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Introduction

The hormone ethylene is involved in many important phases
of plant development including germination, growth, aging, and
the separation of leaves or frultDirect study of ethylene

receptors has proved challenging because of their low cellular

concentration and membrane localization. There are, however
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Experimental Section

General Methods. Reactions were carried out using Schlenk
techniques. [Cu(CECN)][PFs] was prepared according to literature
methods Solvents were dried and distilled undep Nrior to use.
Ethylene (Polymer grade, Matheson), CO (99.5%, AGA), and iso-
topically labeled gases (Aldrich) were used without further purification.
[Cu(H20)4][BF 4] was purchased from Strem.

Synthesis of [Cu([9]aneg)(C:H4)][BF4] (1[BF4]). Method 1.
[Cu(H20)6][BF4]2 (0.069 g, 0.2 mmol) was dissolved in 10 mL of
degassed acetond 2 in. piece of coiled copper wire was suspended
in the blue solution by a string, and the solution was stirred under 1
atm of ethylene gas for 12 h. The resulting colorless copper solution
was cooled to—78 °C, and the copper wire was removed under gas
purge. A solution of 0.072 g (0.4 mmol) of [9]angB 2 mL of acetone
was added dropwise via syringe with fast stirring. Diethyl ether (30
mL) was added to precipitate the white prodd{BF.], which was
collected by filtration under an ethylene atmosphere (0.054 g, 75%).
2[BF4] was prepared similarly from [Cu(®)e][BF4]. (0.069 g, 0.2
mmol), using a CO atmosphere in place of ethylene (0.042 g, 58%).

Synthesis of [Cu([9]ane(CH3CN)][PF¢] (3[PFe]). [Cu(CHCN)4]-

[PFe] (0.744 g, 2.0 mmol) was dissolved in 10 mL of acetone. [9]aneS

many examples of synthetic complexes designed to model theg 360 g, 2.0 mmol) was added as a solid with fast stirring. The product,

active site of ethylene receptdrall of these models incorporate

3[PFs], was precipitated upon addition of 30 mL of diethyl ether (0.822

a Cu(l) ion bound to ethylene in the presence of aliphatic or g, 96%).3[PF] is readily recrystallized from acetone/ether. Anal. Calcd
aromatic amine donor ligands. Recently, significant advances for CgH1sCuRNPS;: C, 22.35; H, 3.52; Cu, 14.78; N, 3.26; S, 22.37.
have been made in elucidating the structure of ETR1, an Found: C, 22.58; H, 3.64; Cu, 15.42; N, 3.41; S, 21.58.

ethylene receptor fronArabidopsis thaliand ETR1, when Synthesis of [Cu([9]ane$)(C2H4)] (1[PF¢]). Method 2. PR
overexpressed in yeast cells, requires copper ion for high-affinity (0.109 g, 0.25 mmol) was dissolved in 10 mL of acetone. The solution
ethylene binding, providing the first direct evidence that copper Was cooled to—78 °C, and ethylene was bubbled through it for 10
is involved in ethylene binding in a receptor protein. Several Min- Upon addition of 30 mL of diethyl ether, a white precipitate

amino acids in the membrane-spanning region of ETR1 are
essential for ethylene binding activity, most notably histidine

formed. The producl[PFs] was isolated by vacuum filtration under
an ethylene atmosphere (0.087 g, 84%). Anal. Calcd fbt:6Cuks-
PS: C, 23.04; H, 3.86; Cu, 15.24; S, 23.07. Found: C, 23.64; H, 4.06;

69 and cysteine 65. Alteration of either residue leads to completec, 14.96; 5, 24.54. The CO complex was prepared similarly, with

elimination of ethylene binding, suggesting that together they
may act to ligate the copper cofactor. These data imply that
biologically relevant models of the ethylene receptor should
include sulfur ligation. We report herein the synthesis and
characterization of the first sulfur-ligated Cu{i@thylene
complex [Cu([9]ane§(C:H4)]" (1) and its CO analogue
[Cu([9]aneS)(CO)I" (2).
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CO replacing ethylene, from 0.142 g 8[PFg], yielding 2[PFs] (0.092
g, 68%). Anal. Calcd for @1,,CuROPS;: C, 20.16; H, 2.89; Cu, 15.24;
S, 23.07. Found: C, 19.54; H, 3.14; Cu, 15.57; S, 23.92.

Spectroscopic CharacterizationRaman spectra were collected on
solid samples o1—3 packed in glass capillary tubes. Raman scattering
was excited with either 10 or 20 mW of 514.5 nm light that was passed
through a 10 nm dielectric band-pass filter (Corion). Scattered light
was collected at F0with an f/1.1 lens and focused &f7.8 into a
scanning double monochromator (Spex 1403). The resolution at the
detector was set to 1 crhi the monochromator’s two intermediate slits
were opened to their maximum width of3.5 mm. An external filter
(SuperNotch-Plus, Kaiser Optical Systems) was used to remove residual
laser lines. Detection was accomplished with a backthinned 1024
256 pixels (26.6 mmx 6.7 mm) charge-coupled device (ISA
CCD2000).

Cu K-edge extended X-ray absorption fine structure (EXAFS) data
were collected at Stanford Synchrotron Radiation Laboratory (SSRL)
on eight-pole wiggler BL7-3: ring conditions 3.0 GeV,-6000 mA;
Si(220) double-crystal monochromator, detuned 50% to reject harmon-
ics; transmission measurements of diluted solid samples at 10 K using
nitrogen-filled ion chambers; internal Cu foil energy calibration, first
inflection point assigned to 8980.3 eV. The presented data represent
the average of three and two scans¥@nd2, respectively. Data were
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Figure 1. Raman difference spectra®fndl1. Shown are (a) carbonyl
and M—C regions (M-C region is in the inset) of [Cu([9]anegS
(*2C1%0)][PFs] subtracted from a mixture of [Cu([9]ang83C'0)|[PF]
and [Cu([9]lane@(*3C*®O)][PFs] and (b) C=C and M-C,H, regions
(M—C;H,region is in the inset) of [Cu([9]ang®C.H.)][PF¢] subtracted
from [Cu([9]ane$)(C2D4)][PF].

analyzed with EXAFSPAK using ab initio phase and amplitude
parameters generated with FEFF, version®6.0.

Results and Discussion

The ethylene compleg and the carbonyl comple were

Notes

to a CO stretcli. A weak, low-frequency mode at 334 cfy
which shifts to 323 cm! with 13C'0 (Figure 1a, inset), is
tentatively assigned to the ¥MC stretch. The M-C stretch for

the 13C180 isotopomer is not observed presumably because of
its low intensity. Vibrational modes of the macrocycle and
counterion are also observed. The structure and position of the
macrocycle peaks are distinct from those of the free macrocycle
and are consistent with a pseudo-3-fold trisulfur linkage to
copper. Solution (acetordy) 'H and13C NMR data confirm
that [9]ane$ is bound to the copper and reveal that CO is in
fast exchange with the solvent. In thd NMR spectrum of,

the singlet of the macrocycle (3.11 ppm) splits into an' BB
pattern. This splitting pattern is consistent only with coordination
of all three sulfur atoms to copper. In th#& NMR spectrum

of the 13CO isotopomer oR, a single, sharp ligand resonance
is observed at 33.2 ppm. An additional, broad peak is observed
in the carbonyl region at 178.7 ppm, indicative of rapid exchange
of 13CO at room temperature.

Complex1 was similarly characterized. A Raman spectrum
of 1 displays two prominent peaks at 1290 and 1550 nhe
C,D4 isotopomer ofl shows only one peak in the same region,
at 1423 cm! (Figure 1b). Additional peaks appear in the-D
stretching region (2192, 2234, 2312, 2335 ¢jnand at 973
and 781 cm®. Similar characteristics were noted by Hirafshi
in the Raman spectrum of Zeise’s salt, K[PACkLH,4)]-H20,
and the deuterated analogue. Hiraishi concluded that the two
prominent modes observed between 1000 and 2000 ¢m
metal-C;H, compounds are coupled motions involving both
C=C stretching and CHiscissoring motions. The two peaks in
the Raman spectrum dfare accordingly assigned as coupled
motions of G=C stretching and Ckiscissoring. Substitution of
C.D, for CyH,4 effectively decouples these motions; the vibra-
tional frequencies in the D, complex are then assigned to
pure G=C stretching (higher energy) and gBcissoring (lower

prepared and isolated as stable crystalline solids according toenergy). We assign the peak at 1423 énin the GD4

two different procedures. In the first procedure, [Cp@h]-
[BF4]2 and Cu metal were combined under an ethylene or CO
atmosphere. A color change from blue to colorless indicated
the completion of the comproportionation. A solution of
[9]aneS was added, andl[BF4] or 2[BF4] was precipitated as

a white solid by addition of diethyl ether. The second procedure
involved displacement of GYEN from [Cu([9]ane)(CH:CN)|*

(3) by ethylene or CO. The starting materi@dPFs], was
prepared by reaction of [Cu(GEBN)4][PFe] with 1 equiv of
[9]anes in acetone. IsolategPFs] was characterized by Raman
and NMR spectroscopy[PFs] exhibits a characteristic single
sharp CN stretch at 2273 crh distinct from that of
[Cu(CHCN)4][PFg]. For preparation oi[PFs] or 2[PFg], 3[PFg]

was dissolved in acetone and cooled-t@8 °C. Ethylene or
CO gas was introduced, and the prodij@Fs] or 2[PFs] was
precipitated with diethyl ether. This latter method was also used
to prepare the isotopically labeled complexes [Cu([9]ajeS
(C2D4)][PFe] and [Cu([9]ane§(**CO)][PF].

Complex2 was characterized by solid-state Raman spectros-
copy and'H and*3C solution NMR spectroscophin the Raman
spectrum of2, an intense band is observed at 2123 &nA
shift to 2081 cn! upon incorporation of3C1%0 and to 2033
cm~1 with 13C80 (Figure 1a) allows assignment of this band
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1 and loss of that coupling upon deuteration and are consistent
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spectrum ofl, a single, isotope-sensitive band was observed at
366 cnt! (Figure 1b, inset). This mode is assigned as a metal
ethylene stretch. As in comple®, solid-state Raman and
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coordination of [9]ane$to Cu(l) with an AABB’ multiplet at
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4 Table 2. CO Stretching Frequencies and Structural Data from
Some Known Cu(l) Carbonyl Complexes
»(CO) M-C
complex (ecm?y (A ref
3 [Cu(en)(CO)T 2117 181 a
[Cu(HBpz)(CO)I* 2083 1.76 b
8 [Cu(dien)(CO)t 2080  1.77 c
z [{ Cu(tmen)(CO),CI]?* 2065 1.79 d
g 2 [(CsHs)Co{ P(O)(OMe)}s]Cu(CO)I* 2078 1.76 e
z complex2 2123 1.83  this work
w

aPasquali, M.; Floriani, C.; Gaetani-Manfredotti, lorg. Chem.
198Q 19, 1191.P Churchill, M. R.; DeBoer, B. G.; Rotella, F. J.; Abu
Salah, O. M.; Bruce, M. llnorg. Chem.1975 14, 2051.¢ Pasquali,
M.; Marchetti, F.; Floriani, Clnorg. Chem1978 17, 1684.9 Pasquali,
M.; Floriani, C.; Gaetani-Manfredotti, Anorg. Chem1981, 20, 3382.
eKlaui, W.; Lenders, B.; Hessner, B.; Evertz, RrganometallicsL988
7, 1357.F All distances were determined by X-ray crystallographic

0 1 2 3 4 5 6 analysis except those reported in this work.
R(A
) Table 3. Stretching Frequencies and Structural Data from Some
Figure 2. Non-phase-shift-corrected Fourier transformg @nd fits Known Cu(l) Ethylene Complexes
to the data (- - -) forl (top) and2 (bottom). Insets show the EXAFS
signal () and fits to the data (- - -). Vé(?CCI-)Iz—)i_ M_Ce
Table 1. Comparison of EXAFS Fit Results fdrand?2 complex (cm™) A ref
compound fitno. CN R(A) 0?(R?) AE(eV) errof [Cu(BU,P(NSiMe);)(CHa)] " 1516 1.987 a
[Cu(tmen)(GH)]* 1525  1.969, 1.95 b
1 1 3Cu-S 229 0.0042 —-10.79 0.461 [Cu(bipy)(GHA)* 1523 2.028,2.019 ¢ d
6Cu-C 317  0.0076 [Cu(phen)(GHA)]* 1525  1.998,2.022 ¢,d
6 Cu—-C 3.17 0.0072 ]
1Cu-C 2.09 -0.0005 a Straub, B. F.; Eisestrager, F.; Hofmannhem. Commurl999
3 3Cu-S 2.30 0.0042 —10.96 0.209 24, 2507.P Suenaga, Y.; Wu, L. P.; Kuroda-Sowa, T.; Munakata, M.;
6Cu—C 3.18 0.0073 Maekawa, M Polyhedron1997 16, 67. ¢ Munakata, M.; Kitagawa, S.;
2Cu—-C 211 0.0029 Kosome, S.; Asahara, Anorg. Chem1986 25, 2622.9 Masuda, H.;

Yamamoto, N.; Taga, T.; Machida, K.; Kitagawa, S.; Munakata,JM.
Organomet. Cheml1987, 322 121.°All distances were determined
by X-ray crystallographic analysis except those reported in this work.

2 1 3Cu-S 230 0.0030 —12.78 0.868
6Cu-C 3.3 0.0025

2 3Cu-S 230 0.0030 —12.78 0.544
6Cu-C 3.14 0.0025

1Cu-C 182  0.0012 shell FT feature at2.4 A (non-phase-shift-corrected), which
8 gguu:g 53 8'883:,__1) —12.40 0.361 is well fit by inclusion of multiple scattering interactions from
1C-C 183 00016 a linear CO as well as by inclusion of EC/N interactions
1Cu-0" 3.02 0.0035 from the [9]ane$ligand (Table 1).
302 0.0035 Given the solution lability and relative instability @fand2,

2 Error is given by [(xobsa — xcacd %)/, wheren is the number of  solid-state methods have proven effective in their characteriza-
data points? T_hese components represent the_ smgle-sgatterlng path tion. Characterization of and2 reveals weak metalethylene
(:}op) af_nd multiple-scattering path (bottom), which were linked during and metatCO interactions. Comparison of structural and
the refinement. :

vibrational data forl and 2 with known copper(l)-ethylene

3.17 ppm in thelH NMR spectrum, attributable to the @nd copper(h-CO complexes (Tables 2 and 3) shows that
spectrum is that of free ethylene at 5.43 ppm. The low-frequency /ong M—C bond distances. Room-temperature NMR datalfor
metal-ethylene vibration and the absence of bound ethylene and2 show that in these complexes theHz and CO ligands
in the solutiontH NMR spectrum at room temperature suggest are in competition with solvent. At room temperature, neither
a weak metatethylene bond irl. ethylene nor CO can displace GEN from the starting material
Cu K-edge EXAFS measurements were used to define the [Cu(CHsCN),][PFg] to form 1 or 2. Together, these data suggest
metrical parameters df and 2. For 1, the Fourier transform  that the [9]ane$ complexes exhibit metaligand bonding
(FT) of the EXAFS spectrum (Figure 2) is dominated by three interactions that are weaker than those of many known cop-
Cu-S interactions at 2.30 A, with a weakly resolved shoulder per(l)—ethylene or copper()CO species.
at low R corresponding to two GtC/N interactions at 2.11 A.
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