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Abstract

The reaction of Cu,O with 1,1,1,5,5,5-hexafluoro-2,4-pentanedione (Hhfac) in the presence of alkynes results in the formation of
(n%-alkyne) Cu(hfac). When using bis(trimethylsilyDacetylene (BTMSA), both a mononuclear compound BTMSACu(hfac) (1) and a
dinuclear complex BTMSA(Cu(hfac)), (2) can be isolated; each complex was characterized by X-ray crystallography, IR, 'H and ">C
NMR spectroscopies. In 1, the BTMSA figand is %> bonded parallel to the Cu ( B-diketonate) plane, the trimethylsilyl groups are cis bent
away from copper with small angles of deformation (8ccs; = 157 and 171°) and the C=C bond distance is 1.17 A. In 2, two
BTMSACu(hfac) planes with a dihedral angle of 105.8° are observed. The intramolecular Cu—Cu distance is only 2.800 A and the central
axis of BTMSA is situated perpendicular to the Cu~Cu vector. A series of n2-alkyne Cu(hfac) were synthesized and characterized by

NMR and IR spectroscopy.
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1. Introduction

Chemical vapor deposition (CVD) processes are in-
creasingly important for depositing conformal films and
for filling high-aspect ratio vias in VLSI multi-level
interconnects. The electrical resistivity of the intercon-
nects may limit device performance, and thus low resis-
tivity metals become increasingly desirable {1]. CVD
processes for the deposition of low resistivity metals,
such as gold, copper, and silver, are essential. However,
to achieve gas-phase deposition, volatile metal precur-
sors which decompose to high-purity films are required.

Previous research from our laboratory [2] and several
others [3-5] has demonstrated the potential of Lewis-
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base stabilized copper(I) B-diketonate complexes as
copper CVD precursors. The reactive copper(I) B-dike-
tonate moiety may be ligated with phosphines or unsat-
urated organics, such as alkenes, dienes and alkynes, to
obtain an assortment of precursors with different
physico-chemical properties. The deposition of pure
copper films from the Cu(I) precursors results from a
thermally-induced disproportionation reaction, shown in
Eq. (1):

2LCu(I){ B-diketonate)
=> Cu(0) + Cu(II)( B-diketonate), + 2L (n

Using alkyne~—copper complexes [6,7] the rapid de-
position of high quality copper was observed; this makes
these compounds of interest for further study. During
the course of CVD experiments using alkyne—copper(I)
hfac precursors (Hhfac = (1,1,1,5,5,5-hexafluoro-2,4-
pentanedione)), we observed a chemical transformation
of the precursor in the bubbler; at temperatures between
45 and 65 °C, a less-volatile solid species was formed
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with time. It was believed that this chemical transforma-
tion resulted in the production of a dinuclear complex
with u-n*alkyne bonding. Although this type of bond-
ing is common in transition metal complexes [8] and in
other copper(I) complexes [9], no dinuclear copper
species containing a fS-diketonate ligand has been re-
ported to date. In this paper, we report the synthesis and
characterization of a u-n2-bis(trimethylsilyl)acetylene
bis(copper() hexafluoroacetylacetonate), (BTMSA)-
(Cu(Dhfac),. For comparison, we also report the X-ray
crystal structure of the corresponding mononuclear
complex. Lastly, IR and NMR spectral data of a series
of n2-alkyne—Cu(hfac) complexes are reported.

2. Experimental
2.1. General procedures

All of the starting materials were commercially avail-
able and used as-received. Each synthesis was carried
out under nitrogen. IR spectra were obtained using an
IBM Instruments IR44 single beam spectrometer. Spec-
tra of the ‘free’ unsymmetrical alkynes were obtained in
a KBr solution cell with CCl,, neat on KBr plates or in
a KBr pellet. In the case of the symmetrically substi-
tuted alkynes, the literature value for the alkyne stretch
(vc=c) was used for comparison. The spectrum for
each alkyne—copper(I) complex was obtained in a man-
ner analogous to that used for the ‘free’ alkyne to
enable a direct comparison. 'H and "C NMR spectra
were determined on a Bruker Instrument 250 or 300
MHz spectrometer. The purified compounds were dis-
solved in a deuterated solvent (CDCl;, Aldrich, 99%) to
a concentration of roughly 1072 M. The free alkynes
were dissolved in the same solvent and to roughly the
same molar concentration. This procedure minimizes
spectral shifts associated with concentration effects,
thereby providing a realistic comparison of copper coor-
dination spectral shifts. It should be noted, however,
that spectral shifts may be dependent upon the solvent
used in the analyses. Therefore, we used CDCI,
throughout the NMR analysis and spectral shifts re-
ported herein pertain specifically to this solvent system.

2.2. Syntheses

The syntheses of bis(trimethylsilyl)acetylene
copper() (1,1,1,5,5,5-hexafluoro-2,4-pentanedionato),
BTMSACu(hfac) (1), and other alkyne—copper(I)(hfac)
complexes were carried out in one step following a
previously described procedure [3b,6]. BTMSACu(hfac)
was recrystallized from dichloromethane to obtain crys-
tals suitable for an X-ray analysis, m.p. 49 °C; IR (thin
film): 2964(w), 1941(C=C, w), 1640(s), 1552(m),
1476(m), 1265(s), 1255(s), 1208(s) 1150(s), 1101(m),

848(s), 799(m), 743(s), 706(m), 671(m) cm™'. 'H NMR
(CDCl,, T =298 K): 6.08 (s, 1H), 0.28 ppm (s, 18H).
C NMR: 178.0 (q, 34 Hz, C=0), 117.8 (q, 286 Hz,
CF,), 1132 (s, C=C), 89.5 (s, CH), —0.3 ppm (s,
SiCH;). All other alkyne complexes were synthesized
by the same procedure using commercially available
alkynes (Aldrich or Wiley Organic).

Synthesis of bis(trimethylsilyl)acetylene bis
(copper(D-(1,1,1,5,5,5-hexafluoro-2,4-pentanedionato)),
BTMSA(Cu(hfac)), (2), was carried out in a three-neck
round-bottom flask charged with 5.5 g (38 mmol) of
Cu,O (Aldrich), 3 g (18 mmol) of bis(trimethylsilyl)-
acetylene (BTMSA) (Aldrich) and 50 ml of spectro-
scopic grade dichloromethane. 1,1,1,5,5,5-Hexafluoro-
acetylacetone (14.7 g, 70 mmol, Aldrich) was added
dropwise to the stirred solution and stirred for an addi-
tional 30 min upon completion. Excess Cu,O was
removed by filtration and the solvent was distilled off.
The recovered solid was a 1:1 mixture of 1 and 2 which
was sublimed at 70 °C under a vacuum of 1 Torr; after
30 min, the majority of the sublimate was the mononu-
clear complex (1). The sublimation residue was dis-
solved in dichloromethane, from which the dinuclear
complex (2) was isolated after two crystallizations at
—78 °C. The purified compound (12% non-optimized
yield) consisted of yellow plates that were used for
X-ray analysis; m.p. 113 °C; IR (solid): 2965(w),
1739%(C=C, w), 1640(s), 1554(m), 1525(m), 1474(s),
1346(w), 1256(s), 1209(s), 1149(s), 1100(w), 840(s),
799%(m), 763(m), 671(s) cm™"'; '"H NMR (CDCl,, T=
220 K): 6.11 (s, 1H), 0.35 ppm (s, 10H). “C NMR:
178.2 (g, 35 Hz, C=0), 117.6 (q, 285 Hz, CF,), 89.9
(s, CH), 103.6 (s, C=C), —0.4 ppm (s, SiCH;). Anal.
Found: C, 30.37; H, 2.93; Cu 18.04; F, 31.48; Si, 8.46.
C,sH,,Cu,F,,0,8i,. Calc.: C, 30.38; H, 2.83; Cu,
17.86; F, 32.04; Si, 7.89%.

2.3. X-ray structural analyses

Two series of crystals were submitted to Molecular
Structure Corp., Woodlands, TX (USA), for X-ray anal-
ysis. The analyses were performed on a Rigaku AFCSR
diffractometer with graphite monochromated Cu K«
radiation (A = 1.54178 A) and a 12 kW rotating anode
generator. The data were collected at —120 °C for 1
and 23 °C for 2 using the w-26 scan technique to a
maximum 26 value of 120.2°. o scans of several
intense reflections were made prior to data collection; w
had an average width at half-height of 0.23° and a
takeoff angle of 6.0°. The weak reflections (I <
35.00 (1)) were rescanned (minimum of 3 rescans) and
the counts were accumulated to assure good counting
statistics. Stationary background counts were recorded
on each side of the reflection. The ratio of peak count-
ing time to background counting time was 2:1. The
diameter of the incident beam collimator was 0.5 mm
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and the crystal to detector distance was 400.0 mm. All
calculations were performed using the TEXSAN crystallo-
graphic software package of Molecular Structure Corp.
The crystallographic data for 1 and 2 are summarized in

Table 1.

2.3.1. (BTMSA)Cu(hfac) (1)
Cell constants and an orientation matrix for data
collection were obtained from a least squares refine-

Table 1
Crystallographic data

55

ment; the setting angles of 20 carefully centered reflec-
tions in the range of 40.7 < 28 < 57.9° correspond to an
orthorhombic cell with the dimensions: a = 9.874(2),
b=21.924(3), c=9.698(1) A, V=2099.4(6) A’. For

Z =4 and a formula weight of 446.28, the calculated
density is 1.412 g cm™>. The successful solution and
refinement of the structure leads to a space group of

P2,2,2, (No. 19) with R = 0.089 and Rw = 0.092. Of
the 1620 reflections, 1394 were unique (R, , = 0.094).

Crystal data
Empirical formula
Formula weight
Crystal color, habit
Crystal dimensions (mm®)
Crystal system
No. relections used for unit
cell determination (2 6 range)
w scan peak width at half-height
Lattice parameters

a(A)

b(A)

c (A)

V(&)
Space group
Z value
Dcalc (g Cm_S)

000
w(CuKea)(em™")

Intensity measurements
Diffractometer

Radiation
Temperature (°C)
Attenuators

Take-off angle (deg)
Detector aperture (mm)

Crystal to detector distance (cm)
Scan type
Scan rate in @
Scan width (deg)
26,,,(deg)
No. of reflections measured
Total
Unique
Rim
Corrections

Structure solution and refinement
Structure solution

Refinement

Function minimized

Least squares weights

p-factor

Anomalous dispersion

CuC3H oK O, 3581,
446.28

yellow, plate

0.25 X 0.20 X 0.04
orthorombic

20 (40.7-57.9°)

0.40

9.874 (2)
21.924(3)
9.698 (1)

2099.4 (6)
P2,2,2, (No. 19)
4

1.412
906
31.13

Rigaku AFC5R

CuKa(A=154178 A)
—-120

Zr foil

(factors; 3.8,13.4,47.7)
6.0

6.0 horizontal

6.0 vertical

40

w-26

8.0 (3 rescans)

1.26 + 0.35tan @

199.1

1620

1394

0.094
Lorentz-polarisation
Absorption

(trans. factors: 0.86-1.23)
Decay ( —23% decline)

direct methods
full-matrix least squares
Iw(lF, | = F.D?
4F? /o X(F,%)

0.01

all non-hydrogen atoms

Cu,C gHF, 0,80,
711.60

yellow, plate

0.25 X 0.20 X 0.40
monoclinic
25(40.0-51.4°)

0.19

10.880 (2)
16.715 (2)
16.874 (1)
2987.1 (5)
P2,/n(No. 14)
4

1.582

1416

34.42

Rigaku AFC5R
CuKal(A=154178 A)
23

Zr foil

(factors; 3.8,13.4,47.7)
6.0

6.0 horizontal

6.0 vertical

40

w26

8.0 (3 rescans)

1.26 + 0.35tan 6

120.1

4616

4343

0.060

Lorentz-polarisation

Absorption (trans. factors: 0.81-1.00
Decay (— 16% decline)

Secondary extinction coefficient:
0.61927 X 107%)

direct methods
full-matrix least squares

Tw(l F, 1= £ )?
4F2 /0 U FD)
0.01

all non-hydrogen atoms
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Table 1 (continued)

No. observations (1 > 3.00a(1)) 673
No. variables 109
Reflection /parameter ratio 6.17
Residuals, R; Rw

Goodness of fit indicator 4.68
Max shift/error in final cycle 0.00
Maximum peak in final difference 0.82
map (e~ A™3)

Minimum peak in final difference —-0.58
map (e~ A7)

0.089; 0.092

1306

197

6.63

0.076; 0.079
3.88

0.00

0.53

—0.43

Relevant expressions are as follows, where F, and F_ represent the observed and calculated structure factor amplitude. Function minimized was
w(| F,| = | F. )%, where w=(s(F) 2. R=L(IF, | — | FIDZIF,|.Rw =[Ew(| F,| = | F. D? /LI F, |*1'/2,

The intensities of three representative reflections were
measured after every 150 reflections and show an aver-
age decline in intensity of 24%. A fifth-order polyno-
mial was used to correct for this decay. The combina-
tion of decay and disorder of the CF; groups indicates
that only limited data were obtained. The structure was
solved by SHELXS-86. Only the Cu and the Si atoms
were refined anisotropically. The remaining ordered
atoms were refined isotropically. The parameters re-
fined for each rigid body used to model the CF, groups
were: the center of mass (three parameters), three orien-
tational angles and an overall isotropic B. The hydrogen
atoms were included in the structure calculation in
idealized positions (d._, = 0.95 A). The final cycle of
full-matrix least squares refinement was based upon 673
observed reflections and 109 variable parameters. There
was a large residual density peak in the Fourier differ-
ence output which was not associated with the molecule
and was assigned to be a partially-occupied water
molecule, O(3). Atomic coordinates are given in Table
2, and selected bond lengths and angles in Tables 3 and
4 respectively. The remaining data are presented as
supplementary material. The atom labeling scheme is
shown in Fig. 1.

2.3.2. BTMSA(Cu(hfac)), (2)

Cell constants and an orientation matrix for data
collection were obtained from a least squares refinement
using the angles of 25 carefully centered reflections in
the range of 40.0 <260 < 51.4° and correspond to a
monoclinic cell with the dimensions: a = 10.§80(2),
b=16.715(2), c =16.874(1) A, V =2987.1(5) A’. For
Z=4 and a formula weight of 711.60, the calculated
density is 1.582 g cm™>. The successful solution and
refinement of the structure lead to a space group of
P2,/n (No 14) with R=0.076 and Rw =0.079. In
this case, of the 4616 reflections, 4343 were unique
(R, = 0.060). Here, a decay of 16% was measured and
a linear correction factor was applied to the data to
account for this phenomenon. All four CF; groups are
rotationally disordered. This disorder was modeled us-
ing rigid bodies with fixed geometries (bond lengths

and angles). Each CF, was represented by two rigid
bodies, each with 50% occupancy. Parameters refined
for each rigid body were the center of the mass and
three orientation angles. One of the two SiMe, groups
is also disordered. Rather than using rigid bodies for the
refinement of this region, which would preclude
anisotropic refinement of the Si atom, each of the
disordered carbons was split into two half-occupied
sites. All six ‘half-carbons’ were allowed to refine
isotropically. The two Cu, two Si and four O atoms
were refined anisotropically. All non-methyl carbon
atoms were refined isotropically. Hydrogen atoms were
placed according to geometry on ordered carbons. The
final cycle of the full-matrix least squares refinement
was based upon 1606 observed reflections and 197
variable parameters. The nine hydrogens associated with
the disordered SiMe; group were omitted from the
structure. The ordered carbon atoms were not refined
anisotropically owing to a poor data to parameter ratio.
Atomic coordinates are given in Table 5, and selective
bond lengths and angles in Tables 6 and 7 respectively.
The remaining data are presented as supplementary
material. The atom labeling scheme is shown in Fig. 2.

3. Results and discussion
3.1. Syntheses

During recent CVD experiments using (n?-alkyne)
Cu(IXhfac) precursors, a less volatile compound was
formed in the bubbler along with copper metal, When
the alkyne was 3-hexyne, the liquid precursor [6] was
transformed into a yellow crystalline solid with time.
The IR of this solid displayed a well-defined band at
1722 cm™! that was absent in the IR spectrum of the
starting compound. Isolation of the new compound was
attempted, but rapid decomposition occurred in solution
even at low temperatures. This unstable solid was
thought to be a dinuclear species, in which the alkyne
bridges two copper(I) centers in a ‘butterfly’ geometry.
To positively prove this hypothesis, we used BTMSA,
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Table 2

Positional parameters and B,, for BTMSACu(hfac) (1)

Atom x y 2 B,
Cu(1) 0.8541(5) 0.2622(2) 0.7480(8) 2.402)
Si(1) 1.027(1) 0.1542(5) 0.924(1) 2.7(6)
Si(2) 0.678(1) 0.1564(5) 0.573(1) 2.8(6)
oD 0.963(2) 0.323(1) 0.848(2) 2.4(5)
o) 0.751(2) 0.326(1) 0.660(2) 3.4(6)
0(3) 0.9377 0.2363 0.2912 5.0(2)
i 0.769(4) 0.381(2) 0.681(3) 2.3(9)
c) 0.868(4) 0.411(1) 0.757(6) 3.3
Cc@3) 0.948(3) 0.377(2) 0.829(3) 1.9(8)
C(6) 0.807(4) 0.174(2) 0.715(4) 2.409)
c(n 0.897(4) 0.179(1) 0.792(4) 2.0(9)
C(8) 1.020(4) 0.072(2) 0.945(5) 51
c9) 0.983(4) 0.192(4) 1.098(5) 1)
(10) 1.197(5) 0.183(2) 0.826(5) 11(2)
c11) 0.667(6) 0.077(2) 0.555(6) 10(2)
c(12) 0.517(4) 0.189(2) 0.634(4) 5(1)
C(13) 0.744(5) 0.192(2) 0.403(6) x2)
H(1) 0.8753 0.4548 0.7506 3.7
H(2) 0.9328 0.0599 0.9717 6.4
H(3) 1.0414 0.0530 0.8572 6.4
H(4) 1.0853 0.0591 1.0102 6.4
H(5) 1.0513 0.1815 1.1664 6.1
H(6) 0.9859 0.2359 1.0887 6.1
H(7) 0.8983 0.1800 1.1299 6.1
H(®) 1.2737 0.1732 0.8825 13.8
H(9) 1.2054 0.1607 0.7412 13.8
H(10) 1.1920 0.2244 0.8097 13.8
H(11) 0.6314 0.0584 0.6325 11.2
H(12) 0.6031 0.0685 0.4768 11.2
H(13) 0.7507 0.0602 0.5284 11.2
H(14) 0.5253 0.2324 0.6422 5.2
H(15) 0.4468 0.1805 0.5686 5.2
H(16) 0.4928 0.1724 0.7204 5.2
H(17) 0.8359 0.1756 0.3828 10.4
H(18) 0.6892 0.1797 0.3263 10.4
H(19) 0.7508 0.2341 0.4071 10.4
C(4) 0.668(3) 0.425(1) 0.590(3) 5.0(6)
F(1) 0.654(4) 0.478(2) 0.654(4) 5.0(6)
F(2) 0.548(3) 0.401(2) 0.569(4) 5.0(6)
F(3) 0.728(3) 0.434(2) 0.471(3) 5.0(6)
C(4A) 0.659(4) 0.422(2) 0.586(4) (1)
F(1A) 0.558(5) 0.430(2) 0.672(4) A1)
F(2A) 0.616(6) 0.392(2) 0.477(5) A1)
F(3A)  0.706(5) 0.475(2) 0.547(6) 9(1)
() 1.063(5) 0.413(2) 0.929(5) 7(1)
F(4) 1.143(7) 0.437(3) 0.835(5) 7(1)
F(5) 1.134(7) 0.379(2) 1.012(7) 1)
F(6) 1.007(6) 0.457(3) 1.000(7) 7(1)
C(5A) 1.046(2) 0.4184(9) 0.925(2) 4.95)
F(4A) 1.168(3) 0.398(3) 0.899(3) 4.95)
F(5A) 1.016(3) 0.409(3) 1.055(3) 4.9(5)
F(6A) 1.040(3) 0.477(1) 0.899(3) 4.95)

an alkyne bearing strongly electron-donating groups, to
synthesize a dinuclear copper(I) B-diketonate. Using
BTMSA, we successfully isolated a dinuclear analog by
direct synthesis. For a 4:1 Cu to alkyne ratio the
equilibrium (Eq. (3)) shifts towards the dinuclear species
in the synthesis. Although a mixture of 1 and 2 was
obtained, their separation was realized by a difference

Table 3
Selected intramolecular distances involving the non-hydrogen atoms
as determined by X-ray crystallographic analysis of BTMSACu(hfac)

n
Atoms Distance (A) Atoms

Cu(1)-0(1) 1.97(2)
Cu(1)-0(2) 1.92(3)
Cu(1)-C(6) 2.02(3)
Cu(1)-C(7) 1.92(3)
C(6)-C(7) 1.17(5)
Si(1)-C(7) 1.90(4)

Distance (A)

Si(1)-C(8) 1.82(4)
Si(1)-C(9) 1.93(5)
Si(D-C(10)  2.03(5)
Si(2)-C(6) 1.92(4)
Si(2)-C(11) 1.75(5)
Si(2)-C(12) 1.83(4)
Si(2)-C(13) 1.94(5)

Estimated standard deviations in the least significant figure are given
in parentheses.

Table 4

Selected intramolecular bond angles involving the non-hydrogen
atoms as determined by X-ray crystallographic analysis of BTM-
SACu(hfac) (1)

Atoms Angle Atoms Angle
(deg) (deg)

O(1)-Cu(1)-0(2) 91(1) Cu(1)-C(6)-Si(2) 117(2)
O(1)-Cu(1)-C(6) 149(1) Cu(1)-C(6)-C(7) 68(2)
Oo(1)-Cu(1)-C(7) 115(1) Si(2)-C(6)-C(T 171(3)
O(2)-Cu(1)-C(6) 120(1) Cu(1)-C(7N)-Si(1) 125(2)
O(2)-Cu(1)-C(7) 155(1)  Cu(1)-C(7N-C(6) 78(2)
C(6)-Cu(1)-C(N 34(1) Si(1)-C(7)-C(6) 157(3)
C(N-Si(1)-C(8) 110(2) Cu(1)-O(1)-C(3) 122(2)
C(6)-Si(2)-C(11) 108(2) Cu(1)-0(2)-C(1) 124(2)

Estimated standard deviations in the least significant figure are given
in parentheses.

O G 1
~Q QN
S ”

H1s

HL

Fig. 1. ORTEP view of the mononuclear complex BTMSACu(hfac)

(D.
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in volatility. The solid dinuclear complex is stable at
—25 °C for weeks. In solution, it is stable for several
hours at —25 °C, but rapidly decomposes at room
temperature. Decomposition leads to the mononuclear
complex, metallic copper and Cu(ID)(hfac), (Eq. (2)), as

expected for a copper(I) disproportionation reaction:
( u-n*-BTMSA)(Cu(I)(hfac)),
= Cu(0) + Cu(II)(hfac),

+ (nz-BTMSA)Cu( I) (hfac) (2)
Table 5
Positional parameters and B, for BTMSA((hfac)Cu), (2)
Atom X y 4 ch
Cu(1) 0.0530(3) 0.0467(2)  0.7015(2) 6.8(2)
Cu(2) 0.2926(3) 0.1171(2)  0.729%2) 6.6(2)
Si(1) 0.0465(6) 0.2473(4)  0.7093(5) 8.3(4)
Si(2) 0.2106(7) 0.0492(4)  0.9017(4) 8.5(4)
o(1) -0.071(1) 0.052%7)  0.598%(7) 6.9(7)
o2) 0.027(1) —0.0683(7)  0.7022(8) 7.3(8)
o(3) 0.450(1) 0.0582(8)  0.7641(8) 7.6(8)
o(4) 0.344(1) 0.1733(8)  0.6423(8) 7.5(8)
c) —0.133(2) 0.008(1) 0.559(1) 5.9(5)
c —0.130(2) —0.071(1) 0.571(1) 6.0(5)
c(3) —0.049%(2) -0.130(1) 0.648(1) 5.7(5)
() 0.168(2) 0.095(1) 0.796(1) 5.4(5)
cm 0.128(2) 0.149%(1) 0.746(1) 5.5(5)
c(®) 0.13%(2) 0.328(1) 0.776(1) 10.0(7)
a9 —0.115(3) 0.241(2) 0.725(2) 13.0(9)
c(10) 0.053(2) 0.259(2) 0.603(2) 12.2(8)
can 0.041(5) 0.037(3) 0.931(3) 11(1)
c(12) 0.284(4) ~0.052(2) 0.896(2) (1)
c(13) 0.292(4) 0.127(2) 0.973(3) 8(1)
C(11A) 0.132(6) 0.105(4) 0.972(4) 15(2)
C(12A) 0.171(5) —0.050(3) 0.908(3) 11(2)
C(13A) 0.390(5) 0.073(3) 0.947(3) 13(2)
c(14) 0.450(2) 0.165(1) 0.629(1) 6.6(6)
c(15) 0.550(2) 0.117(1) 0.671(1) 6.9(6)
c(16) 0.539(2) 0.069(1) 0.732(1) 6.8(6)
H(1) —~0.1822 —0.1062 0.5385 7.2
H(2) 0.6285 0.1186 0.6549 82
H(3) 0.2263 0.3171 0.7837 12.0
H(4) 0.1158 0.3284 0.8267 12.0
H(5) 0.1199 0.3782 0.7497 12.0
H(6) 0.1385 0.2579 0.5988 14.6
H() —0.1119 0.2358 0.7818 15.7
H(8) —0.1601 0.2887 0.7054 15.7
H(9) -0.1572 0.1963 0.6969 157
H(10) 0.0078 0.2167 0.5718 14.6
H(1) 0.0161 0.3088 0.5832 14.6
o () —0.225(1) 0.037(1) 0.4772(9) 9.0(4)
(1) —0.180(2) 0.091(1) 0.446(1) 9.0(4)
F2) -0.247(2) -0.021(1) 0.423(1) 9.0(4)
F(3) -0.331(2) 0.056(2) 0.497(1) 9.0(4)
C(4A) —-0.233(1) 0.0355(9)  0.4784(9) 8.5(4)
F(1A) —0.188(2) 0.019(1) 0.415(1) 8.5(4)
F(2A) —0.339%(2) —-0.0031(1)  0.473(1) 8.5(4)
F(3A) —0.252(2) 0.113(1) 0.481(1) 8.5(4)
as) ~0.055(2) -0.1976(9)  0.664(1) 9.4(4)
F(4) -0.116(2) —0.235(2) 0.598(1) 9.4(4)
F(5) 0.058(1) —0.229(1) 0.688(2) 9.4(4)
K6) —0.117(2) —0.205(1) 0.721(1) 9.4(4)
C(5A) —0.052(2) ~0.198(1) 0.664(1) 12.9(6)
F(4A) —0.011(3) —0.215(2) 0.742(1) 12.9(6)

Table 5 (continued)

Atom x y z ch

F(5A) —0.165(2)  —0.229(2)  0.638(2) 12.9(6)
F(6A) 0.025(3)  ~-0.227(2)  0.623(2) 12.9(6)
ca17n 0.472(1) 0.216(1)  0.5540(9) 8.9(4)
K7) 0.591(1) 0.235(1)  0.565(1) 8.9(4)
F(8) 0.438(2) 0.172(1)  0.488(1) 8.9(4)
F9) 0.403(2) 0.281(1)  0.546(2) 8.9(4)
C(17A) 0.474(2) 0.225(1)  0.557(1) 15.2(7)
F(7A) 0.369(2) 0.231(2)  0.501(2) 15.2(7)
F(8A) 0.505(3) 0.294(2)  0.591(2) 15.2(1
F(9A) 0.565(3) 0.200(2)  0.523(2) 15.2(7)
c(18) 0.665(1) 0.024(1)  0.780(1) 10.1(4)
F(10) 0.6382)  —0.050(1)  0.798(2) 10.1(4)
F(11) 0.746(2) 0.021(1)  0.733(D) 10.1(4)
F(12) 0.715(2) 0.063(1)  0.847(1) 10.1(4)
C(18A) 0.658(2) 0.013(1)  0.771(1) 14.4(6)
F(10A) 0.657(3)  —0.012(2)  0.845(1) 14.4(6)
F(11A) 0.650(3) -0.048(2)  0.722(1) 14.4(6)
F(12A) 0.763(3) 0.052(2)  0.773(2) 14.4(6)

Estimated standard deviations in the least significant figure are given
in parentheses.

We also observed an equilibrium between the
mononuclear and dinuclear BTMSA complexes, since
very pure mononuclear complex produces dinuclear
complex when heated to 60 °C in a glass ampoule, as
shown in Eq. (3):

(n*-BTMSA)Cu(T)(hfac)
== BTMSA + ( u-n*-BTMSA)(Cu(I)(hfac)),
(3)

At the present time, it is possible that this equilib-
rium occurs for the other alkyne—copper(I) complexes
reported herein, but definitive analytical data have not
been obtained.

3.2. X-ray analyses

The X-ray crystallographic molecular structures of
the two complexes are displayed in Figs. 1 and 2. The

Table 6

Selected intramolecular distances involving the non-hydrogen atoms
as determined by X-ray crystallographic analysis of BTMSA
((hfac)Cu), (2)

Atoms Distance (A)  Atoms Distance (A)
Cu(1)-Cu(2)  2.800(4 Si(1D-C(7) 1.90(2)
Cu(1)-0(1) 1.96(1) Si(1)-C(8) 1.88(2)
Cu(1)-0(2) 1.94(1) Si(1)-C(9) 1.84(3)
Cu(1)-C(6) 1.96(2) Si(D-(10) 1.83(3)
Cu(1)-C(7) 1.97(2) Si(2)-C(6) 1.90(2)
Cu(2)-0(3) 1.94(1) Si(2)-C(11) 2.03(6)
Cu(2)-0(4) 1.94(1) Si(2)-C(12) 1.88(4)
Cu(2)-C(6) 1.98(2) Si(2)-C(13) 1.84(4)
Cu(2)-C(7) 1.94(2) Si(2)-C(11A)  1.86(7)
Cc(6)-C(7) 1.25(3) Si(2)-C(12A)  1.73(6)
Si(2)-C(13A)  1.96(5)

Estimated standard deviations in the least significant figure are given
in parentheses.
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Table 7

Selected intramolecular bond angles involving the non-hydrogen
atoms as determined by X-ray crystallographic analysis of
BTMSA((hfac)Cu), (2)

Atoms Angle Atoms Angle
(deg) (deg)
Cu(2)-Cu()-0(1) 121.2(4)  Cu(1)-C(6)-Cu(2) 90.4(8)
Cu(2)-Cu(D)-O(2)  123.1(4) Cu(1)-C(6)-Si(2)  125(1)
Cu(2)-Cu(1)-C(6) 45.1(6)  Cu(1)-C(6)-C(7 72(1)
Cu(2)-Cu(1)-C(7) 43.9(6)  Cu(2)-C(6)-Si(2) 123.4(9)
O(1)-Cu(1)-0(2) 94.1(5)  Cu(2)-C(6)-C(7) 70(1)
OoD-Cu(D)-C(6)  147.(7)  Si(2)-C(6)-C(7) 155(2)
O(1)-Cu(1)-C(D 110.9(6)  Cu(1)-C(7)-Cu(2) 91.4(9)
O(2)-Cu(1)-C(6) 118.0(7)  Cu(1)-C(7N)-Si(1) 120.3(9)
O2)-Cu(1)-C(7)  155.0(6) Cu(1)-C(7)-C(6) 71(1)
C(6)-Cu(1)-C(7) 37.(8)  Cu(2)-C(N-Si(1) 125(1)
Cu(1)-Cu(2)-0(3) 124.0(4) Cu(2)-C(7)-C(6) 73(1)
Cu(D)-Cu(2)-O(4)  119.6(4)  Si(1)-C(7)-C(6) 155(2)
Cu(D)-Cu(2)-C(6)  44.5(6) OB)-Cu()-C(D  151.(7)
Cu(D)-Cu(2)-C(7)  44.7(6) O(H-Cu(D-C(6)  151.0(7)
O(3)-Cu(2)-0(4) 94.8(6) O(4)-Cu(2)-C(7) 114.0(7)
O(3)-Cu(2)-0(6) 114.2(7)  C(6)-Cu(2)-C(7) 37.1(8)
C(7)-Si(1)-C(8) 106.1(9)

Estimated standard deviations in the least significant figure are given
in parentheses.

pertinent bond lengths and angles are respectively listed
in Tables 3 and 4 for 1, and Tables 6 and 7 for 2. The
structure of 1 is imprecise owing to sublimation or
decomposition of the crystal, even at low temperature
(=120 °C). Nevertheless, some interesting structural
features can be deduced. First, the structure is similar to
that of (n2-butyne)Cu(I)(hfac) [6]. The copper—alkyne-
carbon tgond distances are unequal, being 2.02(3) and
1.92(3) A. The two Si—C=C angles are different (157(3)
and 171(3)°), but not far from the linear geometry of the
‘free’ alkyne. This distortion may result from crystal
lattice packing or from preferential orbital overlap be-
tween the Cu d, , and unoccupied Si d orbitals on one
trimethylsilyl (TMS) group. The C=C distance is
1.17(5) A in the complex and not appreciably elongated

Fig. 2. ORTEP view of the dinuclear complex BTMSA(Cu(hfac)), (2).

relative to ‘free’ 2-butyne (1.211 A) [10]. The extent of
7 back-bonding in n%-alkyne—metal complexes may be
inferred from the C=C bond lengthening and the extent
of alkyl deformation (C=C-R angles) from the linear
geometry in the ‘free’ alkyne [11]. Based upon the
relatively small perturbation of BTMSA in 1, we expect
alkyne—copper bonding to be dominated by o bonding
(electron donation from the alkyne to the copper center).
Also, no significant intermolecular interactions were
detected in the crystal.

The molecular structure of 2 consists of two BTM-
SACu(hfac) planes with a dihedral angle of 105.8° (Fig.
2). Since dinuclear complex formation requires the or-
bital overlap of both the p, and p, orbitals of the alkyne
with two copper(I) centers, one would expect the dihe-
dral angle to be 90°. The intramolecular Cu—Cu dis-
tance is short (2.800(4) A), but the internuclear forces
of the two d' centers may be responsible for the
increased dihedral angle relative to the expected orthog-
onal geometry [12]. It should be noted that shorter
Cu-Cu distances have been reported in the literature
[12,13]. In 2, the main axis of the BTMSA ligand is
situated perpendicular to the Cu—Cu vector, according
to Hoffmann’s classification of alkyne complexes [8].
The C=C bond distance (1.25(3) A) is slightly elon-
gated relative to 1, but shorter than that reported for
other dinuclear transition metal complexes [9]. The ob-
served alkyl deformation angle (8qcg; = 155(2)°) is
larger than the average deformation angle in 1 (164°).
Both the longer C=C bond distance and the slightly
larger alkyl deformation angles (Si—C=C) indicate in-
creased 7 back-bonding in 2 in relation to 1. As also
noted for 1, no significant intermolecular interactions
could be detected in the crystal of 2.

3.3. Lewis base bonding in n’-alkyne Cu(l) B-diketo-
nates

The dominant bonding mode in the alkyne—metal
complexes may be evaluated by vibrational spec-
troscopy (IR) and NMR spectral shifts. Here, we report
the 'H and "C NMR spectra for a series of alkyne—
copper(I) hfac complexes and compare the chemical
shifts of the ‘free’ alkyne with the copper coordinated
alkyne. This provides a qualitative measure of the domi-
nant alkyne—copper bonding mode [14]. As previously
reported, either the o or 7 bonding contribution can
dominate during overlap of the alkyne pm orbital with
the empty 4s or filled d . /d . orbitals of the copper(I)
center. As demonstrated for alkene copper(I) triflates
[15] and copper(I) B-diketonates [2c], the bonding mode
may depend upon the chemical identity of the Lewis
base, as well as the ancillary ligand.

The NMR chemical shift changes A8 in the proton
spectra of the alkyne complexes are determined primar-
ily by local diamagnetic effects and neighboring group
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anisotropy [16]. For the protons a to the alkyne,
deshielding occurs, upon coordination to copper(I), ow-
ing to alkyl deformation. For example, the alkyl sub-
stituents on the alkyne are cis bent away from the
copper(I) center and out of the linear axis of the alkyne
(C=C) 7 electron cloud (p, and p,). The degree of
alkyl deformation is directly related to the extent of =
back-bonding during metal-alkyne bonding [17]. For
3-hexyne and (n*-3-hexyne)Cu(hfac), deshielding of
both the @ (-CH,-) and B (-CH,) protons are ob-
served. The 'H A for a series of alkynes and alkyne—
Cu(I) hfac complexes are listed in Table 8. In all cases,
deshielding of the hydrogens (protons) on the a carbon
atom (a to the alkyne moiety) are observed. The A8
varies from +0.14 ppm (in TMS substituted alkynes) to
+0.51 ppm in several of the alkyne complexes. Larger
chemical shift changes (greater than +2.0 ppm) are
noted for terminal alkynes, as noted for (3,3-dimethyl-
1-butyne)Cu(hfac) and (TMS-acetylene)Cu(hfac). As
stated above, the observed A& results primarily from
alkyl deformation out of the linear axis of the alkyne
electron cloud (C=C) after complexation to copper(I).
Although proton shielding can result from dominant 7
back-bonding and an increased electron density at the
alkyne, shielding (upfield shift) is not observed in any
of the proton spectra of alkyne—Cu(hfac) complexes.
In general, ®C NMR spectral changes are more
useful for evaluating the dominant bonding mode in
alkyne—metal complexes. The local paramagnetic con-
tribution (o) is primarily responsible for A8 in the
carbon spectra [18]. The local paramagnetic contribution
is influenced by perturbations in the electron density,
the multiple bond order and /or a change in the average

Table 8
Experimentally measured chemical shift and coordination chemical
shift (A8) for 'H NMR of the *free’ alkyne and the alkyne Cu(I)hfac

Alkyne 8x_c=c Ox-c=ccuay A48
2-Butyne 1.71 2.13 +0.42

3,3-Dimethyl-1-butyne 2.04/122 433/138  +2.29/+0.16
2-Pentyne 201/1.72 2527217  +051/+0.45
2-Hexyne 207/175 249/219  +022/+0.44
3-Hexyne 2.09 254 +0.45

4Methyl-2-hexyne ~ 2.23/1.73 2.67/2.16  +0.44/+0.43
2-Heptyne 2.48/1.71 252/2.18  +0.04/+0.47
3-Heptyne 2.08/1.46 2.53/1.66  +0.45/+0.20
6-Methyl-3-heptyne  2.10/197 2.55/2.43  +0.45/+0.46

4-Octyne 2.08 2.48 +0.40

TMSA 235/0.17 478/0.33  +2.43/+0.16
TMS-2-Propyne 1.84/0.11 227/027  +0.43/+0.16
BTMSA 0.14 0.28 +0.14
BTMSA® 0.14 035 +0.19

The proton chemical shift is for hydrogens on the « carbon (relative
to the alkyne moiety) or in the B position for TMS-substituted
alkynes. Spectra are referenced to the residual protons in CDCl; at
7.24 ppm. Negative signs indicate upfield shifts (shielded) and
positive signs indicate downfield shifts (deshielded).

® TMS =-Si(CH,),. ® Dinuclear BTMSA(Cu(hfac)),.

Table 9

Experimentally determined chemical shift and coordination chemical
shift (A8) obtained from *C NMR of the ‘free’ alkyne and the
alkyne Cu(I)hfac

Alkyne ? Sc=c Scaccuny A6

2-Butyne 74.5 81.1 +6.6
3,3-Dimethyl-1-butyne  66.4/93.2 70.6/1055 +4.2/+123
2-Pentyne 74.46/80.6 81.3/877 +63/+7.1
4,4-Dimethyl-2-pentyne 73.7/87.8 81.1/96.4 +7.4/+8.6
2-Hexyne 75.4/79.2 821/860 +66/+68
3-Hexyne 80.8 879 +7.1
4-Methyl-2-hexyne 75.1/837 820/913 +69/+76
2-Heptyne 75.1/79.2 819/862 +68/+7.0
3-Heptyne 79.3/81.7 86.2/887 +69/+7.0
6-Methyl-3-heptyne 78.3/82.4 852/892 +69/+6.8
3-Octyne 79.4/81.4 863/884 +69/+7.0
4-Octyne 80.1 86.5 +6.4
Diphenylacetylene 89.4 95.1 +5.7
TMSA 90.1/93.0 948/957 +47/+27
TMS-2-propyne 83.7/1029 845/107.2 +08/+43
BTMSA 113.7 113.2 -0.50
BTMSA® 113.2 103.6 —-10.2

The spectra were referenced to the carbon signal in the CDCl, triplet
centered at 77.0 ppm. Negative signs indicate upfield shifts (shielded)
and positive signs indicate downfield shifts (deshielded).

* TMS =-Si(CH,). ® Dinuclear BTMSA(Cu(hfac)),.

electronic excitation energy [19]. The magnitude of the
Ad equals the summation of the individual magnitudes
for each variable. Given the complexity of these vari-
ables [20], the copper—alkyne bond can only be evalu-
ated in a qualitative sense from the NMR spectral shifts.
Concurrently, the multiple bond order may be evaluated
by the vibrational spectra (IR or Raman) or X-ray
crystallographic analysis of the alkyne—copper com-
plexes.

If we assume the alkyne to be a two electron donor
(n?), then PC chemical shift changes are greatly simpli-
fied and identical to the analysis for alkene—copper(l)
bonding [2¢,15]. For both 7 and o bonding to copper(I)
hfac, the Aé for the alkyne carbons will always result
in shielding of the alkyne carbons, unless the alkyne
electron density decreases owing to dominant ¢ bond-
ing. Therefore, in the case of dominant o bonding,
deshielding of the alkyne carbons will be observed [14].
The alkyne carbons are deshielded by +7.1 ppm and
the a carbons (~CH,-) are deshielded by + 3.3 ppm in
(3-hexyne)Cu(hfac). In Table 9, the alkyne-carbon A8
are given for a series of alkyne—copper(I) hfac com-
plexes. Deshielding of the alkyne carbons is observed in
nearly every alkyne-copper(I) hfac complex, except
when the alkyne is BTMSA, as in 1 and 2.

In the case of (n’-butyne)Cu(hfac) [6] and (n3-di-
phenylacetylene)Cu(hfac) [3b], the NMR spectral shifts
can also be compared with the literature X-ray crystallo-
graphic data. The X-ray crystal structures indicate dom-
inant o bonding based upon the C=C bond length and
small deformation angles. In essence, the alkynes are
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relatively unperturbed when coordinated to Cu(Dhfac.
For the ’C NMR A§ obtained in this work, small
deshielding shifts of +6.6 and +5.7 ppm are measured
for the two compounds respectively (Table 9). There-
fore, the NMR data are consistent with the crystallo-
graphic data and we can conclude that the alkyne is a
two electron donor (n?) with dominant o bonding
(electron donation from the alkyne to the copper center).

As stated above, shielding is only observed in the e
NMR spectra of 1 and 2. A small shielding shift
indicates an increased electron density at the alkyne
carbons from 7 back-bonding. In fact, shielding or
small deshielding values are noted for all of the TMS-
substituted alkynes (i.e. trimethylsilyl acetylene (TMSA)
and trimethylsilyl propyne (TMSP) Cu(hfac)) when
compared with the other alkyne—Cu(hfac) A8 values
(Table 9). We believe this indicates that the TMS
group(s) directly influence(s) the alkyne—copper bond-
ing mode via electronic effects. An independent spec-
troscopic analysis of TMS-substituted acetylenes con-
cluded that positive inductive polarization and electron
back-donation occurred from both alkyne 7 orbitals (p,
and p ) to silicon {21]. This alters the electronic proper-
ties of the alkyne and, ultimately, its bonding to the
Cu(I) center. As noted in the NMR data, the 7 back-
bonding contribution is increased for TMS-substituted
alkyne—Cu(hfac) complexes. Interestingly, the X-ray
crystal structures of BTMSACu(hfac) and BTMSA-
(Cu(hfac)), indicate only minor alkyne bond lengthen-
ing and relatively small alkyl deformation angles. Al-
though a direct d—d interaction between Si and Cu is
possible, this is unlikely based upon the separation
length observed in the crystal structures. Nevertheless,
the electronic effects of the TMS group(s) clearly alter(s)
the dominant bonding mode in the Cu(hfac) complexes,
as demonstrated by the ¥C NMR spectral changes
(A95).

Vibrational spectroscopy (IR and Raman) may also
be used to evaluate alkyne—metal bonding [22]. A com-
parison of the ‘free’ alkyne stretch frequency (v .c) to
that in the Cu(hfac) complexes can be obtained. Litera-
ture values were used for the C=C stretch frequency for
the ‘free’ symmetrical alkynes [23]. Alkyne—transition-
metal bonding usually decreases the bond order of the
alkyne (from sp to sp?), thereby lowering the frequency
of the alkyne stretch (Av) [17,22]. The magnitude of
this change is directly related to the alkyne bond order
and nuclearity of the complex. Large frequency changes
(equal to or greater than 400 cm™') have been reported
for complexes with large 7 back-bonding contributions
[24]. For the (alkyne)Cu(hfac) complexes reported
herein, relatively small frequency changes (Av ~ 200
cm™') are observed, as shown in Table 10. Of special
note, however, is the larger vibrational change (Av =
368 cm™') observed for BTMSA(Cu(hfac)),; 2 also
displayed shielding of the alkyne carbons by NMR, and

Table 10
Vibrational frequencies for the alkyne stretch (vi.c) for the ‘free’
alkynes and the alkyne—Cu(hfac) complexes

Alkyne ? Ve=c Ve =ccum Av
2-Butyne 2233 2057 176
2-Hexyne 2270 2052 218
3-Hexyne 2231 2061 170
2-Heptyne 2235 2050 185
3-Heptyne 2233 2041 192
4-Octyne 2234 2044 190
Diphenylacetylene 2217 1987 230
TMSA 2037 1868 169
TMS-2-propyne 2184 2021 163
BTMSA 2107 1941 166
BTMSA® 2107 1739 368

Both IR and literature Raman spectral data were used to determine
the frequency of the ‘free’ alkyne. A comparison of the experimen-
tally measured frequency for the Cu(Dhfac complex with the ‘free’
alkyne provides a frequency shift (Av) which is relatively small. A
larger frequency change is observed for the dinuclear complex
BTMSA(Cu(hfac)),.

® TMS = -Si(CH}),. * Dinculear BTMSA(Cu(hfac)),.

the combined analytical data supports either increased =
back-bonding or dinuclearity of the complex. In con-
trast, all of the other alkyne Cu(hfac) species display
smaller Av, dominant ¢ bonding and mononuclear
copper structures.

The potential of using a volatile, dinuclear copper
precursor for CVD was of interest towards facilitating
the disproportionation of two copper(I) centers on a
heated surface and depositing a copper film. However,
attempts to utilize this approach have met with limited
success as a result of the decreased volatility and the
decreased thermal stability of the dinuclear complex.
This work also demonstrates, however, that dinuclear
( u-n*-alkyne)(Cu(hfac)), complexes can be formed
when using the (n?-alkyne)(Cu(hfac) for Cu CVD. Low
bubbler temperatures, or shifting the equilibrium to-
wards the mononuclear precursor, are preferred when
using these materials for the CVD of copper films.

4. Conclusions

The synthesis and X-ray crystallographic molecular
structure of a mononuclear and dinuclear copper(I)(hfac)
stabilized with BTMSA are reported. The mononuclear
complex (1) is comparable with other reported alkyne—
copper(I)hfac structures; the alkyne is * bonded, paral-
lel to the Cu(I) B-diketonate plane. The dinuclear com-
plex (2) consists of two BTMSACu(hfac) planes with a
dihedral angle of 105.8°. The structural information on
the BTMSA ligand obtained via X-ray, IR and NMR
spectral analyses, suggest that greater m back-bonding
occurs in 2, but that the alkyne is relatively unaffected
by coordination to two copper(I) centers. As a conse-
quence, the metal—alkyne bond is fairly weak, resulting
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in two BTMSA complexes of ‘limited’ stability. For 2,
we observe the stability to be decreased relative to 1.

5. Supplementary material available

Tables of the complete distances and angles in the
complexes (hfac)CuBTMSA and ((hfac)Cu),BTMSA
are available. Ordering information is given on any
current masthead page.
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