A remarkably stable copper (1) ethylene complex: synthesis, spectroscopy and

structure
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The novel copper(1) ethylene complex [But,P(NSiMes;),-
k2N]Cu(n?-C,H,) and its norbornene analogue have been
synthesized and characterized and their solid state struc-
tures determined.

Copper(1) olefin complexes play an important role in bio-
chemistry and modern organic chemistry. Copper-catalyzed
addition of carbanionsto «,3-unsaturated carbonyls and copper-
catalyzed cyclopropanation of alkenes by «-carbonyl diazoalk-
anes involve copper olefin complexes as catalytically active
species or resting states.l# Ethylene, the smallest plant
hormone, binds tightly to the copper receptor site ETR 1,56
participating in avariety of stress responses and developmental
processes.” Thompson et al. synthesized and characterized the
first stable copper(l) ethylene complex, [HB(3,5-Mes-
1,2-HC3N)3-k3N]Cu(n2-C,H,4), in 1983.8 Nevertheless, the
stability of the ethylene/receptor complex is much higher than
that of any reported artificial copper ethylene complex.5.6:9

Owing to the notorious lability of ethylene coordination in
known copper(1) complexes, only one extrapolated :3C NMR
chemical shift relative to free ethylene (A6 = 31.1)1° and no
1Jc coupling constant for copper(1) coordinated ethylene could
be determined. Obviously, such data are highly relevant for an
understanding of the copper(1)—ethylene bond.

Here, we report a remarkably stable copper(i) ethylene
complex 1, which is easily accessible by utilizing a tailor-made
sterically demanding and electron-rich iminophosphanamide,
first described by Scherer and Schieder more than 30 years
ago,!1 as a co-ligand, generated by in situ deprotonation
(Scheme 1).12

The stability of 1 in the solid state and in solution is
unprecedented. Colorlesscrystalsof 1 can bedried at 10—3 mbar
at ambient temperature without decomposition. Complex 1
melts at 108 °C to a colorless liquid which only slowly
decomposes at that temperature. Protonated 1 could be observed
in the gas phase (Cl + M S, 2-methylpropane). No free ethylene
isdetected by *H NMR spectroscopy upon dissolving 1in CgDeg,
CDCl; or toluene-dg in an argon atmosphere. The presence of
additional ethyleneleadsto separate broad signals of free and of
coordinated CoHj, indicating associative olefin exchange.

The C—C distance of ethylenein 1is 1.362(6) A, which does
not differ significantly from the corresponding distance in free
ethylene [1.3369(16) A].13 The sp?-character of the C,H,
carbons is in accordance with a 1Jcy coupling constant of
158 Hz, which is even larger than in free ethylene
(156 Hz).14

The *H NMR resonance of the ethylene protons at 6 3.48
(CsDs, 298 K; for free ethylene § 5.24 under the same
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Scheme 1 Synthesis of 1t

conditions) is shifted by 0.5 ppm to higher field than the most
upfield copper(r) ethylene signal (6 4.0) reported so far.1s The
13C NMR signal isdetected at ¢ 73.0 with an upfield shift of 50
ppm compared to free ethylene. Lower temperatures and
aromatic solventslead to an upfield shift of the ethylene protons
(6 3.35, toluene-dg, 233 K; 8 3.63, CDCl3, 223 K).

The norbornene complex [But,P(NSIMes),-k2N]Cu(n2-
C;H1g) 2 could be obtained in a similar way.t Its solid state
geometry, structurally analogous to 1, is shown in Fig. 2.

Unlike 1, complex 2 allows determination of the rotational
barrier of the olefin ligand as AG* = 41.5+ 2.0kJmol—1 (VT
13C{1H}NMR) through coalescence of the signals of both the
diasterectopic C(CH3)s and C(CH3)3 carbons.

The high basicity of the anionic iminophosphanamide - and
si-donor ligand and the small bite angle N—Cu—N of 77.80(9)° in
the four-membered neutral chelate ring system seem to be
responsible for the unprecedented stability and unusual spectra
properties of 1. The high HOMO and the low LUMO energy of
a dio-ML, fragment with a small bite anglel® |ead to increased
st-back bonding towards the olefin and a strong ol efin-to-metal
dative bond, thus causing an increased ethylene ligand dissocia-
tion energy compared to other neutral and, even more so,
cationic copper(r) units. Formation of stable dinuclear olefin-
free copper(1) complexeswith nearly linear N—-Cu-N fragments
and concomitant weak d10—d10 interaction as known from other
systems8 is hampered by the sterically demanding iminophos-
phanimide ligand system with its SiMe; groups bent towards the
olefin side (P-N-Si = 150°).

Complex 1 catalyzes cyclopropanation of styrene with «-
carbony! diazoalkanes at room temperature. The extremely high

Fig. 1 ORTEP diagram of the solid state structure of 1.3 Hydrogen atoms of
the methyl groups are omitted for clarity. Selected bond lengths (A) and
angles (°): P-N(1) 1.6013(16), Si(1)-N(1) 1.7055(17), Cu-N(1)
2.0140(16), Cu—C(1) 1.987(3), C(1)-C(1A) 1.362(6); P-N(1)-Si(1)
151.35(11), N(1)-P-N(1A) 104.33(12), P-N(1)-Cu 88.93(8), N(1)-Cu—
N(1A) 77.80(9).
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Fig. 2 ORTEP diagram of the solid state structure of 2.3 Hydrogen atoms of
the methyl groups are omitted for clarity. Average values of the three
independent molecules with assumed Cs-symmetry in the asymmetric unit
(standard deviation) are quoted. Selected bond lengths (A) and angles (°):
P-N(1) 1.599(5), Si(1)-N(1) 1.704(9), Cu-N(1) 2.031(7), Cu—C(2)
2.026(23), C(21)—-C(22) 1.377(20); P-N(1)-Si(1) 149.4(1.5), N(1)-P-N(2)
104.7(3), P-N(1)—Cu 89.0(4), N(1)-Cu-N(2) 77.1(1).

solubility of 1 even in akanes and its NMR active nuclei (*H,
13C, 295 and especialy 31P) now offer an ideal chance to
investigate mechanistic aspects of organometallic copper(1)
chemistry, especially of copper(1)-catalyzed cyclopropanation.
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Notes and references

T 9ynthesisof 1: 13ml 1.6 M BunLi in hexane (21 mmol) were added to 5.78
g (18.0 mmol) BUut,P[N(SiMe3)|NH(SiMez)1t in 20 ml of hexane under an
argon atmosphere, and the solution was refluxed for 1 min,12 then added to
asuspension of 4.97 g (24 mmol) CuBrSMe; in 20 ml of hexaneat —78 °C
and stirred while warming to ambient temperature. Ethylene (99.7%) was
bubbled into the black suspension for 2 min. The suspension was filtered
through Celite under an ethylene atmosphere. From the slightly yellow
solution crude 1 was crystallized at —78 °C. Recrystallization yielded 3.21
g (7.8 mmol, 43.4%) of 1, crystallization from the collected organic phases
yielded another batch of 2.80 g (6.6 mmol, 36.7%) (purity >97% 1).
Colorless crystals, mp 108 °C (slow gas evolution and decomp. of the
colorless liquid); IR (KBr/em—1): v 1516 (C=C); *H NMR (298 K, CgDs,
300.13 MHz): §3.48 (s + sat, Yy 158 Hz, CH; 4H), 1.21 [d + sat, 3Jpy 14
Hz, 1Jcy 126.5 Hz, C(CHg)s; 18H], 0.21 [s + sat, *Jcn 117 Hz, Si(CH3)s;
18H]; 13C NMR (gated decoupling) (298 K, CgDs, 75.47 MHz): 6 73.0 (t,
ey 158 Hz, 2] 4 Hz, CHz), 37.2 [ddeZ, Jep64Hz,2)cH 4Hz, C(CH3)3] y
28.2 [q sept d, YJcy 126.5 Hz, 3Jcy 5.1 Hz, 2Jcp 2.6 Hz, C(CH3)3], 5.6
[q‘OCt' + sat, 1ch 57 Hz, 3JCH = 2Hz = 3Jpc, S|(CH3)3], 293{1H} NMR
(DEPT) (298 K, CgDsg, 59.63 MHz): § —14.2 (d + sat, 2Jpg 14.8 Hz, Ycg
57 Hz); 31P{1H} NMR (298 K, CDg, 121.50 MHZ): 661.2 (s+ sat, 1Jcp 64
Hz, 2Jps 14.8 Hz); CI-MS (%): mVz 764.3 (L,Cu,*) (77), 687.3 (LoCu —
CH3 + H*) (57), 629.3 (L.Cu* — CH3 — C4Hg) (75.1), 411.2 (M + H*)
(2.1), 395.2 (M* — CHg3) (16), 383.2 (LCu + H*) (35), 321.2 (LH + H*)
(100); elemental analysis for C16H40oN-CUPSi,; calc: C, 46.74; H, 9.80; N,
6.81; P, 7.53; found: C, 46.38; H 10.04; N, 6.89; P, 7.24%.

Spectroscopy of 2: tH NMR (298 K, CgDg, 300.13 MHZz): §4.16 (s + sat,
ey 164 Hz, =CH; 2H), 2.96 (br. s, CH, 2H), 1.38 (dt, 2Jyy 9.5 Hz, 3344
1.8 Hz, syn-CHH; 1H), 1.24 [d, 3Jpy 14 Hz, C(CHa)s; 18H], 1.22 (dd, Jun
2 and 13 Hz, exo-CHH; 2H), 0.74 (dd, Jun 2.3 and 7.7 Hz, endo-CHH; 2H),
0.68 (dt, 2Jyy 9.5 Hz, 3Jy 1.4 Hz, anti-CHH; 1H), 0.36 [s, Si(CHa3)3; 18H];
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13C{1H} NMR (298 K, CgDs, 75.47 MHz): 6 93.1 (s, =CH), 43.7 (s, CH),
429 (s, CHy), 37.7[d, *Jcp 64 Hz, C(CHy3)3], 28.2[d, 2Jcp 2.4 Hz, C(CH3)4],
25.5 (s, CH,CHy), 5.8 [d, 3Jpc 2 Hz, Si(CH3]s); 2°Si{*H} NMR (DEPT)
(298 K, CgDg, 59.63 MHz): 6 —14.8 (d, 2Jpg 15 Hz); 31P{1H} NMR (298
K, CsDs, 121.50 MHz): 6 60.1 (s + sat, LJcp 65 Hz, 2Jpg 15 Hz); VT
13C{1H} NMR (toluene-ds, 75.47 MHz): C(CHg)s, Tc = 197.5+ 4.0K, k¢
= 42Hz; C(CHgy)3, Tc = 200.5+ 4.0K, k. = 68 Hz; temperature calibration
by external MeOH. Addition of norbornene has no effect on the coal escence
temperatures, ruling out associative mechanisms for the observed degen-
erate rearrangement.

T Data were collected on a Bruker SMART CCD instrument and the
structure solutions were performed using SHELXTL V5.10,17 respectively.
Intensities were corrected for Lorentz and polarization effects, an empirical
absorption correction was applied using SADABS!8 based on the Laue
symmetry of the reciprocal space.

Crystal data: 1: C;6H40CuUN,PSi,, M = 411.19, monoclinic, space group
C2/c,a = 11.6400(2), b = 15.9236(3), ¢ = 12.6352(2) A, B = 95.949(1)°,
V = 2329.33(7) A3, Z = 4, half amolecule per asymmetric unit, u=1.11
mm-—1, 8508 reflections measured at —73 °C, 2002 independent reflections
(Rint = 0.0239), 1679 reflections observed [I > 20(1)], final agreement
factors for 115 parameters: Rl = 0.027, wR2 = 0.064 (observed
reflections) and R1 = 0.037, wR2 = 0.068 (all data).

2: Cy1H46CUNLPSI;, M = 477.29, monoclinic, space group P2;/n, a =
10.2429(2), b = 42.4725(1), c = 18.6134(4) A, B = 98.442(1)°, V =
8009.9(3) A3, Z =12, three independent molecules per asymmetric unit, u
= 0.98 mm—1, 59684 reflections measured at —73 °C, 13850 independent
reflections (Rx = 0.1098), 7346 reflections observed [| > 20(1)], fina
agreement for 790 parameters: R1 = 0.078, wR2 = 0.159 (observed
reflections), and R1 = 0.167, wR2 = 0.195 (all data).

CCDC 182/1478. See http://www.rsc.org/suppdata/cc/1999/2507/ for
crystallographic filesin .cif format.
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