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1 | INTRODUCTION

Carbon suboxide (C30,) is a stable dioxide of carbon, which was con-
ventionally described as a linear cumulene O=C=C=C=0 based on
early spectroscopic and electron diffraction investigations.2® How-
ever, later high-resolution infrared spectroscopic and ab initio theoret-
ical studies confirmed that the molecule is bent in the gas phase with
a very flat bending potential.”~? The observation of a bent equilibrium
geometry indicates that the bonding of carbon suboxide cannot be
interpreted using the cumulenic electron-sharing bonding model. It is
better described using the donor-acceptor bonding model. The
ground-state of bent C30, molecule can be classified as a dicarbonyl
complex of carbon in its 1D excited state with a valence electron con-
figuration (2s)° (2p,)? (2p,tH)0 (2p,.1)%. 1% The C;0, molecule is a diva-
lent carbon (0) complex with the central carbon atom possessing two
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The reactions of coinage metal atoms Cu, Ag and Au with carbon suboxide (C50,)
are studied by matrix isolation infrared spectroscopy. The weakly bound complexes
TM-41-C30, (TM=Cu, Ag, Au), in which the carbon suboxide ligand binds to the
metal center in the monohapto fashion are formed as initial reaction products. The
complexes subsequently isomerize to the inserted products OCTMCCO upon visible
light (1 = 400-500 nm) excitation. The analysis of the electronic structure using mod-
ern quantum chemistry methods suggests that the linear OCTMCCO complexes are
best described by the bonding interactions between the TM™ cation in the electronic
singlet ground state and the [OC...CCO]~ ligands in the doublet state forming two
TM* — ligands ¢ donation and two TM" — ligands = backdonation bonding compo-
nents. In addition, the CuCCO, AgCCO and AuCCO complexes are also formed,

which are predicted to be bent.

carbon suboxide, IR spectroscopy, ketenylidene complexes, matrix isolation, quantum

lone pairs of electrons. Thus, C30, acts as a strong Lewis base, which
was determined to have a negative electron affinity and a quite large
proton affinity.12-%7

Although carbon suboxide is widely used as a reactant in syn-
thetic chemistry,*® its coordination chemistry as a Lewis base and sub-
sequent metal mediated activation have received very little attention.
Stable carbon suboxide complexes of transition metals Ni, Pd, and Pt
supported by ligands such as phosphines and halides were
synthesized.?” 2% Solid-state IR and NMR spectroscopic as well as
theoretical studies indicate that the carbon suboxide ligand is bound
to the metal center in an ;?-fashion through two carbon atoms.?222
Theoretical studies suggest that C30, binds one AuCl preferentially in
the #! mode, whereas the - and 72-bonded modes are energetically
nearly degenerate in the diaurated complex.?* Infrared photodissocia-

tion spectroscopic investigation on the [TM(CO)4(C30,)]" (TM=Fe,
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Co, Ni) complexes shows that the C30, ligand binds to the metal cen-
ter in the »* fashion.?> Very recently, it was found that a dinuclear
titanium complex reacted with carbon suboxide forming an adduct,
which was structurally authenticated to involve an 5?-corodinated
C30, ligand.2® The C30, adduct further reacted with additional two
C30, molecules resulting in trimerization of the C30, molecules. The
activation of C30, by a U(lll) complex via the reductive coupling of
three C30, molecules in forming a tetranuclear complex with con-
comitant loss of CO was also reported.?” The reaction is proceeded
via the formation of a dimeric bridging ketene complex intermediate,
which undergoes insertion of C50, to form the final product.

In this paper, we report a combined matrix isolation spectroscopic
and theoretical study on the reactions of coinage metal atoms copper,
silver, and gold with carbon suboxide in solid neon. We will show that
the reactions proceed with the initial formation of the weakly bound
complexes TM-;1-C30, (TM=Cu, Ag, Au), in which the carbon sub-
oxide ligand binds to the metal center in the monohapto fashion. The
complexes can further isomerize to the inserted products OCTMCCO
upon visible light (1 = 400-500 nm) excitation.

2 | METHODS

21 | Experimental method

The experimental method for matrix isolation infrared spectroscopy
has been described in detail previously.?® In short, the Nd:YAG laser
fundamental (Continuum Minilite Il; 10 Hz repetition rate with 10 ns
pulse width) was used to ablate rotating metal target to produce metal
atoms. The laser-ablated metal atoms were co-deposited with carbon
suboxide (0.05%) in excess neon onto a 4 K Csl window, which was
cooled by means of a closed-cycle helium refrigerator. The C30, sam-
ple was synthesized according to published protocols?’ by the reac-
tion of malonic acid and P,Os at 140°C. The volatile products were
directed through three cold U-traps held at —110, —145, and —196°C,
and pure C30, was collected in the middle trap. The purity of C30,
was checked by gas-phase IR spectroscopy. The isotopic substituted
OC*CCO sample was prepared and purified in the same way as
OCCCO, with the *3C substitute of malonic acid (2-'3C, 99.0%, Cam-
bridge Isotope Laboratories, Inc.). After 0.5 h of sample deposition,
infrared absorption spectrum in the mid-infrared region (4000-

1 resolution on a Bruker 80V

450 cm™?) was recorded at 0.5 cm™
spectrometer using a liquid nitrogen cooled HgCdTe (MCT) detector.
Matrix samples were annealed at different temperatures and quickly
cooled back to 4 K for spectral detection. Selected samples were sub-
jected to photolysis using a high-pressure mercury arc lamp (250 W,

250-580 nm) with the outer globe removed.

2.2 | Theoretical method

Density functional theory (DFT) calculations were performed to pre-

dict the molecular structures and to verify the assignments of

vibrational frequencies of the observed species. The geometry optimi-
zation and harmonic vibrational frequency calculations were carried
out with the Gaussian 09 package®° at the level of three parameter
hybrid functional B3LYP.32~33 Dunning's correction consistent basis
set with the polarized triple-¢ plus diffuse functions aug-cc-pVTZ*
was used for the C and O atoms, and the SDD pseudopotential and

3> was used for the Cu, Ag and Au atoms. Considering the

basis se
weak interaction between the metal atom and the C30, molecule,
the D3 correction®® was used for the calculations. In order to identify
the bonding situation in the OCTMCCO complexes, an energy decom-
position analysis (EDA)®” in conjunction with the natural orbitals for
chemical valence (NOCV)®® method was performed at the
PBE/TZ2P//B3LYP/aug-cc-pVTZ level of theory.>’ The EDA-NOCV
calculations were carried out using the ADF 2014.10 program

package. %41

3 | RESULTS AND DISCUSSION

3.1 | Infrared spectra

The infrared spectra in selected regions from co-deposition of laser-
ablated Cu, Ag, and Au atoms with C30, molecules in excess neon are
shown in Figures 1-3, respectively. The stepwise annealing and pho-
tolysis behavior of the product absorptions are also shown in the fig-
ures. Absorptions common to these experiments at 2075.7, 1975.4,
1738.1, 1403.0, 1069.3 and 811.5 cm~! were observed. The 2075.7,
1738.1, 1403.0 and 811.5 cm™~* absorptions have been assigned to
the C30,~ anion.'” These absorptions were presented after sample
deposition at 4 K, decreased on annealing and disappeared under blue
light (440 £+ 20 nm) irradiation. The absorptions at 1975.4 and
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FIGURE 1 Infrared spectra in the 2180-1880 cm™~? region from

co-deposition of laser-ablated Cu atoms with 0.05% C305 in neon.
(A) After 30 min of sample deposition, (B) after annealing to 10 K,
(C) after annealing to 12 K, (D) after 10 min of blue light irradiation,
and (E) after 10 min of UV-visible light irradiation. A: Cu-71-C30,;
B: OCCuCCO; C: CuCCO

85UB017 SUOWILLIOD SAIERID B |eotjdde ayp Aq peusenob a1e Sapie O ‘88N JO'S3|NJ 1oy AXeiq1T8UlUO A3V UO (SUOIPUOD-PUR-SLLBY/W0D" A3 1M Afe.q 1 puUO//SRY) SUORIPUOD PUe SWwis | 8U} 835 *[£202/T0/yT] U0 Ariqi auljuo A|Im ‘Aisieaiun uepnd Ag 21892 90/200T 0T/10p/wod Ae 1M Aiq1euluo//Sdny Wwody papeojumod ‘€ ‘€202 ‘X286960T



nal of

CHEMISTRY

_WILEY_L_®t

LI T AL
0.6 4
B B
f (e)
° 0.4 - u"[“‘/ wﬁmff«ww ‘w‘\ (d)
8 32 |
©
2
o C3027
8 cco C
< (c)
- MM
(b)
0.0 T T T T T T T T T 1 (a)
2150 2100 2050 2000 1950
Wavenumber (cm™)
FIGURE 2 Infrared spectra in the 2195-1925 cm™? region from

co-deposition of laser-ablated Ag atoms with 0.05% C30, in neon.
(A) After 30 min of sample deposition, (B) after annealing to 10 K,
(C) after annealing to 12 K, (D) after 10 min of blue light irradiation,
and (E) after 10 min of UV-visible light irradiation. A: Ag-nl-C_o,Oz;
B: OCAgCCO; C: AgCCO
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FIGURE 3 Infrared spectra in the 2185-1952 cm™* region from

co-deposition of laser-ablated Au atoms with 0.05% C30, in neon.
(A) After 30 min of sample deposition, (B) after annealing to 10 K,
(C) after annealing to 12 K, (D) after 10 min of blue light irradiation,
and (E) after 10 min of 580 nm > 1 > 280 nm UV-visible light
irradiation. A: Au—nl— C30,; B: OCAuUCCO; C: AuCCO

1069.3 cm™! are attributed to CCO, which were observed at 1987
and 1077 cm™* in solid N, matrix and at 1969 and 1064 cm™* in solid
argon matrix.??*? Besides these common absorptions, metal depen-
dent absorptions from the reactions of metal atoms with C30, mole-
cules were also observed, which can be divided into several groups
based on their behaviors on sample annealing and photolysis (labeled
as A-C in Figures 1-3). In the case of copper, absorptions at 1904.6
and 1901.9 cm™? can be assigned to the copper dicarbonyl complex.*®

Experiments were also performed using the central carbon isotopically
labeled sample OC*®CCO and the OCCCO + OC*®CCO mixture. The

spectra in selected regions are shown in Figures S1-S6, respectively.

TM'I]]"C:;OZ

The absorptions labeled as A in each spectrum are assigned to the
TM-7%-C50, complexes. These absorptions are observed as weak
bands after sample deposition, increase tremendously when the sam-
ples are annealed to 10 K and 12 K, but are completely depleted
under 10 min of blue light irradiation. Two bands at 2160.7 and
21282 cm™? are assigned to the Cu-31-C50, complex. Both bands
are red-shifted by more than 100 cm™2 from the antisymmetric CO
stretching mode of C30,. In the experiment with the OC**CCO sam-
ple, the bands shift to 2159.3 and 2116.9 cm™* with 13C isotopic shift
of 1.4 and 11.3 cm™ 2, respectively. No intermediate absorptions are
observed in the experiment using the 1:1 molar mixture of OCCCO
and OC®CCO, confirming that only one C30, ligand is involved in
the complex. The low mode shows larger isotopic shift than the upper
mode when the central carbon atom is isotopic substituted, implying
more central carbon atom involvement in the vibration of the low
mode. Accordingly, the 2128.2 cm™?! band is assigned to the antisym-
metric CO stretching mode, while the 2160.7 cm™? band is attributed
to the symmetric stretching mode. The assignment is strongly
supported by DFT calculations. As listed in Table 1, the two experi-
mentally observed modes are predicted at 2219.7 and 2196.6 cm™*
with 13C isotopic shifts of 1.5 and 10.3 cm™?, respectively, both of
which match the observed values very well. As shown in Figure 4, the
Cu-31-C50, complex is predicted to have an 2A; electronic ground
state with planar C,, symmetry. The complex is predicted to have a
Cu-C bond distance of 2.044 A, longer than that of CuCO (1.969 A)
calculated at the same level.*®

Only the antisymmetric CO stretching mode is observed at
2181.0 cm™? for the Ag-#*-C30, complex. The absorptions at 2189.8
and 2187.5cm™?! are due to site absorptions. The 2181.0 cm™?!
absorption shifts to 2166.0 cm™?! with the OC*3CCO sample. The iso-
topic shift of 15.0 cm™? indicates that it is an antisymmetric stretching
mode. The symmetric stretching mode is not observed in the experi-
ments. The B3LYP-D3 calculations indicate that Ag-ql-C302 is a
weakly bound van der Waals complex. It is predicted to have a quite
long Ag-C distance of 2.826 A, which is significantly longer than the
Ag—C bond length (2.3 A) observed for Ag,CCO,** and is much longer
than the sum of the single bond covalent radii of Ag and C atoms
(2.03 A).** The binding energy with respect to the ground state Ag
atom and C30; is predicted to be only 1.0 kcal mol~%. The antisym-
metric stretching mode is predicted at 2311.8 cm™* with a *°C isoto-
pic shift of 22.2 cm™2. The symmetric stretching mode is predicted at
2249.3 cm~ ! with IR intensity only about one eighth of the antisym-
metric stretching mode and cannot be observed experimentally.

The Au-41-C30, complex is observed to absorb at 2171.6 and
2129.0 cm™ . The band positions and isotopic frequency shifts (1.3
and 10.3 cm™Y) are very close to those of the Cu-nl-Cgoz complex,
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TABLE 1 Experimental and calculated vibrational frequencies
(cm~1) and isotopic frequency shifts (cm ™) of the TM-41-C50,
(TM=Cu, Ag, Au) complexes

Exptl. Calcd.
Cu-71-C30,
2 AP v© Af Assignment®

2160.7 1.4 2219.7
2128.2 11.3 2196.6

768) 1.5
183¢) 10.3

C-O sym. str. (a1)
C-O asym. str. (by)

1430.0 (<1) 374 C-C str. (by)
927.0 (83) 16.7 CCC bend. (aq)
579.9 (29) 6.6 OCCCO wag. (b4)
574.3 (0) 0.0 OC wag. (an)
533.0 (58) 1.7 CCC scissor. (a1)
468.8 (43) 0.1 CCC rock. (by)
237.9 (6) 3.0 Cu-C str. (aq)
143.3 (1) 3.5 OCCCO wag. (bq)
104.9 (6) 0.1 OCCCO scissor. (aq)
85.4 (<1) 24 OCCCO rock. (by)

Ag-n"-C30,

2181.0 15.0 2311.8 (2307) 222 C-O asym. str. (b,)
2249.3 (305) 0.4 C-O sym. str. (aq)
1597.8 (24) 35.6 C-C str. (by)
857.5(12) 8.0 CCC bend. (a4)
586.8 (<1) 0.0 O-C wag. (an)
569.1(33) 5.2 OCCCO wag. (bq)
565.6 (6) 0.1 CCC rock. (bo)
564.2 (23) 2.5 CCC scissor. (a1)
87.6 (<1) 2.3 OCCCO wag. (bs)
78.9 (2) 1.1 OCCCO scissor. (aq)
58.3 (4) 0.5 Ag-C str. (a4)
39.8 (<1) 0.1 OCCCO rock. (by)

Au-n*-C50,

2171.6 13 2231.8(728) 13 C-O sym. str. (a4)

21290 10.3 2210.4 (1877) 10.7 C-O asym. str. (b,)
1457.1(<1) 38.0 C-C str. (bo)
931.6 (16) 16.8 CCC bend. (aq)
585.2(28) 6.6 OCCCO wag. (bq)
574.5 (0) 0.0 OC wag. (ap)
559.4 (4) 1.8 CCC scissor. (a1)
512.0 (24) 0.1 CCC rock. (by)
218.3 (4) 3.5 Au-C str. (a;)
144.0 (1) 34 OCCCO wag. (bq)
100.2 (2) 0 OCCCO scissor. (aq)
85.1(<1) 0.4 OCCCO rock. (by)

2Observed IR band positions in neon matrix at 4 K.

bObserved 12/13C isotopic shifts.

The calculated IR intensities are listed in parentheses in km mol~* at the
B3LYP-D3/aug-cc-pVTZ/SDD level.

dCalculated #/*3C isotopic shifts.

®Tentative assignments based on calculated vibrational displacement
vectors.

1.292 475 9

1.801 @~
w25 1179

1.820 1.281

% 1.128 1.819 1.182

A)  OCCuCCO (C,, *m,)

CuCCO (C,, 2A")

Cu-n'-C,0, (C

2v!

175.3°, 1-302\172.0"
2.018 1.279 5035
1445° @-P—IP—&-9
1.286 1.125 2.000 1.184
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v

FIGURE 4 Optimized structures (bond lengths in angstroms and
bond angles in degrees) of TM-;1-C50,, OCTMCCO and TMCCO
(TM=Cu, Ag, Au) at the B3LYP-D3 level

suggesting similar bonding situation between copper and gold. The
complex is also predicted to have a planar C,, structure (Figure 4) with
an Au-C bond distance of 2.205 A, which is very close to that of
2.217 A in Au(CO),**¢ As listed in Table 1, the calculated stretching
frequencies and isotopic shifts are in excellent agreement with the
experimental values.

The binding energies of the TM-nl-CgOz complexes with respect
to the ground state metal atoms and C30, molecule are estimated to
be 6.9, 1.0 and 6.8 kcal mol~! with TM=Cu, Ag and Au, respectively
(Table 2). The binding energies of the three metals show the usual V-
shaped trend in which the third transition-metal-row atom Au exhibits
stronger interaction than the second-row metal Ag due to relativistic
effects. Similar situation has been reported and discussed for the coin-

age metal monocarbonyl complexes.*” 4

3.3 | OCTMCCO

Besides the TM-nl-Cgoz absorptions, a second group of absorptions
labeled as B in each spectrum are observed after sample deposition.
These absorptions remain almost unchanged upon sample annealing,
but increase about three fold under blue light irradiation at the
expense of the TM-;11-C302 complex absorptions. The photochemical
behavior implies that species B is a structural isomer of species A, and
is assigned to the OCTMCCO complexes. In the case of copper, two
absorptions at 2154.8 and 1997.5 cm™! are observed. The upper
band shows only 0.1 cm™? shift with the OC*3CCO sample. The band
position and isotopic shift are appropriate for a terminally bonded car-

bonyl stretching vibration. The band position is slightly blue-shifted
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TABLE 2 Calculated reaction energies (kcal mol™2) for the TM
+ C30, reactions at the B3LYP level

Cu 4 C30, — Cu--C50, -6.9
Ag + C30, — Ag-n*-C30, -1.0
Au + C30, — Au-n1-C;30, 6.8
Cu-7%-C30, — OCCuCCO -3.6
Ag-n'-C;0, — OCAgCCO +16.8
Au-71-C30, — OCAUCCO +0.3
OCCuCCO — CuCCO + CO +35.4
OCAgCCO — AgCCO + CO +25.2
OCAuUCCO — AuCCO + CO +40.1
Cu + CCO — CuCCO —66.9
Ag + CCO — AgCCO —-50.9
Au + CCO — AuCCO -58.2

from that of free CO (2140.8 cm™? in Ne), suggesting that the car-
bonyl ligand is coordinated to a positively charged metal center. The
low band is attributed to the CO stretching mode of a CCO subunit,
which is about 22.1 cm™? higher than that of free CCO in solid Ne
matrix. It shifts to 1986.6 cm™! with a carbon-13 isotopic shift of
10.9 cm~! when the OC*3CCO sample is used. The spectrum from
the experiment with the OCCCO + OC*3CCO mixed sample confirms
the involvement of only one CCO unit. The OCCuCCO assignment is
further supported by B3LYP calculations. The complex is predicted to
have a linear structure and a 2Hg ground state, which is 3.6 kcal mol~?!
lower in energy than the Cu—ql—C302 complex isomer. The two Cu-C
bond lengths of OCCuCCO are predicted to be 1.820 and 1.819 A,
respectively, which are very close to that of 1.835 A in Cu(CO),.*®
Note that these Cu-C bond length values are about the same as the
sum of the double-bond covalent radii of Cu and C atoms (1.82 A),>°
suggesting some multiple bonding character. As listed in Table 3, the
two experimentally observed modes are predicted at 2200.4 and
2053.6 cm™~* with the *3C isotopic shifts of 0.1 and 10.9 cm™~?, which
match the observed values very well. The other modes are predicted to
have very low IR intensities, and cannot be observed experimentally.

The 2182.4 and 1993.3 cm™! bands in the Ag+C30, experiments
are assigned to the OCAgCCO molecule. The OCAg'*CCO isotopomer
is observed at 2182.2 and 1982.9 cm™1. The OCAgCCO molecule is
calculated to have a linear structure with OC-Ag and Ag-CCO bond dis-
tances of 2.018 and 2.000 A, very close to the sum of the double-bond
covalent radii of Ag and C atoms (2.06 A).>° This isomer is predicted to
be higher in energy than the Ag-!-C30, complex by 16.8 kcal mol~!
at the B3LYP level of theory. The two CO stretching vibrational modes
are calculated at 2213.0 and 2048.2 cm~* with *3C isotopic shifts of
0.1 and 11.5 cm™%, respectively.

Analogous bands at 2154.1 and 2017.7 cm™? in the Au + C30,
experiments are assigned to the OCAuCCO molecule. The OC*3CCO
counterparts are observed at 2153.9 and 2005.4 cm™~! with isotopic
shifts of 0.2 and 12.3 cm™L. Calculations predict that the OCAUCCO
molecule is also linear, and is less stable than the Au-;*-C30, isomer
by 0.3kcal mol™* at the B3LYP level. The two experimentally

CHEMISTRY

TABLE 3 Experimental and calculated vibrational frequencies
(cm™1) and isotopic shifts (cm ™) of the OCTMCCO (TM=Cu, Ag, Au)
complexes

Exptl. Calcd.
OCCuCCO
2 AP £ A Assignment®
2154.8 0.1 2200.4 (685) 0.1 O-Cstr.
1997.5 10.9 2053.6 (1379) 10.9 CC-O str.
1379.2 (4) 343 C-CO str.
551.7 (14) 4.8 CCO bend.
540.5 (5) 2.7 CCO bend.
462.2 (2) 0.4 OC-Cu str.
392.6 (1) 0.4 O-C rock.
374.2 (1) 0.3 O-C wag.
350.9 (35) 1.6 Cu-CCO str.
163.6 (5) 3.9 OCCuCCO bend.
130.8 (9) 3.2 OCCuCCO bend.
47.7 (1) 0 OCCuCCO wag.
41.6 (<1) 0.1 OCCuCCO rock.
OCAgCCO
21824 0.2 2213.0 (649) 0.1 O-Cstr.
1993.3 10.4 2048.2 (1353) 115 CC-O str.
1367.2 (4) 33.3 C-CO str.
539.4 (14) 4.2 CCO bend.
530.4 (4) 24 CCO bend.
3754 (<1) 1.0 OC-Ag str.
330.6 (1) 0.3 O-C rock.
315.0 (<1) 0.4 O-C wag.
309.4 (41) 1.6 Ag-CCO str.
141.3 (4) 3.6 OCAgCCO bend.
101.9 (7) 2.5 OCAgCCO bend.
41.9 (<1) 0 OCAgCCO wag.
25.9 (<1) 0.1 OCAgCCO rock.
OCAuCCO
2154.1 0.2 2194.4 (683) 0.3 O-Cstr.
2017.7 12.3 2072.6 (1582) 12.2 CC-O str.
1401.5 (6) 34.5 C-CO str.
545.6 (9) 4.9 CCO bend.
522.7 (7) 2.0 CCO bend.
442.1 (3) 0.8 OC-Au str.
422.3 (5) 0.4 O-C rock.
422.2 (27) 0 O-C wag.
368.3 (15) 2.6 Au-CCO str.
171.1 (1) 43 OCAuCCO bend.
131.1 (4) 34 OCAuCCO bend.
49.2 (<1) 0 OCAuCCO wag.
32.0(<1) 0.2 OCAuCCO rock.

2Observed IR band positions in neon matrix at 4 K.

bObserved 2/13C isotopic shifts.

“The calculated IR intensities are listed in parentheses in km mol~* at the B3LYP-
D3/aug-cc-pVTZ/SDD level.

dCalculated *#/23C isotopic shifts.

“Tentative assignments based on calculated vibrational displacement vectors.
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observed modes are simulated at 2194.4 and 2072.6 cm™? possessing
the 13C isotopic shifts of 0.3 and 12.2 cm™2, in excellent agreement
with the experimental values. As shown in Figure 4, the OCAuCCO
molecule is predicted to have OC-Au and Au-CCO bond lengths of
1.940 and 1.959 A, shorter than the sum of the single-bond atomic
radii of Au and C (1.99 A)* but longer than the sum of the double-
bond atomic radii of Au and C (1.88 A).>°

34 | TMCCO

The 1957.5 cm ™! band (labeled as C) in the Cu + C30, experiments is
presented after sample deposition, decreases upon annealing to 12 K,
increases on visible-light irradiation, but disappears completely under
subsequent UV-visible light irradiation (Figure 1). It shifts to
1951.0 cm~* with OC*3CCO, giving an isotopic shift of 6.5 cm™ . The
band position and isotopic shift suggest the assignment to the CC-O

TABLE 4 Experimental and calculated vibrational frequencies
(cm™1) and isotopic shifts (cm~1) of the TMCCO (TM=Cu, Ag, Au)
complexes

Exptl. Calcd.

CuCCO

V2 AP v© Af Assignment®

1957.5 6.5 2033.3 (751) 8.3 CC-Osstr. ()
1328.5 (6) 33.9 C-COsstr. ()
554.3 (11) 6.2 CCO bend. (a”)
455.0 (15) 1.6 CCO bend. (a)
438.9 (4) 34 Cu-C str. (a%)
64.1(21) 1.2 CuCC scissor. (a’)

AgCCO

1947.3 7.3 1999.4 (850) 6.1 CC-Osstr. ()
1267.7 (4) 324 C-COstr. (%)
568.9 (14) 6.5 CCO bend. (a’)
450.5 (16) 1.8 CCO bend. (a”)
384.3 (4) 6.1 Ag-C str. (a°)
81.1(14) 1.2 AgCC scissor. (a’)

AuCCO

1965.9 4.2 2018.4 (877) 4.1 CC-Osstr. (")
1246.2 (4) 33.8 C-COsstr. ()
608.9 (28) 11.0 CCO bend. (2”)
433.5 (<1) 49 Au-C str. (2°)
429.3 (16) 14 CCO bend. (a)
104.8 (11) 1.4 AuCC scissor. (a’)

2Observed IR band positions in neon matrix at 4 K.

bObserved *?/13C isotopic shifts.

The calculated IR intensities are listed in parentheses in km mol~! at the
B3LYP-D3/aug-cc-pVTZ/SDD level.

dCalculated #/13C isotopic shifts.

®Tentative assignments based on calculated vibrational displacement
vectors.

stretching vibration of a CuCCO complex. The experiment using the
OCCCO + OC¥CCO mixture sample confirms the involvement of
one CCO subunit. The CuCCO molecule is predicted to have a 2A’
ground state with C; symmetry. The molecule is bent with a 2CuCC
bond angle of 142.5°. The linear structure is less stable than the bent
structure by only 0.3 kcalmol™t. The Cu—C bond distance is
predicted to be 1.801 A, slightly shorter than the Cu=C double bond
distance (1.82 A).>° The CC—O stretching mode of bent CuCCO is cal-
culated at 2033.3 cm ™! (Table 4). The C—CO stretching mode is com-
puted at 1328.5 cm~! with very low IR intensity and is not observed
experimentally.

Similar bands at 1947.3 and 1940.0 cm™? in the Ag experiments
are assigned to the C—O stretching modes of the AgCCO and
Ag*3CCO complexes. DFT calculations predict that the AgCCO com-
plex also has a 2A” ground state and a bent C, symmetric structure
with a 2AgCC angle of 130.1°. The linear structure is 1.2 kcal mol~?*
higher in energy than the bent structure. The observed vibrational
mode is predicted at 1999.4 and 1993.3 cm™?! for the AgCCO and
Ag'®CCO isotopomers, which match the experimental values
very well.

Similar band at 1965.9 cm™?! in the Au + C30, experiments is
assigned to the AuCCO complex. It shifts to 1961.7 cm~* with the
OC*3CCO sample. The AuCCO complex is predicted to have a bent
structure with an Au—C bond distance of 1.949 A, which is slightly
longer than the Au=C double bond distance (1.88 A).>° The C-O
stretching mode is predicted at 2018.4 cm™! with an isotopic shift of

4.1 cm™?, in excellent with the observed values.

3.5 | Bonding analysis

The calculated atomic partial charges and spin densities of the TM-nl-
C30, complexes are shown in Figure S7. The spin density of the Ag-
;11—C302 complex is almost entirely located on the metal center. The
calculated binding energy (1 kcal mol™2) is much lower than those of
Cu-n-C30, and Au-n*-C30, (6.8 and 6.9 kcal mol~?), suggesting that
the Ag'ﬂl'c;;Oz is a weakly bound van der Waals complex, which is
supported by the noncovalent interaction (NCI) analysis as shown in
Figure S8.

The highest-lying molecular orbitals of the doublet ground state
OCTMCCO complexes are shown in Figure 5. The unpaired electron
occupies a molecular orbital which is primarily a x symmetry MO of
the CCO unit that is C-C bonding but C—O antibonding in character.
The HOMO-1 and HOMO-2 are metal d, and ds; orbitals. The
HOMO-3 are doubly degenerate metal d, orbitals that comprise weak
metal to ligands = backdonation. The HOMO-4 is a ligand-based
orbital that comprises some ligands to metal ¢ donation. The analysis
using the adaptive natural density partitioning (AdNDP) method®! on
OCAuUCCO shows that there are two 2c-2e Au-C ¢ bonds, one 6c-2e
delocalized n bond and one é6c-1e delocalized n bond (Figure S9),
suggesting some Au-C multiple bonding character. Mulliken popula-
tion analysis shows that the spin density is mainly located on the CCO

moiety (Figure S10). The metal centers are positively charged
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(Table S1). Therefore, the doublet ground state of OCTMCCO can be
regarded as involving bonding interaction between a TM™ cation in
the electronic singlet ground state 1S and the [OC...CCO]" ligands in
the doublet state with the unpaired electron in the x orbital of CCO™.
The bonding between the metal cation and the [OC...CCO]~ ligand
anion in the OCTMCCO complexes is analyzed with the EDA-NOCV
method, which can provide a quantitative evaluation of the strength
of bonding. Table 5 shows the numerical results which give the
strength of the different orbital interactions. The results show that
the strength of the interaction energy AE;,; of the three metals shows
the usual V-shaped trend in which the third-row transition metal Au
exhibits the strongest interactions whereas the second-row metal Ag

2P0

SOMO HOMO
HOMO-1
HOMO-,
4D 234D S
HOMO-3
) Je»
HOMO-4

FIGURE 5 Shape of the highest-lying occupied molecular orbitals
of OCTMCCO

CHEMISTRY

has the weakest interactions. The attractive metal-ligand interactions
in all three complexes come mainly from Coulomb attraction, which
contributes 71.4% for TM=Cu, 73.7% for TM=Ag, and 69.5% for
TM=Au of the binding forces. The much stronger bonding in
OCAUCCO can be attributed to the much bigger orbital interactions
than those in OCCuCCO and OCAgCCO due to relativistic effects.
Further inspection of the orbital components shows that there are
four relatively strong orbital interaction terms AEq, (1y—AEom (4 that
can be identified with specific ¢ or = dative interactions with the help
of the associated deformation densities Ap (1)—Ap 4 displayed in
Figure 6 or Figures S11-S13, which illustrate well the charge flow that
accompanies the orbital terms. For each complex, there are two com-
ponents for the donation of the occupied ligand MOs to TM™ and
two components for the n-backdonation of the occupied AOs of TM™
to ligands. The strongest orbital stabilization AE,, (1) is due to the
o-donation of the +,+ combination of the ligand HOMO and
HOMO-1 MOs into the corresponding vacant LUMOs AO of TM™,
followed by the c-donation AEg, (2 of the +,— combination of the
lone-pair HOMO and HOMO-1 MOs of ligands into the vacant
LUMO+1 p, AO of TM™. The two relatively weak orbital contribu-
tions AEqrp (3) and AEqr, (4) come from the m- and =, -backdonation of
the occupied d,, and dy, AOs of the TM™ into the two orthogonal
LUMO MOs of the ligands. The AEq, (1) term of the OCAuCCO com-
plex is about twice as large as those of OCCuCCO and OCAgCCO
due to low-lying nature of the 6s AO of gold because of the relativis-

tic effects.
3.6 | Reaction mechanism
The experimental observations clearly indicate that the ground state

coinage metal atoms react with the C30, molecule in forming the

TM-71-C50, complexes spontaneously on annealing in solid neon

TABLE 5 The EDA-NOCYV results of OCTMCCO at the PBE/TZ2P//B3LYP/aug-cc-pVTZ level using the TM* (1S) and [OC...CCO]~ (°M) as

interacting fragments. Energy values are given in kcal mol 2

(*s) Ag* + (°m) [OC...CCO]~ (*s) Au™ + (1) [OC...CCO]~

Energy Assignment (*s) cut + (%m) [OC...CCOl~

AEjnt \ -263.0

AEpauli \ 217.8

AEeistat”® \ —343.2 (71.4%)

AEqy’ \ —137.6 (28.6%)

AEom 1)° [OC...CCO]™ — [TM]* —40.9 (29.7%)
o donation (4, +)

AEor 2° [OC...CCO]™ — [TM]T —32.7 (23.8%)
o donation (4, —)

AEorp (3° [TM]* — [OC...CCO]~ —22.0 (16.0%)
n-back donation

AEorp @) [TM]* — [OC...CCO]~ —20.2 (14.7%)
n, -back donation

AE::)rb(rest) \ -21.8 (158%)

®The values in the parentheses show the contribution to the total attractive interaction AEgstat Plus AEqy,.

—227.6 -2931

241.7 378.7
—346.1(73.7%) —466.7 (69.5%)
—123.2 (26.3%) —205.1 (30.5%)
—47.5 (38.6%) —94.0 (45.8%)
—25.8 (20.9%) —28.5(13.9%)
—16.7 (13.5%) —26.2 (12.8%)
—14.0 (11.4%) —23.1(11.3%)
—19.2 (15.6%) —33.3(16.2%)

bThe values in the parentheses show the contribution to the total orbital interaction AEcyp.
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('S) Cu*+
() [OC-CCO}

('S)Ag*+
(2) [OC-CCOJ

Apy, Bpy,,
w =-409; |v,|=0.56 AE,. . =-475; |v,|=065

orb orb

o @lBle a0 {@Libe

Ap(2) Ap(2)

AE,,, =-327; |v,|=0.50 AE,,, =-258; |v,[|=0.23
Ap(3) A'D(3>

o =220; |v,|=0.46 AE,, ., =-16.7; | v,|=0.44

orb orb

. '
Ap(4) A'0(4)
AE, , =-20.2; |v,|=0.41 AE,, , =-14.0; |v,|=0.34

orb(4) orb(4)

AE

AE

matrix. These addition reactions are predicted to be exothermic by
6.9 (Cu), 1.0 (Ag), and 6.8 kcal mol~?! (Au), respectively. The TM-z1-
C30, complexes can further isomerize to the linear inserted
OCTMCCO isomers under visible light excitation. These isomerization
reactions are predicted to be exothermic by 3.6 kcal mol~? for Cu, but
endothermic by 16.8 and 0.3 kcal mol™! for Ag and Au, respectively.
Theoretical calculations predict that the isomerization reaction for Cu
in the ground state potential energy surface proceeds via a transition
state lying 40.6 kcalmol™* above the Cu-y'-C30, complex
(Figure S14). The reaction proceeds only under visible light irradiation
with the photon energy sufficient to overcome the barrier. The isom-
erization reaction is a photo-induced process in which some excited
states might be involved.

Besides the OCTMCCO complexes, the TMCCO complexes are
also formed in the experiments. The TMCCO absorptions are
observed on sample deposition and decrease on annealing, but slightly
increase on blue light irradiation. It is assumed that the TMCCO com-
plexes are formed from decomposition of the OCTMCCO complexes
upon sample deposition or upon blue light irradiation. The decomposi-
tion reactions OCTMCCO — TMCCO + CO are predicted to be endo-
thermic by 35.4, 25.2 and 40.1 kcal mol~?, respectively.

4 | CONCLUSIONS

Matrix isolation infrared spectroscopy studies on the reactions of
coinage metal atoms (Cu, Ag, and Au) with carbon suboxide show that
the ground state metal atoms react with carbon suboxide to form the
weakly bound TM-41-C30, complexes spontaneously on annealing in
solid neon. The TM-;*-C30, complexes further isomerize to the metal

inserted ketenylidene complexes OCTMCCO under blue light

FIGURE 6 Plot of the
deformation densities Ap1)-(a),
which are associated with the
orbital interactions AEqp(1)-4) in
OCTMCCO. The isosurface
values are 0.003 a.u. for Ap and
0.05 a.u. for orbitals. The charge
flow of the deformation densities
is red — blue

('S) Au* +
(M) [OC-CCO}

Apy,
AE,. ., =-94.0; |v,|=0.87

*-0-4@( Bbe

Ap(2>
AE,,, =-285; |v,|=0.27

orb

Ap(3

AE, ., =-262; | v,|=0.49
Ap(4)

AE, ., =-23.1; |v,|=0.44

irradiation. The OCTMCCO complexes are predicted to be linear. The
TMCCO complexes are also formed, which are predicted to be bent.
Bonding analysis indicates that the OCTMCCO complexes are best
described by the bonding interactions between a TM* cation in
the electronic singlet ground state S and the [OC...CCO]~ ligands
in the doublet state with the unpaired electron in the = orbital of
CCO". The attractive metal-ligand interactions in all these complexes
come mainly from Coulomb attraction. The covalent orbital inter-
actions are dominated by the TM" «— ligands o donation and

TM* — ligands & backdonation bonding components.
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