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Monomeric Cu(l) alkyl complexes (NHC)Cu(R) (NHE€ N-heterocyclic carbene; R Me or Et) and
(dtbpe)Cu(Me) (dtbpe= 1,2-bis(ditert-butylphosphino)ethane) have been prepared, isolated, and
characterized. Single-electron oxidation of the Cu(l) alkyl complexes upon reaction with AgOTf to form
putative Cu(ll) intermediates of the type [(L)Cu(R)|L = NHC or dtbpe, R= Me or Et) results in the
rapid production of (L)Cu(X) (%= OTf) and R. Experimental studies suggest that the reductive elimination
of R, from Cu(ll) occurs through a nonradical bimolecular mechanism. Computational studies of the
Cu—Chretny Yield bond dissociation enthalpies of [(SIPry€@Hg]"* (80 kcal/mol forn = 0 {Cu(l)} and
38 kcal/mol forn = 1 {Cu(ll)}).

Introduction Scheme 1. Possible Pathways for Elimination of

. Metal —Carbon Bonds
In the area of homogeneous catalysis, the development of

well-defined and selective catalytic cycles often requires access __‘_'_‘_'

to even-electron transformations in preference to odd-electron “{'n_R - M2 + R
radical processes. Therefore, relatively strong®bonds can R ?

be desirable for organometallic systems, and understanding the o

factors that control M-C bond dissociation enthalpies (BDESs) Reductive Elimination from Two Metal Centers
as well as other metaligand BDEs is of fundamental M—R____ 5 2M™ + R,
importance:~7 In addition to the propensity of a system to M"—R

initiate M—C bond homolysis and radical chemistry, the
mechanism of €C reductive elimination processes depends T

on M—C bond energies. For example, the net reductive MT—R > M+ R

elimination of M—C bonds can proceed by direct<C bond . .
formation from a single metal center (formal two-electron ~ COPPEr complexes have played a prominent role in homo-
reduction of the metal), €C elimination from two metal centers ~ 9€N€0OUS cEEtZ%Iyss and metal-mediated synthesis of organic
(formal single-electron reduction of each metal), or initial Molecules:® 2 Despite the substantial utility of copper com-

metal-carbon bond homolysis (formal single-electron reduction 2 S P—— | o
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plexes and the integral role of transition metal complexes that
possess metalalkyl or metat-aryl ligands in the field of
homogeneous catalysis, the number of copper hydride, alkyl,
or aryl complexes that are isolable and well-defined are few,
and this is especially true of monomeric systefhs? Copper
systems that possess-€R (R = alkyl or aryl) or Cu-H bonds

are often highly reactive substrates. The reduction of Cu(ll)
halides with tetraalkyllead has been studied, which may involve
Cu(ll) alkyl systems$3 Whitesides et al. have studied the
mechanism of decomposition of Cu(l) alkyl complexes in the
presence of phosphine ligand#s5and, most germane here, the
elimination of alkanes upon reaction of dialkylcuprates with
molecular oxygen has been exploféd.

Recently, Sadighi et al. have reported the synthesis, isolation,
and full characterization of the two-coordinate Cu(l) methyl
complex (IPr)Cu(Me) (IPr= 1,3-bis(2,6-diisopropylphenyl)-  rjq e 1. partially labeled ORTEP of (SIPr)Cu(OAd)(at 30%
imidazol-2-ylidenef? Given the diversity of reactivity available  propapility (hydrogen atoms omitted). Selected bond distances
for the Lewis acidic Cu(ll) oxidation state, we became interested (4): cu1—-01 1.838(2), Cu+C1 1.886(3), 0+C28 1.276(4),
in exploring the possible preparation of Cu(ll) alkyl complexes. 02—C28 1.222(6), C+N1 1.322(6), C+N2 1.324(6), C2C3
To our knowledge, no isolable Cu(ll) alkyl complexes have been 1.512(8). Selected bond angles (deg): Cu1-01 172.5(2),
reported. Herein, we report that single-electron oxidation of a Cul-—01—-C28 125.3(3), 0+C28-02 125.2(4), O+ C28-C29
series of two-coordinate Cu(l) complexes of the type (NHC)- 120.2(4), CutC1-N2 126.5(3), Cu+C1-N1 124.4(4), N+ C1—

Cu(R) (NHC= N-heterocyclic carbene, R methyl or ethyl)
and the three-coordinate complex (dtbpe)Cu(ftippe= 1,2-
bis(ditert-butylphosphino)ethageresults in the formation of
unstable systems that rapidly undergo reductive elimination of
the alkyl ligand to return to the Cu(l) oxidation state.

Results and Discussion

Synthesis of Copper(l) ComplexesThe complexes (SIPr)-
Cu(OAc) @) and (IMes)Cu(OAc) 2) (SIPr = 1,3-bis(2,6-
diisopropylphenyl)-4,5-dihydroimidazol-2-ylidene; IMes1,3-
bis(2,4,6-trimethylphenyl)imidazol-2-ylidene) can be prepared
in reactions analogous to the synthesis of (IPr)Cu(C#&c).
Complexedl and2 have been characterized By and*C NMR
spectroscopy and elemental analysis. In addition, single-crystal
X-ray diffraction studies ol and2 have confirmed their identity
(Figures 1 and 2 and Table 1). Other examples of structural
characterization of Ctdcarboxylate complexes, including both
Cu(l) and Cu(ll) oxidation states, have been repofted .+
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Figure 2. ORTEP of (IMes)Cu(OAc) Z) at 30% probability
(hydrogen atoms omitted). Selected bond distances (A):—@il
1.867(3), CutC1 1.859(3), O+ C22 1.233(5), 02C22 1.223-
(6), C1—N1 1.354(3), C+N2 1.356(3), C2C3 1.349(4). Selected
bond angles (deg): CG1Cul-01171.1(1), Cu+0O1-C22 116.3-
(3), 01-C22-02 124.4(4), O+ C22-C23 117.0(4), CuxCl—
N2 127.6(2), Cu+C1-N1 128.8(2), N+ C1-N2 103.5(2).

The structures ofl and 2 reveal nearly linear CiCul—-0O1
linkages with bond angles of 172.5{29nd 171.1(1), respec-
tively. The Cu-O bond distance of is 1.838(2) A, while that
of 2 is 1.867(3) A. Thus, the CuO bond distances differ by
0.029(4) A, with the bond length for the SIPr complekeing
shorter. As previously reportéd, (IPr)Cu(OAc) exhibits a
Cu—O bond distance of 1.850(3) A, which is intermediate
betweenl and2. Similar to (IPr)Cu(OAc), the acetate ligands
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Table 1. Selected Crystallographic Data and Collection Parameters for (SIPr)Cu(OAc)-6He (1-CsHg), (IMes)Cu(OAc) (2),
(dtbpe)Cu(OAc) (5), and (IPr)Cu(OTf) (7)

1-CgHs 2 5 7
empirical formula 65H47CUN202 Co3H27CuNO2 C20H43CU02P2 C28H35CU|:3,N203S
fw 591.29 427.01 441.02 601.19
cryst syst monoclinic monoclinic triclinic orthorhombic
space group P2, P2i/c P1 P2:2:2;

a A 10.1166(9) 9.4280(6) 15.1868(9) 10.5522(5)

b, A 16.599(2) 20.037(1) 15.6168(9) 14.2330(7)

c, A 10.980(1) 11.9928(8) 16.027(1) 20.448(1)

a, deg 98.396(1)

f, deg 110.600(2) 104.074(1) 98.581(1)

y, deg 99.305(1)

V (A3) 1725.9(3) 2197.6(2) 3652.4(4) 3071.1(3)
2 4 6

Decalca g CNT 3 1.138 1.291 1.203 1.300

cryst size (mm)
Ry, WRy {I > 20(1)}
GOF

of 1 and2 both exhibit ac!-coordination mode, and Sadighi et
al. have suggested the possibility that the prefexfecbordina-
tion mode (in preference to theé*-coordination mode) is the

0.1% 0.14x 0.50
0.0593, 0.1361
1.013

0.32x 0.40x 0.58
0.0565, 0.1591
1.031

0.36x 0.38x 0.40
0.0434, 0.1122
1.035

0.25x 0.38x 0.40
0.0453, 0.1050
1.009

a single crystal ob revealed three independent molecules in
the crystallographic asymmetric unit. An ORTEP of one
molecule is depicted in Figure 4, and data collection and

result of an intermolecular interaction between the distal oxygen structure solution parameters are given in Table 1. In contrast

and a hydrogen of a second carbene liggh@the distance

to the (NHC)Cu(OAc) complexes (see above), in all three

between Cu and the distal oxygen is shorter for the IMes molecules, the acetate ligand ®fs coordinated in a?-mode

complex2 (2.831 A) than for the SIPr complek (3.082 A)
but is similar to that of (IPr)Cu(OAd)2.868(4) A . The similar

with varying degrees of asymmetry. The-©0 bond distances
of 5 are substantially elongated (average of 2.146 A) compared

bond distances o2 and (IPr)Cu(OAc) suggest that electronic  with the Cu-O bond distances of complexés{1.838(2) A
effects of the carbene ligand likely govern the interaction, a and2 {1.867(3) A. For the three independent molecules in
result supported by density functional calculations on (NHC)- the solid-state structure @&, the Cu-O bond distances are
Cu(acetate), which show conversion of the acetate ligand from

«? to k! upon energy minimization, presumably driven by the
stability of linear, two-coordinate geometries fof®-Cu(l). If
steric effects were dominant, it is anticipated that (IPr)Cu(OAc)
and (SIPr)Cu(OAc)X) would exhibit more structural similarity.
Furthermore, space-filling diagrams férand 2 (taken from
the X-ray structures) suggest more facile access to the Cu cente
for complex2 relative to complext (Figure 3).

The reaction ofl or 2 with AlMe3 produces (SIPr)Cu(Me)
(3) and (IMes)Cu(Me)4), respectively (eq 1). The Cu(l) methyl
complexes have been characterized ¥ and 3C NMR
spectroscopy. The methyl groups resonate as singlet &tl
ppm for3 and—0.28 ppm for4 in the'H NMR spectrum, which

are similar to the resonance &a0.49 ppm for the previously
reported complex (IPr)Cu(Md)IPr = 1,3-bis(2,6)-diisopropy-

Iphenyl)imidazol-2-ylidenk.

(SIPNCU(OAC) (1)
(IMes)Cu(OAc) (2)

(OACc) (5) in 66% isolated yield. An X-ray diffraction study of

Me3zAl
u-OAC ———»

R

R : ~R

R\©/R
X

(SIPCu(Me) (3)
(IMes)Cu(Me) (4)

Generic representation for:
SIPr, IMes and IPr ligands

N
[ >-cu-me (1)
N

Figure 3. Space-filling diagrams for (SIPr)Cu(OAc))((depicted
on the left) and (IMes)Cu(OAc)2] (depicted on the right) with
view from above the NHC plane.

Figure 4. Labeled ORTEP of (dtbpe)Cu(OAc)5)( at 30%
probability (hydrogen atoms omitted). Selected bond distances
(A): Cu2—03 2.121(2), Cu204 2.172(2), Cuz2P3 2.2358(7),
Cu2—-P4 2.2529(8), C2203 1.254(4), C2:+04 1.240(3), C2%
C22 1.515(4). Selected bond angles (deg): €02—C21 88.0-
(2), Cu2-03—C21 90.0(2), 03C21-04 121.2(2), O3 C21-
C22 119.5(3), 04C21-C22 119.4(3), P3Cu2—-P4 95.87(3),
The combination of dtbpe and Cu(OAc) yields (dtbpe)Cu- 03—Cu2-04 60.78(8), P3Cu2—03 131.26(7), P4Cu2—03

119.32(7), P4 Cu2-04 122.49(7).
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Figure 5. Partially labeled ORTEP of (IPr)Cu(OTfy) at 30%

probability (hydrogen atoms omitted). Selected bond distances

(A): Cul—01 1.875(2), Cu+C1 1.863(3), 0+ S1 1.469(3), 02
S1 1.423(3), O3S1 1.405(3), CEN1 1.353(4), C+N2 1.346-
(4). Selected bond angles (deg): ©Qul—0O1 175.6(1), Cut
01-S1 121.9(1), 0%S1-C28 100.2(2), 0+S1-03 112.6(2),
01-S1-02 113.8(2).

2.078(2)/2.270(2) Afbond length= 0.192 A), 2.121(2)/2.172-
(2) A (Abond length= 0.051 A), and 2.086(2)/2.246(2) A
(Abond length= 0.16 A).

In a fashion similar to the NHC complexes, the reactiob of
with AlMe3 produces (dtbpe)Cu(Mep) (eq 2). The methyl
ligand of 6 resonates as a broad singlet at 0.35 ppm in‘kthe
NMR spectrum, while thé3C NMR spectrum reveals a broad
singlet at—7.1 ppm.

R2
R AIMe3

/Cu— OAc Cu— Me
Ry (8) R2

Oxidation of Copper(l) Methyl Complexes. Reaction of the
previously reported (IPr)Cu(Me) with AgOTf should provide

Goj et al.

After 10 min of reaction time, &H NMR spectrum of a gDg
solution of (IPr)Cu(Me) and 0.5 equiv of AgOTf reveals the
formation of ethane and an approximately 1:1 molar ratio of
(IPr)Cu(Me) and compleX. The combination of the previously
reported ethyl complex (IPr)Cu(Et) and AgOTf ing@s
produces (IPr)Cu(OTf) and butane as the primary products.
Identical observations are made for reactions of (SIPr)Cu(Me)
(3) and (IMes)Cu(Me)4) with AgOTf in either GDg or toluene-

dg. TheH NMR spectrum of a gDg solution of (IPr)Cu(Me),
(IPr)Cu(Et), and AgOTTf (1:1:2 molar ratio) reveals resonances
consistent with the production of ethane, propane, and butane
as well as (IPr)Cu(OTf) (eq 4).

R
R ; R R

N N
[ >Cu-R'+ AgOTf — = [[ >-Cu-OTf + R"; (3)
N

R
R
N
R R R R
R" = Me or Et
R R

AgOT + ethane
—> E >—Cu-OTf + propane (4)
CeDs + butane

R R R/Q\R
[N>—Cu-Me+ EN)—Cu-Et

The observations upon reaction of €methyl complexes
with single-electron oxidants are consistent with a reaction
pathway that involves initial oxidation of Cu(l) to the unob-
served (even at low temperatures) Cu(ll) systems [(NHC)Cu-
(R)][OTH] followed by net reductive elimination of R to reduce
Cu(ll) to Cu(l). Consistent with a reaction pathway that involves
initial single-electron transfer to form Cu(ll) and elemental Ag,
the combination of (IPr)Cu(Me) and [@e][PFs] in C¢Dg
produces Cyg-e (singlet at~4.0 ppm in theH NMR spectrum),
ethane, and a single IPCu complex that is likely (IPr)Cu-
(FPFs) or [(IPr)Cu(z?>-benzene)][P. A °F NMR spectrum of

access to single-electron transfer to produce the Cu(ll) speciesthe latter product reveals only a doublet-868 ppm {Jep =

[(IPr)Cu(Me)][OTf] and Ag(s). The combination of these two
reagents in sealed NMR tubes i cleanly produces the
complex (IPr)Cu(OTf) 7) and ethane (as determined Bt

NMR spectroscopy) within 5 min at room temperature (eq 3).

Jordan et al. have reported that reactions of Zr(IV) alkyl
complexes with Ag(l) salts result in “redox cleavage” ofZr
alkyl bonds*46Although the preparation of compl&has been
previously reported’ single crystals were grown for a solid-
state X-ray diffraction study (Figure 5, Table 1). The triflate
ligand is coordinated through a single oxygen atom with a-€ul
O1 bond distance of 1.875(2) A. As anticipated for two-
coordinate Cu(l), the CCul—01 linkage is nearly linear, with

a bond angle of 175.6(1)For the reaction of (IPr)Cu(Me) and

709 Hz). Thus, the Rfanion remains intact and is not ruptured
to form a Cu-fluoride complex and P Although the reaction

of (IPr)Cu(Me) with ferrocenium demonstrates that outer-sphere
electron transfer to form [(IPr)Cu(Me)]followed by C-C
reductive elimination is a viable pathway, it does not definitely
eliminate the possibility of forming Ag(l) alkyl complexes upon
reaction of (NHC)Cu(R) systems with AgOTf. However, the
decomposition of Ag(l) methyl and ethyl systems has been
reported to occur via AgC bond homolysis and to produce
olefins as well as alkané8,observations that are inconsistent
with the transformations involving the (NHC)Cu(R) systems
(see below). Thus, it is likely that reaction of AgOTf with
(NHC)Cu(R) complexes is proceeding through outer-sphere

AgOTf, the singlet due to ethane appears at 0.82 ppm. A minor single-electron transfer to form unobserved [(NHC)CutR)]
resonance slightly above the noise threshold consistent with CH intermediates. The subsequent reductive elimination of alkane
is also detected. The source of the hydrogen atom to yielg CH to re-form Cu(l) likely involves either an initial GuC bond

is unknown. Neither performing the reaction in the presence of homolysis or bimetallic reductive elimination from two metal

the radical trap 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO)
nor using toluenels as solvent substantially alters the reaction.

(45) Jordan, R. F.; Dasher, W. E.; Echols, SJFAm. Chem. So04986
108 1718-1719.

(46) Jordan, R. F.; LaPointe, R. E.; Bajgur, C. S.; Echols, S. F.; Willett,
R.J. Am. Chem. S0d.987 109 4111-4113.

(47) Munro-Leighton, C.; Blue, E. D.; Gunnoe, T. B.Am. Chem. Soc.
2006 128 1446-1447.

centers.

We have previously demonstrated that oxidation of Ru(ll)
complexes of the type TpRu(L)(IMe (L, L' = neutral, two-
electron-donating ligands) to Ru(lll) in deuterated solvents
results in rapid reduction to the Ru(ll) systems TpRu(UXL

(48) Beverwijk, C. D. M.; Van der Kerk, G. J. M.; Leusink, A. J.; Noltes,
J. G.Organometallic Chem. Re Sect. A197Q 5, 215-280.
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Scheme 2. Proposed Pathway for Conversion of Scheme 3. B3LYP/6-31G(d)-Calculated CttCpmetnyi Bond
(NHC)Cu(R) and AgOTf to R, and (NHC)Cu(OTf) Involves Dissociation Enthalpies and lonization Potentials for
Initial Oxidation to Cu(ll) and Bimetallic Elimination of R » (SIPr)Cu'(Me) (3) (bottom) and [(SIPr)Cu"(Me)]* (top)

(NHC = N-Heterocyclic Carbene)

—

R R —ot R/©\ . /©\
2 Ag(s) 37.8 kecal/mol

R R R R N

) [N>—Cu” Me T———> [ >—Cu' + HCe
_N ) _N
2 [N>—Cu—R + 2 AgOTfI—» 2 EN)—Cu-R" \©/ R\©/R

R R R R
Not 5.97 eV 414eV
R’ . R'

R l observed (137.7 kealimol) R='Pr (95.5 kcal/mol)
N (NHC)Cu—R" R R R
) + E > Cu-OTf --— 2 N 79.9 keal/mol
N "R—Cu(NHC) EN)—CU' Me |:{> [ >—Cu + HsCe
R R
aia o

R
OTf with production of CHD and perprotio ethar®. These complex (SIPr)Cu(Me) 3) to the Cu(ll) (¢, 13-electron
transformations likely proceed through a facile -Rti bond complex) system [(SIPr)Cu(Me)]significantly decreases the
homolysis, as indicated by substantial production of;Bkh homolytic Cu—Ciethyt BDE from 80 kcal/mol to 38 kcal/mol.

tolueneds {weak benzylic G-H(D) bond increases methane This represents a 53% reduction in BDE upon single-electron
productio and the lack of production of methane/ethane in oxidation. In comparison, we have recently reported that
the presence of radical traps such as TEMR®Ocontrast, oxidation of the octahedral Ru(ll) §d18-electron complex)
regardless of whether the reaction is performed igDg or TpRu(CO)(NCMe)(Me) (Tp= hydridotris(pyrazolyl)borate) to
toluene-g, oxidation of the copper systems and return to Cu(l) the Ru(lll) (P, 17-electron complex) is calculated to reduce
produces predominantly ethane (or butane in the case ®f R the Ru-Cietnyi BDE from 49 kcal/mol to 23 kcal/mol, which
ethyl) with no eidence for formation of CgD. Also, the is an approximately 52% reduction in BDEThus, for two
addition of TEMPO does not alter the reagty. Thus, a seemingly disparate systems, single-electron oxidation decreases
bimetallic pathway for alkane elimination seems likely (Scheme the BDE by a remarkably similar magnitude addition to the
2). We currently have no evidence that suggests the nature ofcalculated decrease in BDE upon conversion of (SIP{)\=)
the putative bimetallic system that likely precedes alkane (3)to [(SIPr)CU (Me)]* of 42 kcal/mol, the ionization potential
elimination. of (SIPr)Cu(Me) (3) (5.97 eV) is calculated to be approximately
Similar to the (NHC)Cu(Me) complexes, at room temperature 1.83 eV (42 kcal/mol) higher than that of (SIPr)Cu (4.14 eV).
the reaction of AQOTf and (dtbpe)Cu(Me&)(in C¢Dg produces The calculated CuCye vibrational frequencies for [(SIPr)Gu
ethane and a diamagnetic Cu complex consistent with (dtbpe)-(Me)]™ and (SIPr)Cl{(Me) are nearly identical, ca. 572 cf
Cu(OTf) (eq 5). Nearly identical observations are made for the The calculated CtCye bond lengths are also roughly equiva-
analogous reaction in toluertg- In contrast to oxidation of lent, 1.896 A for the Cu(ll) complex and 1.909 A for the Cu(l)
(NHC)Cu(Me) systems, no evidence for formation of methane complex3, a variation commensurate with literature values for
is observed for the oxidation of compléx Thus, the results  ionic radii differences for both tetrahedral and octahedral Cu-
are consistent with initial oxidation of compléxto the Cu(ll) (1) and Cu(l) ions Ario{ Cu(l/1)} & 0.03-0.04 A]5° Hence,
complex [(dtbpe)Cu(Me)][OTf] followed by elimination of the computations suggest the possibility that both copper
ethane to produce (dtbpe)Cu(OTf) in a transformation that does methyl complexes have intrinsically similar copp@nethyl
not likely involve Cu-C bond homolysis. bond thermodynamics and that the lower BDE for the Cu{ll)
methyl complex primarily reflects formation of a stable Cu(l)

§2 ’;2 complex upon scission of [(SIPr)&{Me)]*.

[ Noume AgOT! \Cu—OTf + HyCCH; (5) Summary and ConclusionsTransition metal alkyl linkages
p CgDg or p are often unstable for paramagnetic complexes, and this is
Ry (6)  toluene-dg  R; largely attributable to an increased predilection toware @1

R="Bu bond homolysis that results from decreased®BDEs. As

an example, we recently reported that single-electron oxidation
Computational Results.We have studied the CGtC BDEs of thermally stable Ru(ll) complexes of the type TpRu(L)R

of (SIPr)Cu(Me) and [(SIPr)Cu(Me}]using B3LYP/6-31G(d) to Ru(lll) complexes [TpRu(L)(DR] " results in reactivity that
calculations on the full SIPr models (Scheme 3). At the Cu(l) is attributable to rapid R4C homolysis’®® These results are
oxidation state, the CuMe bond possesses substantial strength consistent with the scarcity of isolable Ru(lll) methyl complexes,
with a calculated BDE of 80 kcal/mol. This value represents a examples of which are primarily limited to systems with por-
relatively strong metatcarbon (alkyl) bond and may reflect  phyrin ligands that are strongly donating and potentially capable
substantial covalent nature for the relatively electronegative of delocalizing radical spin density. In addition, a recent report
transition metal coordinated to a methyl ligand. The calculations by Caulton et al. details the incorporation of a chelating amido
reveal that oxidation of the Cu(l) {§) 14-electron complex) ligand to stabilize a Ru(lll) dialkyl complex, and similar to the

(49) Lail, M.; Gunnoe, T. B.; Barakat, K. A.; Cundari, T. Rrgano- (50) Huheey, J. Elnorganic Chemistry: Principles of Structure and
metallics2005 24, 1301-1305. Reactity, 3rd ed.; Harper & Row: New York, 1983.
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Ru(lll) porphyrin complexes, the persistence of the Ru(lll)
dialkyl system is likely attributable to a combination of amido-

Goj et al.

(SIPr)Cu(OAc) (1). A round-bottom flask was charged with SIPr
(0.177 g, 0.500 mmol), Cu(OAc) (0.059 g, 0.50 mmol), and toluene

to-metal donation and delocalization of radical character, steric (15 mL), and the resulting solution was stirred @ h atroom

protection from the ligand set, and low-coordination num-
ber?:2351

Similar to our previous observations with TpRu(L)®

temperature. The solution was filtered through Celite, approximately
half of the solvent was removed in vacuo, and hexanes were added
to form a white precipitate. The solid was collected by vacuum

systems, calculations suggest that single-electron oxidation offiltration and dried in vacuo (0.165 g, 64%). Crystals suitable for

the even-electron Cu(l) methyl complexes to odd-electron Cu(ll)
complexes renders the €€ bonds easier to break. However,
in contrast to observations made for [TPRUL)(L')R]" sys-
tems?9 the Cu(ll) methyl complexes appear to undergo decom-
position through a pathway that does not involve metarbon

a solid-state X-ray diffraction study were grown at room temperature
by slow diffusion of pentane into a benzene solutiod.oH NMR
(CeDe, 0): 7.16-7.12 (overlapping with solvent peak, 2Hara-
CH of aryl group), 7.04 (d3J4y = 7 Hz, 4H,metaCH), 3.16 (s,
4H, NCH), 2.99 (sept2Jyn = 6 Hz, 4H, GH(CHjy),), 1.90 (s, 3H,

bond homolysis to generate a radical species. Rather, we proposé:O2CH3)' 1.53 (d,*Jun = 7 Hz, 12H, CH(G),), 1.18 (d,*Juy =

a bimolecular pathway that results in the elimination of ethane
(or butane for CuEt bonds) and reduction of two metal centers,

each by a single electron. In each case in deuterated soIvents{,

asmallamount of CH is potentially formed with no evidence
for the formation of CHD, which likely indicates that €H
reductive elimination from the putative bimolecular copper
species is also possible. Although oxidation from Cu(l) to Cu(ll)
apparently decreases the-©0 BDEs by a similar magnitude
compared to the TpRu systems, the initial metrbon BDE
for Cu—C is calculated to be approximately 31 kcal/mol more
substantial (or;~64% greater) than the RaC BDE. Thus, even
though oxidation of Cu(l) to Cu(ll) results in less stable
complexes, the corresponding Cu{tll bonds apparently
remain strong enough to kinetically suppress—Qu bond
homolysis and are, in fact, calculated to be only 11 kcal/mol
weaker (Ci—C BDE ~ 38 kcal/mol) than the BDE of the stable
(at room temperature) TpRu(CO)(NCMe)Me (RtC BDE ~

49 kcal/mol) complex. Similar to Ru(lll) systems (see above),
the incorporation of donating ancillary ligands capable of spin
delocalization may allow isolation of relatively stable Cu(ll)
alkyl or aryl complexes and access to reactivity from these
species.

Experimental Section

General Methods.All procedures were performed in a glovebox

7 Hz, 12H, CH(GH3),). 13C NMR (CsDg, 0): 204.8 (NCCu), 147.2,
135.4, 130.4, 125.0, 112.1 (aryl of SIPr ligand an@Hy, 29.5
CH(CHa)2}, 25.9 {CH(CH3)}, 24.3 (CHCHg)2). (Note: the
resonances due to the carbonyl and methyl groups of the acetate
ligand were not observed. For (IPr)Cu(OAc), these resonances are
observed at 128.9 and 24.2 ppm, respectively, and they could be
coincidental with other observed resonances for complgAnal.

Calcd for GgH4:CuN,O: C, 67.87; H, 8.05; N, 5.46. Found: C,
67.85; H, 8.02; N, 5.45.

(IMes)Cu(OAc) (2). A round-bottom flask was charged with
IMes (0.152 g, 0.500 mmol), Cu(OAc) (0.059 g, 0.50 mmol), and
toluene (15 mL), and the resulting solution was stirred overnight
at room temperature. The solution was filtered through Celite, and
approximately half of the solvent was removed in vacuo. Hexanes
were added to form a white precipitate. The solid was collected by
vacuum filtration and dried in vacuo (0.162 g, 76%). Crystals
suitable for a solid-state X-ray diffraction study were grown at room
temperature by layering a benzene solutior2 efith pentane!H
NMR (CgDg, 0): 6.67 (s, 4HmetaCH), 5.97 (s, 4H, N@&), 2.06
(s, 6H, para-CHjy), 2.05 (s, 3H, C@CHs), 2.02 (s, 12H,ortho-
CHa). 13C NMR (CsDg, 9): 180.9 (NCCu), 139.5, 136.0, 135.2,
130.0, 122.1 (aryl of IMes ligand andQ), 24.1 (CQCHs), 21.7
(para-CHj3), 18.4 prtho-CHs). (Note: similar to complex., the
resonance due to the carbonyl of the acetate ligand for conZplex
was not observed and is presumed to be coincident with a resonance
in the range of 120 to 130 ppm.) Anal. Calcd fos38,7CuN;O:

under an inert atmosphere of dinitrogen or using standard SchlenkC, 64.69; H, 6.37; N, 6.56. Found: C, 65.26; H, 6.36; N, 6.29.
techniques. The glovebox atmosphere was maintained by periodic  (SIPr)Cu(Me) (3). To a precooled Schlenk flask-60 °C)

nitrogen purges and monitored by an oxygen analjzi(g) <

15 ppm for all reactior}s Benzene, toluene, THF, and hexanes
were purified by reflux over sodium followed by distillation. Diethyl
ether was used as received. Benzégand toluenedg were distilled
over sodium, degassed by three freepamp-thaw cycles, and
stored ove 4 A molecular sieves. All reactions performed on an
NMR scale utilized J-Young NMR tubes with Teflon screw caps
or in NMR tubes sealed with rubber sept&#l and 13C NMR

charged with (SIPr)Cu(OAc)j (0.200 g, 0.393 mmol) and diethyl
ether (4.0 mL) was added a solution of ether (0.5 mL), ANGE5

mL of a 1.0 M solution in hexanes, 1 mmol), and ethanol 460

1 mmol). The solution was stirred at60 °C for 1 h followed by

an additional hour of stirring at room temperature. Approximately
half of the solvent was removed in vacuo, and hexanes were added
to form a white precipitate. The solid was collected by vacuum
filtration and dried (0.156 g, 84%). To prevent slow decomposition,

measurements were performed on either a Varian Mercury 400 MHZ complex3 was stored in an inert atmosphere-&20 °C. *H NMR
or a Varian Mercury 300 MHz spectrometer (operating frequencies (CgDg, 6): 7.18 (t,3Juy = 7 Hz, 2H,para-CH), 7.08 (d 3y = 7
for 13C NMR spectra were 100 and 75 MHz, respectively) and Hz, 4H, metaCH), 3.17 (s, 4H, N@&l), 3.07 (sept3Jyy = 7 Hz,
referenced to TMS using resonances due to residual protons in theaH, CH(CHs),), 1.52 (d,3Ju = 7 Hz, 12H, CH(G1s),), 1.21 (d,
deuterated solvents'{ NMR) or the °C resonances of the 33, =7 Hz, 12H, CH(®s),), —0.61 (s, 3H, Ct-CHa). 13C NMR
deuterated solvent¥¥ spectra were recorded on a Varian Mercury (C¢Dg, 6): 182.8 (NCCu), 147.3, 136.0, 130.0, 124.8 (pheny! of
instrument operating at a frequency of 376.5 MHz witfFCas IPr ligand), 54.0 (KCH), 29.5 CH(CHs),), 25.9 (CHCH3),), 24.2
external standard. Elemental analyses were performed by Atlantic(CH(CHs),), —11.6 (CuCH3). Complex3 decomposes over a period

Microlabs, Inc. Trimethylaluminum in hexanes, TEMPO, silver of days under inert atmosphere, and its instability precludes
triflate, ferrocenium hexafluorophosphate, and anhydrous ethanol satisfactory elemental analysis.

were obtained from Sigma Aldrich, Cu(l) acetate was obtained from (IMes)Cu(Me) (4). To a precooled Schlenk flask-60 °C)

Strem Chemical, and these reagents were used as received. Thg . .

- harged with (IMes)Cu(OAc)) (0.168 g, 0.393 mmol) and diethyl
ligands IMes, SIPr, and dtbpe as well as the complexes (IPr)Cu- ethe?(4.0 mL() Was)ad(ged a)zsoo(lution gf ether (0.5 m)L) A{MbSy
(OAc), (IPnCuMe), (IPHCU(EY, an;jsg;r)Cu(OTf) were prepared ) of a 1.0 M solution in hexanes, 1 mmol), and ethénolﬂﬁo
according to literature procedurgs:” 1 mmol) . The solution was stirred at60 °C for 1 h, removed
from the cold bath, and stirred an additional hour at room
temperature. Approximately half of the solvent was removed in

(51) Alexander, C. S.; Rettig, S. J.; James, BCRRganometallicsL994
13, 2542-2544.
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vacuo, and hexanes were added to form a white precipitate. Theof one copper complex, identified as (SIPr)Cu(OTf), and ethane.
solid was collected by vacuum filtration and dried (0.115 g, 77%). (dtbpe)Cu(Me) §): To a colorless solution of (dtbpe)Cu(Mej)(
To prevent slow decomposition, compléxvas stored in the solid (0.007 g, 0.017 mmol) andgDe (0.5 mL) in an NMR tube sealed
state under an inert atmosphere-20 °C. *H NMR (CgDg, 9): with a rubber septum was injected a solution of AgOTf (0.005 g,
6.69 (s, 4HmetaCH), 6.00 (s, 4H, N@&), 2.08 (s, 6Hpara-CHj), 0.024 mmol) and €Dg (0.1 mL). The solution immediately turned
2.06 (s, 12Hprtho-CHs), —0.28 (s, 3H, Ct-CHj3). 13C NMR (CgDs, dark brown.'H NMR revealed clean formation of one copper
0): 184.7 (NCCu), 139.1, 136.5, 135.1, 129.8, 121.2 (aryl of IMes complex, identified as (dtbpe)Cu(OTf), and the organic product
ligand and NCH), 21.4, 18.3 CH; of IMes ligand),—11.6 (Cu- ethane(IPr)Cu(Et): To a colorless solution of (IPr)Cu(Et) (0.010
CHs). Complex4 decomposes over a period of days under inert g, 0.021 mmol) and §Ds (0.5 mL) in an NMR tube sealed with a
atmosphere, and its instability precludes satisfactory elemental rubber septum was injected a solution of AgOTf (0.006 g, 0.029
analysis. mmol) and GDg (0.1 mL). The solution immediately turned dark
(dtbpe)Cu(OAC) (5). Cu(OAc) (0.293 g, 2.40 mmol) was added ~ brown. 'H NMR revealed clean formation of one copper complex,
to a colorless solution of dtbpe (0.690 g, 2.2 mmol) in THF (20 identified as (IPr)Cu(OTf), and the organic product butdfter)-
mL). The solution immediately turned dark brown and was stirred CU(Me) with [CpFe][PFe]: To a colorless solution of (IPr)Cu-
for 4 h, at which time an orange slurry was present. The solution (M€) (0.010 g, 0.021 mmol) andsDs (0.5 mL) in an NMR tube

was filtered through Celite to remove the orange solids, and the
filtrate was reduced in vacuo to approximately 2 mL. Hexaned(
mL) were added to form a white precipitate, which was collected
by vacuum filtration and dried (0.707 g, 76% yieldd NMR
(CDClg, 6): 2.02 (s, 3H, OCO#3), 1.77 (vt,N = 5 Hz, 4H,
methylene €l,), 1.20 (vt,N = 13 Hz, 36H, C(E13)3). 13C NMR
(CDClg, 6): 178.6 (s, @OCH;), 33.4 (vt,N = 9 Hz, C(CHg)3),
30.3 (vt,N =9 Hz, C(CH3)3), 23.2 (s, OCCH3), 20.6 (vt,N = 26

Hz, methyleneCH,). 3P NMR (CDCB, 6): 26.4 (s). Anal. Calcd
for CyoH43CuO,-P,: C 54.46; H 9.83; O 7.26. Found: C 54.39; H
9.97; O 7.20.

(dtbpe)Cu(Me) (6). A slurry of complex5 (0.578 g, 1.3 mmol)
in diethyl ether (10 mL) was stirred in a bath -a60 °C for 30
min. Ethanol (0.2 mL, 3.4 mmol) was added to a solution of 2.0 M
AlMe; (1.7 mL, 3.4 mmol) in ether (5 mL), which bubbled
vigorously upon mixing. This solution was slowly added to the
solution of5, and the resulting solution was stirred-a60 °C for
1 h. After allowing to warm to room temperature, the volatiles were
removed in vacuo. A minimal amount of hexanes (approximately
3 mL) was added, resulting in the formation of a precipitate after
storage overnight at-20 °C under N. The white product was
collected by vacuum filtration and dried (0.136 g, 25% yiel.
NMR (CgDg, 6): 1.46 (br s, 4H, Ely), 1.09 (vt,N = 13 Hz, 36H,
C(CH3)3), 0.35 (br s, 3H, CttCHg). 13C NMR (CDCh, 0): 34.5
(vt, N =6 Hz, C(CHg)3), 31.3 (vt,N = 10 Hz, CCHj3)3), 22.1 (vt,
N = 23 Hz, methylen&€H,), —7.1 (br s, C&H3). 3P NMR (GDs,
0): 33.1 (s). Complex decomposes over a period of days under

sealed with a rubber septum was injected a solution otFEpR
[PF] (0.008 g, 0.023 mmol) and éDs (0.1 mL). The solution
immediately turned yellow-orang&d NMR revealed clean forma-
tion of a single copper complex, likely either (IPr)Cugpér (IPr)-
Cu(F), and the organic product ethafi®r)Cu(Me) with TEMPO:
To an orange-brown solution of (IPr)Cu(Me) (0.010 g, 0.021 mmol),
TEMPO (0.017 g, 0.11 mmol), andeBs (0.5 mL) in an NMR
tube sealed with a rubber septum was injected a solution of AQOTf
(0.006 g, 0.023 mmol) and ¢Ds (0.1 mL). The solution im-
mediately turned dark browdH NMR revealed clean formation
of one copper complex, identified as (IPr)Cu(OTf), and ethane.
Computational Methods. All calculations were carried out
utilizing the Gaussian03 packagfelThe B3LYP functional (Becke's
three-parameter hybrid functiof@lusing the LYP correlation
functional containing both local and nonlocal terms of Lee, Yang,
and Par’y” and VWN (Slater local exchange functiotfgblus the
local correlation functional of Vosko, Wilk, and Nus&)r were
employed in conjunction with the 6-31G(d) all-electron basis set.
Closed-shell (diamagnetic) and open-shell (paramagnetic) species
were modeled within the restricted and unrestricted KeBham
formalisms, respectively. All systems were fully optimized without
symmetry constraint, and analytic calculations of the energy Hessian
were performed to conform species as minima and to obtain
enthalpies in the gas phase at 1 atm and 298.15 K.
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Supporting Information Available: Complete tables of crystal ~ complexes. This material is available free of charge via the Internet
data, collection and refinement data, atomic coordinates, bond at http:/pubs.acs.org.
distances and angles, and anisotropic displacement coefficients for
(SIPr)Cu(OAC) 1), (IMes)Cu(OAc) @), (dtbpe)Cu(OAc) %), and
(IPr)Cu(OTf) (7). IH and3C NMR spectra of all new Cu methyl ~ OM060409I



