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Abstract: The most-studied organocopper, methylcopper (CHs;Cu), has been synthesized for the first time
as a monomer, free of other ligands or coordinated solvent, and detected using millimeter-wave rotational
spectroscopy. The molecule was created in the gas phase by the reaction of copper vapor and several
different precursors, including CH,4 and tetramethylsilane. An obvious symmetric top pattern was observed,
indicative of Cs, symmetry. For confirmation, rotational spectra of four isotopically substituted species,
65Cul2CHj3, 83Cul?CDs, $3Cu3CHs, and $5Cu'3CHjs, were recorded as well, following large-scale syntheses
of specifically labeled precursors. From this data set, accurate spectroscopic constants and a structure for
CH3Cu were derived. The @ geometry shows the shortest alkyl carbon—copper(l) bond length known
(1.8809 A) and a rather large H—C—H angle in the methyl group (109.88°). The measured rotational and
distortion constants are well reproduced by QCISD calculations. This study should allow further refinement
of theoretical calculations on methylcopper and other organocopper derivatives, which are valuable synthetic
intermediates in organic chemistry.

Introduction Although the first recorded attempt at making an organo-
copper was Buckton’s use of diethylzinc on CuCl in the 1830s,

it was not until 1923 that impure samples of phenylcopper were
reportedi? and it was not until 1952 that samples of alkylcoppers

were made by the group of GilmdAaThe explosive nature of

The bonding of a carbanion to a metal affects the structure
and reactivity of the carbon fragment in extremely useful ways.
For example, whereas organolithium or -magnesium reagents
add to conjugated enones in a 1,2-fashion, organocopper™-. o ~
compounds are textbook reagents for achieving 1,4-addition.  S°lid alkylcoppers and solution instability abovd 5 °C were
This remarkable difference in reactivity, controlling the regi- noted first by early worker&™ Initial attempts at making more
oselectivity of carborrcarbon bond formation, was first reported ~ Stable complexes by adding ligands were disappoirfirigit
in 1941 by Kharasch and Tawney using a catalytic amount of 'ater workers succeeded by adding several phospiffes?
copper8 It could be said that the discovery of these and other Of» More recently, rigid diyne®.2° Clearly, however, obtaining
useful reactions of organocopper compounds spurred the
development of organometallic chemistry as a tool for organic (%) Diaz-Requejo, M. M.; Caballero, A.; Belderrain, T. R.; Nicasio, M. C.;

) : X . Trofimenko, S.; Perez, P. J. Am. Chem. SoQ002 124, 978-983.
chemists. Copper is a cheap, relatively nontoxic metal, and the (10) Dambacher, J.; Bergdahl, Nbrg. Lett. 2003 5, 3539-3541.

continuing relevance of organocopper chemistry is highlighted
by uses in catalysis of carbeieteroatom bond formatioh,
carbene transfét? and recent revelations about the role of
various additives in conjugate additiéh.
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Scheme 1 methylcopper and related simple species such as the dimeth-

ylcuprate ion [(CH),Cu]~. Copper-carbon bond lengths of
1.85-2.16 A have been predicted, depending on the theo-
., retical approack®-53 Meanwhile, for isolable methylcopper
\ 7PPh, species, all of which bear several added ligands, solid-phase
PPhs X-ray diffraction data show €Cu distances of 1.935
2 2.043 A22.24365456 One general goal of our research, of which
this report is an example, is to make and spectroscopically
characterize fundamentally interesting low-coordinate organo-
metallics in the gas phase, free of aggregation and solvation, to
provide benchmark structural data of high precision for calcula-
tions. Herein we report these experimental data and improved
ab initio calculations of methylcopper.

R PPhy
HsC—Cu

R n
1aR=i-Pr,n=4
bR=Ph,n=1 @

Hsc_Cu_H_sl {% %}

Cu[P(CHz3)3]s Experimental Section
CU[thPCHzCHzPth]

3 4 The spectrum of CkCu was measured using millimeter-wave direct

absorption techniques. These data were taken using one of the Ziurys
group spectrometers, which is described in detail elsewtiefae
structural data on methylcopper or other organocoppers free ofsystem uses Gunn oscillator/Schottky diode multiplier combinations
solvents or ligands was expected to be possible only with as frequency sources, which cover the range-@&®0 GHz. The
difficulty, by unusual synthetic methods. In fact, as far as we radiation is launched from a scalar feedhorn and is passed through a
are aware, the only likely synthesis of monomeric methylcopper free-space gas cell using a series of Teflon lenses and a polarizing grid.

reported to date is as a minor photoproduct at 12 K in a methaneThe cell is a double-pass system, containing a Broida-type oven. The
matrix containing copper atons. radiation is detected by an InSb hot electron bolometer. The source is

S f -modulated, and the signal fi the bol ter i d
Equally striking is the fact that structural data on organo- requency mocliaied, and the signa’ from the hg’omeTer IS processe

A . . by a lock-in amplifier at £ therefore, a second-derivative spectrum is
copper complexes in general and alkylcoppers in particular are gpiained.
sparsé’ However, several trgnds can be discerned. As with Methylcopper was first synthesized by the reaction of copper vapor,
other more polar organometallics such as organoalkaft8the produced in the Broida oven, and methane (20 mTorr) using a dc
vast majority of organocoppers RCu are aggregatéds! discharge b1 A at 50 V. Thespecies was produced continuously and
though this tendency is lower for organocuprateSiR . A wide flowed through the reaction cell under nonequilibrium conditions. Argon
variety of fascinating structures of varying nuclearity is obtained, was used as a carrier gas (10 mTorr) and was added from beneath the
and even small changes in the structure of the aryl ligand lead oven to entrain the metal vapor. It was also flowed over the Teflon
to large changes in structure of the copper compound: for lenses that seal the ends of the reaction chamber (20 mTorr), to prevent

example, compountlais a tetramer in the soli¢f whereaslb
is one of the few monomers knowhSolvatior?* and solubility

play unpredictable roles: for example, mesitylcopper has been
isolated in tetrameric and pentameric forms by changing 38)
solvent3®> Moreover, a 1:1 molar ratio of Cu and alkyl or aryl

ligand R does not guarantee the existence of neutral RGsL
shown by contrasting the crystal structures2pfwhich is a
monomer with one methyl group on copgeéwith the structures

of 3% and 4,37 which are ionic cuprates featuring two methyl

or aryl groups on one copper atom and none on the other.

coating of these optics. Because alkyl group transfer from alkyllead
compounds to copper{f)>® was known, and because of our prior
success at making organoalkalis using tetrameth$fifitmethylcopper
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was also made using the tin compound, primarily as a chemical test.
In this case, 10 mTorr of precursor was used, and no dc discharge was
needed. As an additional confirmation, a third reactant, tetramethylsi-
lane, was used (10 mTorr). Tetramethylsilane is thus a proven methyl
group donor, with the advantages that it is considerably cheaper and
less toxic than tetramethyl tin. (Although there are reports of activated
copper(0) species reacting with alkyl halides by some sort of oxidative
addition proces8 we were unable to use iodomethane as a precursor
for methylcopper. The main problem was severe contamination by other,

unknown spectral features.)
To create the deuterated aitC isotopomers of CuCkl CDsSi-
(CHg)s and'3CH;Si(CHg)s were employed as precursor materials. About

10 mTorr of reactant was used in each case, and no dc discharge was

required. These species could also be created with &€EPFCH,, but
with a significantly lower signal-to-noise ratio. Both deuterium- and

carbon-13-labeled versions of tetramethylsilane had to be made.
Syntheses for both compounds were known in the literature, but existing
preparations were unsatisfactory for our work, for various reasons:

either no or very few experimental details were given, or very small

guantities had been made, in some cases as mixtures of isotopomers,
for example, as products of quenching organometallic complexes with

deuterated materiaf$-%° Procedures to make large quantities of
isotopomers CEBi(CHs)s and*3CH;Si(CH;); were therefore developed
and are detailed fully in the Supporting Information. The copper
isotopomers were observed in their natural abundancé%Cof>*Cu

= 69.1:30.9°

Precise transition frequencies were measured by averaging pairs of
scans taken in increasing and decreasing frequency. Typically, one or

two signal-averaged pairs were necessary for measuremeéptzIafH;,
and two to eight pairs for the other isotopomers and the vibrational

state spectra. The line profiles were fit to a Gaussian shape to determine

the center frequency, as well as line widths, which varied from 950 to
1800 kHz over the range of 313543 GHz. The experimental error is
estimated to bet70 kHz.

Results and Discussion

Spectrum. The spectrum of CuCfwas found while search-
ing for another species, CuC, while reacting copper with

ARTICLES
63CuCH3 K=3
K=4 J=24—>25 K=2 K=1 K=0
52225 522.30 522.35 522.40
= 63 K=3 _ K=1
K=4 CUCD3 K=2 i
J=27-28 K=o
471.20 47125 471.30
63~ 13 K=3
Cu"CH, K=1 ko
K4 J1=24-25 o
499.05 499.10 499.15 499.20 499.25
Frequency (GHz)

Figure 1. Representative spectra of rotational transition§6uCH; (J

= 24— 25),%3CuCD; (J = 27 — 28), and®3Cul3CHs; (J = 24 — 25) near

522, 471, and 499 GHz, respectively, in the ground= 0) vibrational
state. The symmetric top progressiorko€omponents is readily visible in
each spectrum. (The line marked by an asterisk is unidentified.) These data
are composites of-23 scans, each about 1 min in duration and covering
100 MHz.

methane in a dc discharge. A classical symmetric top pattern 0, ford =2,K=2,1, and 0, etc. Selection rules for the strong
was observed after scanning for 95 GHz under these chemical€lectric dipole transitions requiraJ = + 1, AK = 0, and a
conditions. The pattern of a close-shell symmetric top can be Nonzero dipole moment. Therefore, every rotational transition

described by the following equation:

v =2B(J+ 1) — 4D,(J + 1)° — 2D, (J + 1)K?
ford—J+1 (1)

Here,B is the rotational constariy; andDyk are the centrifugal
distortion constants] is the rotational quantum number, akd
is the projection of) along the symmetry axis. For a symmetric
top,J = K, such that fod =0,K =0, forJ=1,K =1 and
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J— J+ 1 consists of K-ladder” structure, namely, multipke
components corresponding © = 0, 1, 2, 3, .... Thes&K
components follow a distinct pattern in frequency with a relative
spacing of 1:3:5:7....The rotational pattern of a given molecule
that is a symmetric top is thus easily recognized. The top panel
of Figure 1, which shows the rotational spectrum of dre 24

— 25 transition of CuCH clearly illustrates this pattern.

Once this pattern was observed, the precursor was then
switched to tetramethyltin. The signals increased significantly.
A third precursor, tetramethylsilane, was then tried, and again
the pattern was reproduced. Turning off the oven and thus
removing copper vapor caused the signals to immediately
disappear. Therefore, the spectra had to arise from a polar,
symmetric top species containing copper and a functional group
common to the three species gHetramethyltin, and tetra-
methylsilane. The only likely species satisfying these criteria
is CHsCu. Further evidence was then obtained by scanning an
additional 47 GHz, where other symmetric top patterns were
found that were identified as arising from the less abundant
copper isotopomef>CuCH;, as well as thei; = 1 vibrational
state of®3CuCHg, the lowest excited state of the EC stretch.
Spectral intensities of the two copper isotopomers had the
expected ratio of 69.1:30.9, reflecting the natural abundance

J. AM. CHEM. SOC. = VOL. 126, NO. 39, 2004 12623
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Table 1. Spectroscopic Constants for CHsCu (X1A;)2

8CUCH, 5CuCHs %3CuCD, 83CUBCH, CUCH,
v=0 vz=1 v=0 vz =1 v=0 v=0 v=0
B 10468.98018(67) 10383.2318(30) 10409.46177(74) 10324.5387(31) 8432.0966(27) 10003.7957(29) 9943.7840(34)
D; 0.01636715(66) 0.0163995(25) 0.01618776(71) 0.0162223(26) 0.0100695(14) 0.0150333(22) 0.0148562(27)

Dy 0.236052(14) 0.26992(35) 0.233389(20)

Hi  1.625(12)x 106  3.74(28)x 106 1.599(18)x 106

Heo  1.3187(62)x 105 —1.096(68)x 104  1.2987(93)x 10°5
L 3.08(47)x 10°8

Lkka —5.49(21)x 1077

rms 0.023 0.025 0.018

0.26506(45)
3.40(36)x 1076
—1.28(11)x 1074
3.27 (79)x 10°8
—1.57(79)x 1077

0.029

0.12790(15)
7.40(80)x 1077
4.4(1.5)x 1076

0.21979(17)
1.52(12)x 1076
1.15(17)x 1075

0.21647(69)
1.04(54)x 1076

0.030 0.026 0.033

aln MHz; errors are 8 in the last quoted decimal places.

CuCH; (v=0)

$CuCH; (v=0) 6

*CuCHs (vs=1) 9 4l

-

%CuCHs (vs=1) 12

. M,’

47 474

10
11

13

T T T 1

475 476 4771 478 479 480 481
Frequency (GHz)

Figure 2. Stick spectrum of the experimentally observkees 22 — 23

transition of CHCu, showing the pattern exhibited by the various

isotopomers in theiv = 0 andvs; = 1 states, and illustrating their relative

intensities.

ratio of 63Cuf>Cu./0 All of these patterns were found to repeat

natural abundance ratio of 69.1:301.9 for both carbon species.
On the other hand, the signal-to-noise ratio for the deuterium
isotopomer was not large enough to see a spectrifitCoiCDs.
Figure 1 shows spectra of representative rotational transitions
of 83CuCH; (J = 24 — 25), 83CuCD; (J = 27 — 28), and
63CUlCH; (J = 24 — 25) near 522, 471, and 499 GHz,
respectively, arising from the ground vibrational state. Khe
components are separated in frequency by a 1:3:5:7 ratio, as
usually seen for a prolate symmetric top. TKe= 3n (ortho)
components have twice the intensity of the= 3n (para)
components, due to spin statistics of the three hydrogens of the
methyl group. Figure 2 shows a stick spectrum of dhe 22
— 23 transition of3CuCH; and®*CuCH; in their v = 0 anduvs
= 1 states. This plot presents the actual frequencies and relative
intensities of the two vibrational states, and illustrates the
expected pattern for a prolate symmetric top v@ith geometry.
Analysis. For each isotopomer of G@u, a separate fit was
performed for each observed vibrational state (the 0 and,
when available, the; = 1 state), using an effective Hamiltonian
employing rotational and centrifugal distortion parameters and

themselves on a regular basis that indicated a rotational constanf® nonlinear least-squares routine SPFAThe spectroscopic
corresponding to a molecule with a molecular weight of one constants thus ascertained for £CHh are presented in Table 1.

copper atom and one methyl group only. (The rotational constant All the parameters are well determined, and the rms of each fit
is inversely proportional to the corresponding moment of inertia !I€S in the range 1833 kHz. Furthermore, the ground vibra-

of a given specie® ")

As definitive confirmation, and to obtain an accurate structure,

rotational spectra of CuCPand CU3CH; were measured as
well. To find the spectrum of CuC a 15 GHz range of

frequency space was continuously scanned. After these mea-

surements, the transition frequencies of'ff@isotopomer were
predicted with sufficient accuracy that the spectra of 8th
CUu3CHz; and ®5Cul3CH; were found quite readily (within 50
MHz of the predictions).

The measured laboratory frequencies for the five isotopomers
of CHsCu are listed in the Supporting Information, Table S1.

CHsCu is a closed-shell symmetric top species wiih,
symmetry, and thus has!a; ground state. Each energy level
is thus defined by and K quantum numbers. As Table S1

shows, a total of 10 rotational transitions was measured in the

ground vibrational state fot*CuCH; and °CuCHs, and five
each forf3CuCD;, 83CU'3CHjz, and®>Cul3CHs, for K = 0 up to,
at most,K = 13. Table S2 lists the five rotational transitions
recorded for®3CuCH; and 65CuCH; in their v3 = 1 state, in

which the Cu-C stretching mode has been excited by one
quantum. Thé&3Cu and®®Cu isotopomers were measured in their

(71) Gordy, W.; Cook, R. LMicrowave Molecular SpectraWiley: New York,
1984.

12624 J. AM. CHEM. SOC. = VOL. 126, NO. 39, 2004

tional states for all five isotopomers of GEu required only
the fourth- and sixth-order centrifugal distortion constedjs
DJK, HJK, and HKJ for a gOOd fit.

In contrast, the; = 1 data for botH3CuCH; and®CuCH;
needed the eighth-order distortion parametggsand Lkk; in
order to achieve the same accuracy. The higher degree of
distortion of this state is likely due to rotatiewibration effects.
Some transitions were not included in the final data fit, for the
following reasons. Some lines were blended with those of other
isotopomers, and thus were excluded; Khe= 6 components
of the vz = 1 state off3CuCH; were not included as well. This
particular set oK components could only be fit with residuals
near 200 kHz-about a factor of 10 higher that othét
components, including those witk > 7. This unusual effect
is likely a result of perturbations by energy levels of another
vibrational state?

Structure. By measuring the rotational spectrum of five
isotopomers of ChCu, a very accurate structure could be
determined from the rotational constants. Theand ry®
structures were determined by a nonlinear least-squares fit to
the moments of inertia using the STRFIT progréhiKraitch-
man’s equations were used to calculate gstructure, as well,

(72) Pickett, H. M.J. Mol. Spectrosc1991, 148 371-377.
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Table 2. Metrical Parameters for CH3zCu and Other Relevant Organocopper Complexes
Cu-C, A C-H, A H-C-H, deg method ref
CHsCu 1.8841(2y 1.091(2% 110.07(8% ro this work
1.8817(1% 1.0923(2% 110.02(3% rs this work
1.8799(1% 1.0914(3% 110.02(3% rm® this work
1.8809(1Y) 1.0851(1Y) 109.88(2) rm@ this work
ca.2.2¢ nd nd estimated from IR 14
1.9911 1.0853 108.9 RHF/6-21G 38
1.86 nd nd HFS/STO-TZ 39
1.936 fixed 110.1 MCPF/[8s 4p 3d 3] 40
2.161 nd nd HF/3-21G-ECP(SZ2) 404
2.040 nd nd HF/3-21G-ECP(DZ)
1.921 1.096 110.0 CCSD(T)/DzZP 46
2.005 nd nd HF/3-21G 48
2.005 HF/6-31G(d)
1.923 MP2/6-3%+G(d)
1.970 nd nd HF/6-31G(d)-RECP 49
1.866 MP2/6-31G(d)-RECP
1.927 nd nd B3LYP/LANL2DZ 50
1.853 1.099 111.2 LSD/TZ2P 51
1.902 1.098 111.0 BP/TZ2P
1.923 1.095 111.3 BLYP/TZ2P
1.921 1.089 111.3 B3LYP/TZ2P
1.848-1.868 nd 108.8108.9 HF, various sets 52
1.824 108.8 HF, basis incl f orbitals
1.912 nd nd B3LYP/6-31+G(d,p) 53
1.904 1.091 109.8 CCSD(T)/Roos aug-TZ 88
1.8725 1.0915 108.11 QCISD/6-311G(d,p) this work
[(CH3).Cu]~ 1.927 1.115 106.2 LDF(Dmol) 47
1.917 1.114 106.2 LDF(Dgauss)
CHsCu derivatives
CHsCu(PPh)s 2.043(12) X-ray 22
CHsCu(y2-alkyney 1.966(2) X-ray 24
[(CH3)2Cu]~ derivatives
[(CH3)2Cu]™ [Li(12-crown-4)]*" 1.935(8) X-ray 54
3 [(CH3).Cu]~ 1.94(1) X-ray 36
[(CH3)2Cu]~ [Li(dme)s] ™ 1.929(3), 1.937(3) X-ray 56
[CH3—Cu—PtBw] 1.940(4) X-ray 55
1b (monomer) 1.890(6) X-ray 33
la(tetramer) 1.958(7), 2.018(7) X-ray 32
[2,4,6-¢-Bu)sCeH2)Cu(SMe) 1.916(1) X-ray 97

aUncertainties are 1 standard deviatiThe uncertainties in they@ structure were derived from a nonlinear least-squares fit to the moments of inertia.
The data do not fit to an exact solutiohiNot clear if sample was monomeric.

assuming the center of mass conditiériThe center of mass
condition was used to calculate thelistance of the deuterium
atoms from the center of mass. (The D substitution could only
determine they distance.) A geometry was additionally

tion” structure is calculated in which changes in the center of
mass are considered with isotopic variatiént is thought to
compensate for some of the vibrational effects. AxY
geometry corrects for only some of the mass dependence of

calculated. Here there are five parameters to be determined, andhe moments of inertia, and hence is inferior to thg?
five isotopomers were measured. Hence, an exact solution iscalculation’s The four geometries determined for @Bl are

determined in this case.

shown in Table 2.

Ther,@ structure is thought to be the most accurate because Calculations. Previous computational studies of @&l had

it takes into account the effects of zero-point vibrations by
modeling the mass dependence of the moment of inértia.
Therefore, it is usually closest to the equilibrium structure, which
is the common product of theoretical calculations. In contrast,
anrg geometry does not change with isotopic substitution, and
thus is directly calculated from thBy rotational constants. It
therefore amounts effectively to a completely vibrationally
averaged structure. In the case of thgeometry, a “substitu-

(73) A plausible origin of the perturbation is an interaction with highnes of
the molecule excited te = 1 in the lowest-frequency degenerate bend,
predicted from our calculations to lie only about 80¢rabove the CtC
stretching mode. The contribution of vibrational angular momentum in the
bending state causes oKemanifold to increase in energy #¢K? — K)
rather than a#\K?, and atk = 6 this difference allows the stretching state
to accrue roughly 60 cni more energy than the bend, causing the &vo
manifolds to become similar in energy and perturbations between them
likely to become observable.

(74) Kisiel, Z.J. Mol. Spectrosc2003 218 58—67.

(75) Watson, J. K. G.; Roytburg, A.; Ulrich, W. Mol. Spectrosc1999 196,
102—-119.

not specifically sought to predict the ground-state spectroscopic
properties with high precision. All but those by Bauschlicher
and co-worker®46had been carried out at the relatively low-
level HF, MP2, and DFT levels, and rotational constants pre-
dicted from these structures vary by more than 25%. Further-
more, the previous CCSD(T) calculations employed a basis set
chosen to predict the relative energies of the electronic states
at the expense of geometric precisiénCalculations were
therefore deemed appropriate in the present study to determine
whether the spectroscopic constants derived from the rotational
spectrum can be reliably predicted ab initio. From among several
levels of theory available with the Gaussian®@8nd Gameds
guantum chemistry suites, QCIZDwas found to offer fairly

fast optimization and consistent accuracy when comparing com-
puted equilibrium geometries and experimemniaitructures for
ZnCN,® NiCN, 8 and CuCNe! With the extended 6-311G-
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Table 3. Comparison of Experimentally Determined Geometries of CHzX Molecules

molecule structure X-C) (A) fc—H) (&) O(H-C-H) (°) ref % for X2
CHaLi partial rs 1.961(5) 1.122(5) 107.2(1) 59 0.771
CHsNa ro 2.299 1.09% 107.3 59 0.934
CHaK e 2.633(5) 1.135(5) 107.0(1) 59 0.760
CHsCa fo 2.349(13) 1.100 105.6(2.8) 08 0.991
CHsMg ro 2.102(2) 1.105 108.163 99 1.316
CHsCu fo 1.8841(2) 1.091(2) 110.07(8) this work 1.749

re 1.8817(1) 1.0923(2) 110.02(3) this work

Im® 1.8799(1) 1.0914(3) 110.02(3) this work

rm® 1.8809(1) 1.0851(1) 109.88(2) this work
CHal e 2.133(2) 1.085(3) 111.3(4) 100 2.487
CHaBr e 1.933(2) 1.086(3) 111.2(4) 100 2.686
CHCI e 1.778(2) 1.086(4) 110.7(7) 100 2.960
CHsF fo 1.3890(8) 1.0947(11) 110.3(1) 101 3.938

e 1.383(1) 1.087(1) 110.2(1) 102

a Electronegativity values, determined in ref 33Assumed value.

(d,p) basis sét using the WachtersHay metal functions as  paper, and improves on the previous CCSD(T) geometry by
implemented by Raghavachari and Tru€ks$® the QCISD reducing the C&C bond length to 1.904 A, leaving a 2%
equilibrium geometries overestimate the-i@ bond lengths by discrepancy between the predicted and obseBgedlues. That
0.002-0.016 A, and the €N bond length by 0.0140.026 A. remaining discrepancy may arise from neglect of relativistic
These tests were carried out prior to comparison of theGIH terms in the Hamiltonian; we find those terms account for a
calculations against experiment. A relatively low-lying triplet 0.017 A reduction in Ct+C bond length at the MCSCF lev&l.
electronic state causes small differences between the unrestricted The Cu-C stretch has the lowest predicted harmonic vibra-
and restricted QCISD calculations for @EU. Based on their  tional constantw. = 586 cnT. The lowest predicted bending
superior predictive quality in simpler open-shell systems with frequency is nearby, at 667 cf but the impact of any hydro-
comparable spin contaminati8h®’ unrestricted calculations  gen motion on the moments of inertia is small enough that a
were used in the present work. pseudodiatomic analysis remains reasonable for estimating some
TheA; CH3Cu geometry was optimized and the harmonic dynamical features of the spectrum. From the computed stretch-

frequencies were calculated. The equilibrium geometry predicted ing frequency, the distortion constadyj is predicted by a typical
at the UQCISD/6-311G(d,p) level significantly improves the Morse oscillator analysi$to be 15.1 kHz for the most abundant
Cu—C bond length over previous calculations. There is & 1.8 isotopomer, in fair agreement with the observed value of 16.4
error in the predicted HCH bond angle, which corresponds to kHz.
only a 0.2% shift in the predicted rotational constants. The  gimjlarly, o was estimated computationally by carrying out
UQCISD/6-311G(d,p) rotational constants for all observed-CH 3 relaxed potential energy surface scan of the-Cibond length
Cu isotopomers lie within 0.5% of the,® values. It is not  at the UQCISD level. The resulting curve was used to calculate
entirely straightforward to improve the computed geometry ayve functions and energies numeric&fyagain treating the
further. An additional CCSD(T) calculati&husing a triple¢ methyl group as a single unit. Vibrationally averaggdalues
Roos basis s&twas carried out in the course of review of this gy the ground and; = 1 states were calculated by the average
(76) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. Va'?’e. .theorem’ and the diffgrence between these valugs .is the

A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann, @b initio value ofo.. The predicted value of 76 MHz falls within

R ,5_-;? thLrJ:;ié:]rjti\AJ_'cC_;' ;FE(‘L‘;‘_ZI%“_; %?m"g”é'ﬁg‘_; 2 ’r\g}%e[,)%r_];i%%sg', ,'\D/I-_?; é‘;ﬁi}% 15% of the experimental value. The ability of these calculations

R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.; using standard methods optimized here for MCN geometries

R &% aﬁﬁiafﬁ i B ¥°’§k3m2|§s| o'\\jlvillL(i:,k:].l;JOKrt.i;z, to accurately predict rotational, distortion, and vibratioatation

J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;  coupling constants in the present spectra bodes well for their

89?_?%;56;};;&{'(2:2?'& é‘éﬁ%é‘?; é_;;%ggi;gg'&?rﬁ?é}ﬂ: ’é‘_; ,\F,’I‘_E'\‘,g_'; application to rovibrational spectra of the ground electronic

Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head- states of other small organo-transition metal compounds.

Gordon, M.; Replogle, E. S.; Pople, J. Saussian 98 Gaussian, Inc.: . . .
Pittsburgh, PA, Eggg, P 8 The 586 cm?! vibrational constant estimated for the -€Q

(77) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. J.; Elbert, S. T.; Gordon, M. i ianifi i
S Jensen: . He Kosek ‘.. Matsunaga, N.: Nouyen. K. A Su 'S, 3. stretch is significantly larger than the 350 chpeak assigned

Windus, T. L.; Dupuis, M.; Montgomery, J. Al. Comput. Chem1993 to that mode in the matrix isolation spectrdfmAlthough the

14, 1347-1363. : ) ; _
(78) Pople, J. A: Head-Gordon, M.: Raghavachari,JKChem. Phys1987 harmonic analysis of stretches overestimates frequencies t_)y as

87,5968-5975. much as 10%, the agreement of the measured and predicted
ggg Brewster, M. /L. %'Iﬂrri’; L W-gg‘gmﬁg‘}}’gggg 18 ear e distortion constanb; in the present work suggests that the ab
(81) Grotjahn, D. B.; Brewster, M. A.; Ziurys, L. Ml. Am. Chem. So2002 initio predicted frequency is relatively accurate, whereas a
©2) k. Binkley, J. S.. Seeger, R.; Pople, X1 AChem. Phy<1980 vibrational constant of 350 cm would predict a value fob,

72, 650-654. over 40 kHz. The QCISD value is also consistent with the value
Egig w;;“;,‘?ﬁj_‘\-cﬁéﬁn‘?-P%,@;fg??hg§3§9£ﬁgl§j}1°36- of 516 cnT! obtained by the MCPF calculations of Bauschlicher
(85) Raghavachari, K.; Trucks, G. W. Chem. Phys1989 91, 1062-1065. et al#946 Further support for a higher Gumethyl stretching

(86) Cooksy, A. L.; Tao, F.-M.; Klemperer, W.; Thaddeus JPPhys. Chem.
1995 99, 11095-11095.

(87) Parker, C. L.; Cooksy, A. LJ. Phys. Chem. A999 103 2160-2169. (90) Werner, H.-JAdv. Chem. Phys1987, 69, 1-62.
(88) Sattelmeyer, K., personal communication, 2004. (91) Townes, C. H.; Schawlow, A. IMicrowave SpectroscopyDover: New
(89) Pou-Amerigo, R.; Merchan, M.; Nebot-Gil, I.; Widmark, P. O.; Roos, B. York, 1975.

O. Theor. Chim. Actal995 92, 149-182. (92) Gholami, M. R.; Wight, R.; Xu, D.; Cooksy, A. L., in preparation.
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frequency is given by the known GCH, stretching frequency
of 614 cn1,% the lack of observed metamethyl stretching
frequencies below 400 cm, even among third-row transition
metal methyls such as Hg(G}d and W(CH)e,% and the original
authors’ tentativeness in assignment of the 350 chand.
Metrical Parameters and Bonding. The Cu-C distance in
monomeric methylcopper is determined to be 1.8798841
A, depending on the analysis (Table 2). Sincert{® geometry
(Cu—C distance 1.8809 A) is probably the most accurate (vide
supra), it will be used for the following discussion. In comparing
the Cu-C distance to the few known data for ligated methyl-
copper species, it is clear that coordination of two other ligands  The geometry of methylcopper determined here is the first
lengthens the CuC distance by 0.086 A, whereas three such structure of a monomeric alkylcopper, as well as one of
ancilliary ligands increase this by twice as much (0.16 A). the very few available for methylmetal species. Measurement
Related cuprates of general formula [€Z4IR]” represent of the pure rotational spectrum of this species using millimeter-
species with only one ancilliary ligand, and here the distances wave direct absorption methods has made this determination
between the Cu and methyl carbon are only 6:096 A longer possible. Efficient gas-phase synthesis of methylcopper occurred
than in monomeric methylcopper. Thus, there is a smooth using both tetramethyltin and tetramethylsilane, but the lower
progression in metalcarbon bond length as one considers the toxicity of the latter encouraged its use, and efficient, detailed,
series of mono- to tetracoordinate €HIL,. As far as we are large-scale syntheses of two isotopomers were developed.
aware, the coppeicarbon bond of methylcopper is the shortest Methylcopper could also be made from methane, albeit in lower
known for an alkylcopper(l) species, and the distance is even efficiency. The precise gas-phase structure of methylcopper

geometry offers a way to assign reasonable electronegativities
xa to transition metals, as well as main-block elements; thus,
Table 3 listgya values. From the limited available data on metal-
containing species, one can see that there appears to be some
correlation between increasing electronegativity and increasing
H—C—H angle, as predicted by otheé¥s? Interestingly, the
reverse trend is seen for the haloalkanes. Further theoretical and
experimental work (particularly on metamethyl species) is
needed to clarify this discrepancy.

Conclusions

small for analkynycopper?’

The bond angles in the methyl ligand are of interest in
connection with discussions of the effects of substituents X on
the geometry of Ckl-X.5994 Among CH—X compounds in
which X is a metal and for which precise experimental data
exist, the H-C—H angle is rather larg® From Table 3 and
our previous work? it is clear that the size of an alkali metal
(Li vs K) does not alter the angle to an experimentally significant
extent. Our previous conclusion, both from the experimental
data as well as considering theoretical literature from other
workers?*9was that the electronegativity of X plays the major
role. A recent article® using theoretical calculations of molecular

(93) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coordination
Compounds, Part B: Applications in Coordination, Organometallic, and
Bioinorganic ChemistryJohn Wiley and Sons: New York, 1997.

(94) Wiberg, K.; Breneman, C. Ml. Am. Chem. S0d.99Q 112, 8765-8775.

(95) Experimental data for other metahethyl species have been reported, but
in these cases the-@4 bond lengths and HC—H angles were assigned
typical values (rather than experimentally determined ones) so that the
metal-carbon bond length could be calculated. See: Cerny, T. M.; Tan,
X. Q.; Williamson, J. M.; Robles, E. S. J.; Ellis, A. M.; Miller, T. A.
Chem. Phys.1993 99, 9376-9388. Robinson, J. S.; Ziurys, L. M.
Astrophys. J1996 472 L131-L134. Anderson, M. A.; Ziurys, L. M.
Astrophys. J. (Lett.}995 452 L157—-L160. Anderson, M. A.; Robinson,

J. S.; Ziurys, L. M.Chem. Phys. Lett1996 257, 471-480. Xin, J.;
Robinson, J. S.; Apponi, A.; Ziurys, L. M. Chem. Physl998 108 2703~
2711.

(96) Bent, H. A.Chem. Re. 1961, 61, 275-311.

(97) He, X.; Olmstead, M. M.; Power, P. .Am. Chem. S04992 114, 9668~
9670.

(98) Anderson, M. A,; Ziurys, L. MAstrophys. J. (Lett.1996 460, L77.

(99) Anderson, M. A.; Ziurys, L. MAstrophys. J. (Lett.1995 452, L157.

allows comparisons with solid-phase structures of methylcopper
complexes of higher coordination number, which feature longer
metat-carbon bond lengths. More significantly, direct com-
parisons of experiment and theory are possible, here validating
the use of ab initio methods in calculating geometries and
spectroscopic constants with meaningful precision.
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