It is
(4), C(S0A)-Cu(1A)=N(3A) 138.3(2), C(SOA} Cu(1A)—N(1A) 128.2(2), noteworthy that dinuclear-oxo or hydroxo type complexes,

N(3A)—Cu(1A)-N(1A) 92.04(17), N(5B)-Cu(2A)~N(5A) 169.40(17). e.0.. [N:CR)Cul-O(H)L.CUMN:CR)E", often derived from

LnCu(l) reactions with dioxyget'® were not observed in
the present system. Molecular models suggest that the
formation of such species would be inhibited by the
imidazole aryl substituents. It is also significant that no ligand
oxygenation was observed, in contrast to findings in a
number of other polyamine model complexeNonetheless,

the cationic Cu-tris(imid) and bis(imid)(thioethécpordina-

tion of the systems that we have investigated are the most
accurate structural models presently available for the Cu(A)
and Cu(B) sites of the hydroxylase enzymes. The lower
reactivity toward dioxygen of the preseNt—Cu(l) com-

Figure 5. X-ray structure of the dication . Selected bond lengths (A) plexes relative to the corresponding,S—tripod—Cu(l)
and angles (deg): Cu(3)0(56) 1.977(3), Cu(£y0(57) 1.982(2), Cu(ty

N(8) 1.988(3), CU(1}N(2) 2.015(3), Cu(1}N(14) 2.249(3), O(56)Cu- complexe$ is consistent with the relative reactivity of the
(1)—0(57) 84.93(11), O(5A)Cu(1)~N(8) 95.74(11), O(56) Cu(1)-N(2) Cu(A) and Cu(B) enzyme sités.
89.71(11), N(8)Cu(1)-N(2) 87.48(11). In summary, the Cu complexes of tripodal tris(imidazolyl)

ligands reported here provide rare examples of well-
for the threeN-methyl groups. An X-ray structure determi- characterized tris(imidazole) Cu(l) and Cu(ll) complexes of
nation of8 revealed it to be more complex, containing three the type found in several metalloenzymes. The Cu(l)
Cu(l) atoms, two tripod ligands, and two isocyanides, [( derivatives can form either mononuclear or polynuclear
BUNC),Cus(Ns-COH),](PFs)s (Figure 4). The structure con-  complexes, the latter with the tripod bridging, depending
sists of two flanking (tripod) Cu units, each having a trigonal, upon the presence (or absence) of suitable auxiliary ligands.
nearly planar Cu(l) atom bound to an isocyanide and to the Copper(l) derivatives of the tris(imidazolyl) ligands exhibit
tripod in a bidentate mode, with the third imidazole from modest dioxygen reactivity in which the Cu center is oxidized
each unit bridged to the central copper in a nearly linear without the formation of oxygen-bridged products or ap-
geometry (N-Cu—N angle, 169); secondary bonding preciable ligand oxidation. Efforts are underway to provide
interactions of the central copper with the tripod hydroxyl new, more accurate structural and functional mimics of the
groups are suggested by the relatively short-Oudistances ~ Cu hydroxylase enzymes and to explore their catalytic and
(Cu—OH, 2.5-2.6 A). redox activity.

The dinuclear complexe3b,c are remarkably unreactive

toward dioxygen, both largely unchanged after exposure to Experimental Section

1 atm of Q (CHCl, rt) after 20 h, perhaps the result of @  \jaterials and Methods. All operations were carried out under
very stable trigonal Cu geometry reinforced by steric nitrogen or argon by means of standard Schlenk and vacuum-line
shielding of the Cu atoms by the polyaryl imidazole ligands. techniques. Organic solvents were dried by standard procedures
However, when an acetone solutionfndl1c (R = H), and distilled under Wbefore use. Glassware was oven-dried at 150
which forms [(NsCH)Cu(acetone)]P§ was stirred under 1 °C overnight. A Vacuum Atmospheres glovebox was used in the
atm of G at rt (24 h), it gradually turned greenish brown. handling of air-sensitive solids. IR spectra were recorded in either
Ether d|ﬁu$lon |nt0 the reactlon solutlon |nduced Crystal_ CHZCIZ solution or KBr pellets with a Perkin-Elmer 283-B infrared
lization of [(NsCH)CU' (acetone)(HO)](PRs)2 (9), which was —

identified by X-ray diffraction (Figure 5). The five-coordinate (2 Mifica, L. M Ottenwaelder, X.; Stack, T. D. Rhem. Re. 2004
structure of9 is defined by the tridentate tripod, acetone, (13) Lewis, E. A.; Tolman, W. BChem. Re. 2004 104, 1047-1076.
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Table 1. X-ray Crystal Data for Compoundic, 6, 7, 8, 9

Zhou et al.

compound 3c 6 7 8 9
empirical formula GogH104ClaCleF12- CeaH71CURsN7- CooHeaCURsN7- Cr18H12Cl4Cle- CseHsgCuF2Ng-
N1202P; OsP O1sP F18N1404 5P3 OsP;
fw 2160.85 1182.78 1115.69 2576.63 1216.56
crystal syst triclinic triclinic monoclinic triclinic monoclinic
space group P1 P1 P2:/n P1 P2i/n
unit cell dimens
a,A 14.2688(18) 13.420(2) 15.141(5) 18.605(4) 15.328(4)
b, A 14.3040(18) 15.024(2) 19.367(7) 23.695(6) 24.336(5)
c, A 14.8469(19) 16.470(3) 40.820(15) 29.271(7) 15.890(4)
o, deg 65.390(2) 89.324(5) 90 73.480(8) 90
p, deg 65.275(2) 69.714(5) 92.987(15) 81.182(8) 100.667(8)
y, deg 74.127(2) 68.746(5) 90 89.827(8) 90
v, A3 2484.3(5) 2878.1(8) 11954(7) 12214(5) 5825(2)
7,7 1,05 2,1 , 4,2 4,1
D, Mg/m? 1.444 1.365 1.240 1.401 1.387
wavelength, A 0.71073 0.71073 0.71073 0.71073 0.71073
T,K 100(2) 100(2) 100(2) 100(2) 100(2)
F(000) 1116 1240 4664 5308 2508
abs coeff, mm? 0.649 0.480 0.456 0.729 0.516
abs correction semiemp from semiemp from semiemp from semiemp from semiemp from
equiv equiv equiv equiv equiv
max, min trans 0.9321, 0.7860 0.9581, 0.8616 0.9820, 0.8211 0.9048, 0.7896 0.9648, 0.9038
0 range, deg 1.5826.00 1.47-26.00 2.0718.85 1.82-25.00 1.76-26.00
reflns collected 19371 22933 41918 103 751 42 480
independ reflns 963F(int) = 11 196 R(int) = 9396 R(int) = 41 983 R(int) = 11 431 R(int) =
0.0282] 0.0231] 0.0947] 0.0314] 0.0377]
data/restraints/param 9635/0/577 11196/138/680 9396/6238/1370 41983/4043/3351 11431/105/682
R,(F? all data) 0.2652 0.1261 0.2648 0.2452 0.1917
R(F obsd data) 0.0823 0.0437 0.1005 0.0813 0.0612
GOF onF? 1.046 1.035 1.047 1.024 1.005
obs datal[ > 20(1)] 6717 8967 6594 33113 8257
largest, mean shift, s.u. 0.001, 0.000 0.001, 0.000 0.000, 0.000 0.010, 0.000 0.001, 0.000
largest diff peak, hole, e 1.063,—1.336 0.830;-0.435 0.912,-0.595 1.823;-1.461 1.155;-0.841

spectrophotometer (resolution 4 th The H and 13C NMR

acetic anhydride (0.21 mL, 5 equiv) dropwise under Ar 4C0to

spectra were recorded on a Varian Mercury-300 spectrometer. Massform a dark blue solution immediately. The resulting mixture was

spectra were acquired on a Finnigan TSQ 700 spectrometer in
methanol or acetonitrile solution by ESI. Elemental analyses were
performed by Midwest Microlab, LLC. 4,5-Diphenylimidazdte,
N-methyl-4,5-diphenylimidazol&, and tris(1-methyl-4,5-diphen-
ylimidazol-2-yl)methand (1a) were prepared according to reported
procedures.

Tris(1-methyl-4,5-diphenylimidazol-2-yl)methyl Methyl Ether
(1b). Sodium hydride (48 mg, 60% mineral oil suspension, 1.2
mmol) was suspended in dry THF (10 mL) undes. Rompound
1a(0.73 g, 1.0 mmol) was dissolved in dry THF (10 mL) and was

stirred for 30 min, another portion of NaBH114 mg, 10 equiv)
was added slowly to the blue solution, and the suspension was
stirred fa 1 h during which H was given off and the solution
became light green gradually. The mixture was quenched with
water, extracted with CyCl,, and dried over MgSQ After
evaporative removal of the GBI,, a white solid was obtained.
Recrystallization of the solid from Gi&l, and petroleum ether gave
pure 1c as a white solid (126 mg, 64.3%% NMR (300 MHz,
CD.Cly): 0 3.48 (s, 9H); 6.24 (s, 1H); 7.317.50 (m, 30H).13C
NMR (75 MHz, CD,Cly): 6 143.7, 136.9, 135.5, 131.6, 131.2,

added dropwise to the NaH suspension over 2 min, and the resulting129.5, 129.2, 128.5, 127.1, 126.6, 32.4, 30.3. HRMS (E8ik

mixture was stirred fo2 h atroom temperature until no bubbles
(H,) appeared. Methyl iodide (7zL, 1.2 mmol) was added
dropwise, and then the reaction mixture was stirred for 20 h. Then
the reaction was quenched with 80 mL of deionized water, the
mixture was extracted twice with 50 mL portions of dichlo-
romethane, and the organic phase was dried over MgRGtary
evaporation of the dichloromethane gave 0.53 dlibfas a light
yellow solid (73%) (recrystallization from Gi€l,/petroleum ether,
mp 180-181°C). '*H NMR (300 MHz, CQCly): 6 3.43 (s, 9H,
NCHj), 3.85 (s, 3H, OCh), 7.13-7.51 (m, 30H).*C NMR (75
MHz, CD.Cly): ¢ 144.3,135.5, 135.0, 131.5, 131.1, 129.0, 128.7,
128.0, 126.5, 126.1, 79.6, 54.9, 32.7. HRMS (ESt)z 743.3499
(M + 1); calcd for GoHasNgO 743.3516. IR (KBr, cm?): 3100,
2927, 1603, 1444, 1388, 1073, 777, 696.
Tris(1-methyl-4,5-diphenylimidazol-2-yl)methane (1c).To a
colorless suspension @f (0.218 g, 0.30 mmol) and NaBH114
mg, 3.0 mmol, 10 equiv) in C¥l, (20 mL) was added trifluoro-

(14) Kang, P.; Foote, C. S. Am. Chem. So2002 124, 9629-38.
(15) LaRonde, F. J.; Brook, M. Ainorg. Chim. Actal999 296, 208—
221.
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713.3392 (M 1); calcd for GeHaiNg 713.3393. IR (KBr, cmb):
3058, 2927, 1603, 1508, 1445, 1392, 1072, 1025, 966, 775, 696.

[(NsCOH)Cu] z(PFs)2 (3a). To 1a(72 mg, 0.10 mmol) and [Cu-
(CH3CN)4]PFs (38 mg, 0.10 mmol) was added dry @&, (5 mL),
and the resulting light yellow solution was stirred at room
temperature fo2 h under argon. After removal of GBI,, a white
solid was obtained that was recrystallized fromCH and diethyl
ether to give 20 mg o8a as a white solid (20%):H NMR (400
MHz, CD.Cly): 6 3.22 (s, 9H), 5.89 (s, 1H), 7.217.48 (m, 30H).
13C NMR (100 MHz, CQCly): 6 132.8, 131.5, 130.4, 130.1, 129.9,
129.5, 129.3, 128.5, 69.7, 33.9. LRMS (EShvz 791.2, 792.2
(100%, 26%) for 63H8063CU2N12022+ and Q8H3063CL165CUN12022+,
respectively. IR (KBr, cml): 3110, 2927, 1487, 1446, 842, 776,
699, 558.

[(NsCOMe)Cu]2(PFe)2 (3b). To 1b (0.074 g, 0.10 mmol) and
[Cu(CHCN),]PF5 (0.038 g, 0.10 mmol) was added dry &2, (8
mL), and the resulting light yellow solution was stirred at room
temperature fo2 h under argon. After removal of GBI,, a white
solid was give and then recrystallized from DMF and diethyl ether
to give 50 mg of3b as colorless crystals (50%) NMR (300



Copper(l) Complexes of Tripodal Tris(imidazolyl) Ligands

MHz, CD,Cly): 6 3.33 (s, 3H), 3.79 (s, 6H), 4.23 (s, 3H), 6:31 solution was stirred at room temperature for 2 h. Colorless crystals
7.48 (m, 30H)13C NMR (75 MHz, CQCly): 4 142.8,139.0,137.1,  were obtained overnight by slow diffusion of ether into the reaction
134.5,132.5,131.2,131.0, 130.9, 130.1, 129.8, 129.6, 129.1, 128.9solution (50%)*H NMR (300 MHz, CQ,Cl,): 4 1.02 (s, 9H), 3.21
128.0, 127.8, 127.4, 127.3, 127.1, 126.8, 110.0, 80.7, 36.8, 34.5.(br s, 9H), 6.00 (s, 1H), 7.227.48 (m, 30H)*3C NMR (75 MHz,
LRMS (ESI): mvz 805.3, 807.3 (54%, 27%) for igoHss CD,Cl,): 6 138.3,134.1, 132.4, 131.0, 130.9, 130.0, 129.9, 129.6,
63CUN1,0.2T and GooHss*ClN1,02T, respectively. IR (KBr, 129.1, 128.9, 128.7, 128.2, 128.0, 69.2, 33.5, 29.5. LRMS (ESI)
cm1): 3110, 2927, 1478, 1444, 1075, 840, 700, 558. See m/z 874.3, 876.3 (100%, 27%) fors@Hso*3CuN,O" and GsHso
Supporting Information for crystallographic data 8h. 65CuN,;O", respectively. IR (KBr, cmt): 3110, 2927, 2189, 1446,
[(NsCH)Cu]2(PFg)2 (3c). To 1c (71 mg, 0.10 mmol) and [Cu- 840, 700, 558. See Supporting Information for crystallographic data
(CH3CN)4]PFs (38 mg, 0.10 mmol, 1:1 equiv) was added dry £H on 8.
Cl; (8 mL), and the resulting light yellow solution was stirred at Reaction of [(N3COH)Cu](PFe). with CO. To solid 1a (72
room temperature fa2 h under argon. After removal of GBIy, a mg, 0.10 mmol) and [Cu(C4CN),]PFs (38 mg, 0.10 mmol) was
white solid was obtained and then was recrystallized from@H added dry CHCI, (5 mL). The resulting light yellow solution was
and diethyl ether to give 40 mg @k as colorless crystals (40%).  stirred at room temperaturerfé h under argon. Carbon monoxide
1H NMR (300 MHz, CDQCly): 6 4.03 (s, 9H), 6.467.38 (m, 31H). was then bubbled into the solution at room temperature for 2 h.
13C NMR (75 MHz, CBCly): 6 140.7, 138.5, 132.1, 130.9, 130.3,  An IR spectrum of the reaction solution showed a strong absorption
130.0, 129.2, 129.0, 128.8, 128.6, 128.0, 127.0, 33.3, 32.7. LRMS (vco) at 2115 cm? (54). A white solid precipitated overnight by
(ESI): m/z 775.2, 777.3 (65%, 26%) for ggHg®*CluN12+ and diffusion of ether vapor into the reaction solution and was found
CogHso®™®CwN122T, respectively. IR (KBr, cmb): 3110, 2927, 1487,  to be dimer3a from its 'H NMR spectrum in CBCl,.
1446, 841, 790, 699, 558. See Supporting Information for crystal-  Reaction of [[NsCOMe)Cu],(PFs), with CO (5b). To solid1b

lographic data or3c. (74 mg, 0.10 mmol) and [Cu(C¥EN)4PFs (38 mg, 0.10 mmol)
Formation of [(N3CH)Cu(CH3;CN)]PF¢ (4c) from Dimer 3c. was added dry CKCl, (5 mL). The resulting light yellow solution
Dimer 3¢ (5 mg) was dissolved in 1 mL of CITN. The'H NMR was stirred at room temperaturerf& h under argon. Carbon
spectrum of the resulting solution showed disappearance of themonoxide was bubbled into the solution at room temperature for 2
dimer and the formation of a new species assignedNgdH)Cu- h. An IR spectrum of the reaction solution showed a strong

(CH3CN)]PFRs. 'H NMR (300 MHz, C;CN): 6 3.71 (s, 9H), 6.00 absorption {co) at 2100 cm? (5b). Colorless crystals, found to
(s, 1H), 7.26-7.53 (m, 30H). LRMS (ESI in CECN): m/z816.3, be dimer3b, were obtained overnight by slow diffusion of ether
818.3 (100%, 30%) for &H423CuUN;" and GiH4**CuN;*, re- vapor into the reaction solution.
spectively. [(NsCH)CuCO]PF; (5¢). To compoundlc (30 mg, 42umol)
[(NsCOMe)CuCNBUYPFg (6). To ligand1b (74 mg, 0.10 mmol) and [Cu(CHCN)4PFs (16 mg, 42umol) was added dry CCl,
and [Cu(CHCN)4]PFs (38 mg, 0.10 mmol) was added dry gEi, (5 mL). The resulting light yellow solution was stirred at room
(5 mL). The resulting light yellow solution was stirred at room temperature fol h under argon. Carbon monoxide was bubbled
temperature fo2 h under argortert-Butyl isocyanide (1L, 0.10 into the solution at room temperature for 2 h. Colorless needles
mmol) was added dropwise, and the resulting yellow solution was were obtained overnight by slow diffusion of ether vapor into the
stirred at room temperature for 2 h. Colorless crystals were obtainedreaction solution (50%)H NMR (300 MHz, CD.Cl,): ¢ 3.85 (s,
overnight by slow diffusion of ether vapor into the reaction solution 9H), 6.27 (s, 1H), 7.297.48 (m, 30H)3C NMR (75 MHz, CDQ-
(85%).'H NMR (300 MHz, CD,Cl,): 6 1.06 (s, 9H), 3.44 (s, 4H), Cly): 6 142.9,138.3,132.9, 131.4,130.1, 129.7, 128.9, 128.6, 32.8,

3.58 (br s, 8H), 7.267.50 (m, 30H).13C NMR (75 MHz, CDQ- 31.7. LRMS (ESI): nv/z 803.3, 805.3 (100%, 31%) forsgHo-

Cly): ¢ 131.4,130.2,129.7, 128.7, 66.2, 30.1, 15.7. LRMS (ESI): 8CuNsO* and GoHa®>CuNeO™, respectively. IR (KBr, cml):

m/z 888.3, 890.3 (100%, 32%) forsgHs:°3CuN,O" and GsHs- 3059, 2927, 2087, 1509, 840, 699, 558.

85CuN;O™, respectively. IR (KBr, cm!): 3059, 2927, 2186, 1446, [(NsCH)Cu'" (CH3COCH3)(H20)](PFe)2 (9). To compoundlc

837, 700, 557. See Supporting Information for crystallographic data (71.2 mg, 0.10 mmol) and [Cu(GEN);]PFs (38 mg, 0.10 mmol)

on 6. was added acetone (5 mL), and the resulting light greenish solution

[(N3CH)CUuCNBU']PF¢ (7). To compoundLc (15 mg, 21umol) was stirred at room temperature for 0.5 h under argon. Then the
and [Cu(CHCN),]PFs (8 mg, 21umol) was added dry C}I, (5 solution was stirred under an,@tmosphere (balloon) at room
mL). The resulting light yellow solution was stirred at room temperature for 24 h to give a cloudy greenish solution. A white
temperature fol h under argontert-Butyl isocyanide (2.5, 21 solid separated from the solution, which proved to be diBer
mmol) was added dropwise, and the resulting yellow solution was (50%). Yellow crystals o were obtained by slow diffusion of
stirred at room temperature for 2 h. Colorless needles were obtainedether into the green solution (10%). LRMS(ESHVz 416.7, 417.6
overnight by slow diffusion of ether vapor into the reaction solution (2.5%, 1.4%) for GH463CuNsO?* and G,H46>°CuNsO?*, respec-
(45%)."H NMR (300 MHz, CD,CL,): 6 1.53 (s, 9H), 3.81 (s, 9H), tively. IR (KBr, cm~Y): 3059, 2927, 1654, 1511, 1446, 1026, 841,
6.16 (s, 1H), 7.247.52 (m, 30H)X*C NMR (75 MHz, CDCly): 793, 700, 558. See Supporting Information for crystallographic data
0 143.4,133.3,131.5,130.8, 129.8, 129.5, 128.5, 127.8, 32.5, 30.4.0n 9.

LRMS (ESI): nvz 858.2, 860.2 (100%, 29%) forsgH4e*3CuN;*

and GuHa®CuN;*, respectively. IR (KBr, cml): 3059, 2927, Acknowledgment. We are grateful for the (partial)
2178, 1509, 842, 697, 558. See Supporting Information for Support of this work provided by the Petroleum Research
crystallographic data of. Fund of the American Chemical Society.

[(N3COH)CuCNBU'PF; (8). To compoundla (146 mg, 0.20
mmol) and [Cu(CHCN),PFs (80.0 mg, 0.20 mmol) was added
dry CH,CI, (5 mL). The resulting light yellow solution was stirred
at room temperature f@ h under argortert-Butyl isocyanide (22
uL, 0.20 mmol) was added dropwise, and the resulting yellow 1C061985+

Supporting Information Available: X-ray diffraction data and
tables for3b, 3c, 6, 7, 8, and9. This material is available free of
charge via the Internet at http:/pubs.acs.org.
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