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Side-Bonded Pdn?-(C,H3)12 and Pd-p?-(C2H2) Complexes: Infrared Spectra and Density
Functional Calculations
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Laser-ablated palladium atoms react with acetylene in excess argon to form the strgg(2d,) and
Pd+%-(C;H,)2 w complexes. The €C and C-H stretching modes and two-G4 deformation modes are
observed in the matrix infrared spectrum and identified through isotopic substit&i@it§, C,D,, C;HD)
and density functional theory (DFT) isotopic frequency calculations. ThePdf€omplex is characterized
by a C-C stretching mode near 1710 chand a 39.8 kcal/mol binding energy predicted by DFT. The
antisymmetric C-C stretching mode for Pg2-(C;H,), is observed at 1765 crh The Pd-12-(C,H,) complex
produced from the reaction of two Pd atoms witiHgis characterized by a-©C mode at 1566 cni. The
interaction between atomic Pd andH involves a small amount of charge transfer based on NBO analysis,
which is enhanced by a RPdimer coordinated to £,. As a result, Pgddimer can reduce the-€C triple
bond to a double bond. These complexes represent first steps in th&,Rg interaction culminating in
acetylene chemisorbed on palladium.

Introduction extensively. Early thermal Fe and Ni atom reactions withl£C
gave the HFeCCH insertion and Nifd;) complex products in
matrix infrared spectroscopy studi#&3 Because of the wide
range of possible chemical products, it is desirable to explore
further the chemistry of reactions of transition metals apld .C

The complexes of a bare transition metal atom with molecular
hydrogen, carbon monoxide, and hydrocarbons are fundamen-
tally important in studying bond activation, catalysis, and
;Cz?Jzoggsl%rbeg%cggiggI¥}a[r)]2:lt%(jrllunr?egl12rgrs;rgng caz:ltircl)?qh and to fino_l new routes for the activation of stable bonds and
reactions with ethane, ethylene, propane, and propylene havethe formatlon (?f different products. -
been studied extensively using photoionization mass spectrom- 1he interaction of acetylene and transition metals has been
etry (PIMS)* More recently, the side-bonded palladitm investigated more traditionally in solut!on with complex ions.
hydrogen complexes Pd§H » shave been synthesized in solid Infrared spectra of Pt(lI) Complexc_as Wl.th alkynes $h0W a 200
argon and neon, which established a simple model for hydrogen¢™ * reduction in the &C stretching vibratiof#? This work
activation and oxidative addition reactich®alladium and its ~ has been extended to,Mi(ll) and L,Pd(ll) complexes of
cluster§=? are of particular interest for applications in hetero- Substituted alkynes, and the reductions #Cfrequency are
geneous catalysis where experimental observation and theoreticaless than that for 4Pt(ll) complexes?® Chatt et al. suggested
calculation have advanced the understanding of active surfacethat the bonding to acetylene can be described as (i) donation
species?13 These works show that on Pd(111) below 200 K, of acetylener electron den_sny into an empty p or d orbltal_on
the adsorbed species is molecular acetylene, but at higherthe metal a.nd back donation of elgctron glensny fro_m gﬂlled
temperatures, typically above 250 K, adsorbed acetylene metal d orbital toan acetylt.ane*.orbnal or (ii) reorganization
transforms into vinylidene, which is an intermediate in hydro- Of €lectrons to give an olefin with two carbon-metal bonds
genation reaction® Likewise, vibrational frequency measure- in @ metallacyclopropene rirg.
ments and calculations have characterized new transition metal We report here reactions of laser-ablated Pd atoms with C
dihydrogen complexes and hydride intermediate species. Com-in excess argon. A series of novel complexes /RGEaH2)1 2
plexes such as AuH, (H2)RhH;, and (H)LaH, and hydrides and Pd-n%-(CyH,), are characterized through matrix infrared
such as Pthland WH; have been observed recently by matrix spectra. The vibrational frequencies are confirmed by isotopic
infrared spectroscopl 16 substitution and density functional theory (DFT) structure,

Metal atom reactions with acetylene give a wide range of frequency, and infrared intensity calculations. It is noteworthy
products depending on the metal. Lithium forms theomplex that two Pd atoms (Rdlimer) elongate the €C bond to 1.312
Li(C2H2),17 and sodium forms the vinylidene NaCgldom- A'in Pdy-7?-(CoHy) as compared to the 1.269 A-C bond in
plex 18 but the HBeCCH insertion proddétand MCCH (M= Pd+%(CzH>) and the 1.336 A €C bond in GHs, based on
Be, Mg, Ca, Sr) decomposition products are produced with DFT structures.
group 2 metald22°Additional M(C;H,) complexes are obtained
in the reactions of group 13 metals withH, but boron also Experimental and Theoretical Methods
forms the HBCCH insertion product, and on photolysis, Al- ] )

(CH.) rearranges to HAICCR In contrast, transition metal The experimental methods employed for reacting laser-ablated

atom reactions with acetylene have been investigated lesstransition metal atoms with small molecules and for identifying
the reaction products from matrix infrared spectra have been

*To whom correspondence should be addressed. E-mail: Isa@virginia.edu.described previousl§/, and the same methods were applied here
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for the reaction of palladium with £1,. The Nd:YAG laser =~ TABLE 1: Infrared Absorptions (cm ~%) Observed for Pd +
fundamental (1064 nm, 10 Hz repetition rate with 10 ns pulse C2H2 Reaction Products in Solid Argon at 7 K

width) was focused onto the rotating palladium target (Alfa 12C,H,  12C,H, + 13C,H, 13C,H, C.D> assignment
Aesar, foil, 99.95%). Laser-ablated metal atoms were codepos-"33-56 3326.0,3324.6, 33088 25934 G

ited with 0.1-0.6% GH, (13C,H,, C;D2, or mixed GH,, C;HD, 3309.7, 3308.8

C,Dy) in excess argon oata 7 K orneon ont a 4 K Csl 3184.2 3178.2 23735 Pdf&)
cryogenic window at 24 mmol/h for 1 h. Infrared spectra were ~ 3163.8 3157.7  2363.6  Pd{E)
recorded at 0.5 crr resolution on a Nicolet 750 with 0.1 crh 3153.7 3147.4  2360.2  Pd{Ry)

accuracy using a liquid Ncooled HgCdTe detector. Matrix 3104.5  3104.5,3095.0 30950 23115 oHe’

. C . . 2084.0 2006 2056 {Ely
samples were subjected to BVis irradiation from a medium 20604 2060.4,2029.8, 19815 2049.4 GH
pressure mercury arc lamp. 2017.9,1981.5

DFT frequency calculations were performed to reproduce the 2142.0 2080.0 21124 GCRO
tructures and fr ncies of palladitacetylene complex 2104 2053 1971 ~ CCH
structures and frequencies of palladiuacetylene complexes 19877 To163 18563  P4CCH
using the Gaussian 98 progr&hBoth BPW91 and B3LYP 19528 19528 19528 14035  PdH
density functional®-3 with 6-311++G(d,.p) basis sets for C 1899:0 ' 1830.§ 1800.6 PdCCH
and H atoms and the SDD pseudopotential for the Pd atom were 1878.0 1810.6  1780.9 [PdCCHX
employed32Geometries were fully optimized, and the vibra-  1845.8  1845.8,1785.5 17855 17465 CCH
tional frequencies were calculated analytically from second 18204 17548 17246 CCH
derivatives. Natural bond orbital analy&isvas done to deter- 17705  1770.5,17118 17118 16767 CCH
. he el fi . d lch distributi 1765.3 1765.3 170621 Pd(GH2).
mine the electron configurations and natural charge distributions. ;7659 17042 16187 Pd{8),
1760.4 1760.9,1701.3 1701.2 16179 P4HD>
Results 1716.9 1716.9,1659.1 1659.1 1590.4 Pd(@H,)
1709.6  1709.6, 1652.7 165%.8 1582.8 Pd(@H,)
Infrared Spectra. Infrared spectra of laser-ablated Pd atom 1707.1  1707.1, 1649.5 1649.5 1579.4  Pd(GH,)
reactions with GH, in excess argonta/ K are presented in 1660.9  1660.9, 1601.6 1601.6  1539.8  [PH]IX
Figures 13, and the product absorptions are listed in Table 1. gggg igéég igiéé giég 1288-;‘ 2(@EZ)
Absorptions common in laser-ablated metal experiments with 1543.3 e : 14836  1543.3 é(m 2
4 ly, CCH (1846.1, 2103.5 cr), CCH" : ' 3
acetylen& namely, 1, - , 989.6 975.5 8463  R(C.Hy)
(1820.2 cnl), CCH™ (1770.5 cmY), C4H (2060.4 cmt), C4H, 985.7 971.6 844.7  B(CH,)
(3225.4, 627.7 cmb), and GH," (3104.5 cnl), have been 977.7 975.0 Hy
reported previously4—38 These bands have also been observed 971.2 968.2 Hy
in argon discharge experiments with acetylene and in other 3(2)3'451 233'8 g'_'V
investigations of hydrocarbon transiefts3’ In addition, 8935 887.5 QH;
CH,CO (2142.0 crm?), C4 (1543.3 cn1l), PANN (2209.7 cmb), 855.5 847.9 Hy
and PdCO (2044.0 cm) are observed@® 42 and GH,4 (947.4 853.1 845.2 Hy
cm™Y) and GHs (900 cnt?l) are detected on depositidh? 7728 766.3 638.7  PdeH).
Additional bands common to other metal experiments witH,C 769.6 764.7 Pd(&4)

. . . . 765.8 757.3 636.7 PdgE))
are listed as @y in Table 1. Strong diatomic PdH (1952.8 7645 756 1 635.7  PdiE,)
cm~1) and PdD (1403.5 crmt) absorptions, also found in laser- 710.1 706.2 513.6  PdE.),
ablated Pd atom experiments with khd D,,> are observed in 675.4 675.4,672.3 672.3 508.1  Pekb)
Pd reactions with @4, and GD,. The dihydrogen complex, 6745 674.5,6715 671.5 506.7  Pell)
Pd(H) (953.8, 949.4 cm?), is also present in these experiments, gg; 627.3,622.8 683234 4;‘3546 4*‘{57
but it only appeared on annealing suggesting the combination 6005  600.5 597.1 5071 : %H
of PdH and H atom in solid argdn. 595.7 595.7,590.8 5908 4758 B

Two different concentrations of £, (0.2 and 0.5%) are . _
employed for the reactions of Pd withld; on cocondensation Pd(lﬁct:ﬁgﬁ:)m;rse gg%ecllgg'l_'_ gjﬁé‘ﬁ;é%gﬁg; ZCJ}T 12‘21]903
with argon, and three groups of absorptions are unique as NeWyresent in theC,H, sample.
reaction products. Group A bands at 3163.8, 3153.7, 1716.9,
1709.6, 1707.1, 769.6, 765.8, 764.5, 675.4, and 674.5'cm samples are recorded to help identify the molecular stoichiom-
appeared on deposition, increased by 60% on annealing to 30etries. Figures 2 and 3 showl0; and mixed H/D spectra.
K, decreased by 20% on broadband photolysis, and increased Infrared spectra of analogous reaction products in excess neon
again on further annealing to 35 K and are labeled PdA (Figure at 4 K are shown in Figure 4, and the isotopic product
1). This group is favored in the experiments with dilutgHg absorptions are given in Table 2. Small shifts between neon
concentration (0.2%). Group B bands at 3184.2, 1765.3, 1762.9,and argon are characteristic of a weak matrix interaction. The
1760.4, 772.8, and 710.1 cthare favored at higher &, metal independent bands have been identified by earlier
concentrations and are labeled Bd&roup B is observed on  workers33:36

deposition in 0.5% €H. but barely appeared with 0.2%Id, Calculations. DFT calculations predict the geometries and
and increased stepwise on annealing and photolysis afterwardfrequencies (intensities) of Pg-(CoHy)1.2 and Pd 312-(CoHy)
Group C bands at 1572.3, 1565.8, 989.6, and 985.7are in several isomeric forms, and the results are summarized

weak on initial deposition, increase on annealing, decrease onin Tables 3 and 4. We find the complex of Pd withH3,
photolysis, and are favored at higher laser energy, which Pd+#2-(C,H,) (*A;) with Cp, symmetry, to be energetically
produces a higher Pd atom concentration, and are labeld Pd  favorable where the €C and G-H bonds are elongated by
Carbon-13 and deuterium isotopic counterparts of new 0.06 and 0.01 A, respectively, as compared with frgd. @ising
product absorptions are also listed in Table 1. Spectra usingBPW9L1 calculations. The singlet PACHCH species converged
mixed 12C,H, and 13C,H, and mixed GH,, C,HD, and GD, to Pd#2-(CzHy). In addition, the vinylidene form, PACGHis
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Figure 1. Infrared spectra of the products formed by reactions of laser-
ablated Pd and £, in excess argon codeposited at 7 K. (aHg
(0.5%) in argon deposited for 60 min, (b) after annealing to 30 K, (c)
after4 > 240 nm irradiation for 20 min, and (d) after annealing to 35
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Figure 2. Infrared spectra of the products formed by reactions of laser-
ablated Pd and D, in excess argon codeposited at 7 K. (aDg
(0.5%) in argon deposited for 60 min, (b) after annealing to 30 K, (c)
after4 > 240 nm irradiation for 20 min, and (d) after annealing to 35
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Figure 3. Infrared spectra of the products formed by reactions of laser-
ablated Pd and a#,, C;HD, C;D, mixture (30, 50, 20%) in excess
argon codeposited at 7 K. (a) Acetylene (0.6%) in argon deposited for
60 min, (b) after annealing to 30 K, (c) aftér> 240 nm irradiation
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Figure 4. Infrared spectra of the products formed by reactions of laser-
ablated Pd and £, in excess neon codeposited at 4 K. (a1€(0.1%)
in neon deposited for 60 min, (b) after annealing to 10 K;%€yH,
(0.2%) in neon deposited for 60 min, (d) after annealing to 10 K; and
(e) GD: (0.2%) in neon deposited for 60 min and (f) after annealing

to 10 K.

TABLE 2: Infrared Absorptions (cm ~1) Observed for Pd +
C,H, Reaction Products in Solid Neon at 4 K

C,H, 13CH, C.D, assignment
3191.7 3184.2 2369.2 PA{E,); (site)
3190.5 3182.8 2368.0 Pd{a;).
3188.6 3181.1 2366.3 PA{E), (site)
3174.6 3167.5 2357.1 PA{E,) (site)
3171.7 3164.4 2355.0 Pd{a,)

3135 3125 2327 1775
2063.7 1984.7 2052.5 A

1838.1 1778.7 1739.7 CCH
1835.2 1775.6 1737.2 CCH (site)
1832.2 1767.6 1735.1 CCH
1773.0 1717.0 1676.7 CCH

1765.8 1706.6 Pd(E1,), (site)
1762.9 1703.7 1620.9 Pd{a,).
1724.1 1666.3 Pd(E1) (site)
1716.4 1658.2 1586.0 PA{E,) (site)
1714.6 1656.3 1585.0 Pdfa,)
1665.2 1605.9 1537.2 [Pd{82)]X
1562.7 1513.7 1498.1 RCH>)
1280.7 1260.5 1115.7 ?

713.6 709.6 Pd(&H>)2 (site)

712.3 708.6 515.2 Pd¢d.,).

678.4 675.9 508.8 PdtE,)

676.8 674.1 507.2 Pd¢E) (site)

630.8 624.4 497.2 £,

stable form is the insertion product HMCCHE(").1° Siegbahn
concluded earlier that the -€H bond addition of Pd is
unfavorable due to the stability of the molecular comgfex.

Analogous calculations for Pgi-(C;H,) anion and cation
complexes show little change in the structural parameters and
small changes in frequencies. Previous cation calculations reveal
stable side-bound electrostatic comple¥es.

A similar complex is calculated with two £, moieties
associated with one Pd atom. The #8&(C;H), molecular
structure is converged 0,4 symmetry in thé/A; ground state,
which is analogous to that found for Pd{® The C-C bond
is calculated to be 0.007 A shorter (BPW91) than that in

Pd-ﬂz-(CZHz),

indicating that the interaction of Pd with each

C,H2 subunit in Pdr?-(C;Hy), is slightly reduced. Calculations
CCH (A") and {=*), are higher in energy by 21.4 and 63.9 with the B3LYP functional give essentially the same results.
Figure 5 illustrates structures calculated for these complexes.
acetylene and magnesiuracetylene systems, where the most Several attempts to calculate a tris complex failed to converge.
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TABLE 3: Geometries and Frequencies Calculated at the BPW91/6-311+G(d,p)/SDD Level of Theory for Pd(CH>); > and

Pd, 5(C;H,) Complexes

relative
energy geometries frequencies (crmt)
molecule state  (kcal/mol) (A, deg) (modes, intensities, km/mol)
CoH, 3t CC, 1.209; CH, 1.070 346324, 0), 3363.96u, 84), 2005.4¢g, 0),
742.0@,, 109), 584.4f, 0)
CCH, A, 42.3 CC, 1.303; CH, 1.096; 3129.6(k, 24), 3053.6(a 51), 1661.5(a 99),
(C2) HCH, 118.4 1160.1(a, 30), 699.7 (b, 98), 252.7(b, 4)
PdCCH DXy 0.0 CC, 1.225; CH, 1.070; 3403.5¢, 62), 2014.7¢, 23), 530f, 2 x 28),
(Cor) PdC, 1.904 470.2¢, 5), 215.4¢, 16 x 2)
PdCCH =t 223 CC, 1.215; CH, 1.077; 3343.1¢, 189), 2072.4¢, 28), 788.2, 2 x 195),
PdC, 1.857 528.2¢, 0), 191.54, 2 x 9)
PdCCH It —50.1 CC, 1.241; CH, 1.070; 3385.8¢, 29), 1912.9¢, 356), 433f, 2 x 65),
(Cor) PdC, 1.890 403.60, 143), 258, 2 x 14)
Pd#2CzH; 1A, 0.0 PdC, 2.037; CC, 1.269; 3294.2(a, 3), 3231.5(h, 25), 1720.7(g 18),
(C2) CH, 1.080; CPdC, 36.3; 766.3(a, 0), 762.9(b, 85), 670.3(k, 80),
CCH, 154.8 600.3(a, 0), 462.8(a, 6), 386.9(b, 5)
PdCCH A, 9.9 CC, 1.312; CH, 1.094; 3133.9(h, 6), 3055.3(a 33), 1678.6(a 223),
(Ca) PdC, 1.812; HCH, 118.5 1257.8(a, 2), 693.5(b, 19), 682.8(l, 86),
521.9(a, 1), 238.8(h, 34), 210.9(b, 32)
HPdJCCH A 21.4 CC, 1.225; CH, 1.070; 3402.5(59), 2181.9(33), 2011.5(4), 596.0(67),
(Cy PdC, 1.881; PdH, 1.517; 566.3(70), 500.8(3), 442.4(2), 245.8(17),
HPdC, 77.3 215.2(18)
HPdJCCH =t 63.9 CC, 1.228; CH, 1.071; 3388.8¢, 40), 2001.6¢, 6), 1880.7¢, 539),
(Can) PdC, 2.031; PdH, 1.597 983.6(t, 225 2), 645.9(, 89 x 2),
412.7¢, 62), 190.14, 12 x 2)
Pd#?-(CoH.). A, PdC, 2.067; CC, 1.262; 3307.4(k, 16), 3307.3(a 0), 3242.6(e, X 26),
(D2a) CH, 1.079; CPdC, 35.6; 1760.7(h, 106), 1746.3(a 0), 755.5(k, 12),
CCH, 156.6 752.8(a, 0), 750.9(e, 2 69), 713.3(e, 2 34),
677.6(h, 0), 668.0(a, 0), 468.0(e, 2< 0),
457.5(b, 19), 409.8(g 0), 228.0(k, 0),
111.1(e, 2x 3)
parallel A, 0.0 PdC, 1.950; CC, 1.312; 3098.1(a, 0), 3062.2(h, 0), 1563.6(a 48),
Pdb-7?-CoH; CH, 1.905; PdPd, 2.582; 986.6(h, 39), 860.8(a 17), 603.6(a 0),
(Ca) CPdPd, 71.0; PdCH, 116.3 581.2(h, 77), 562.7(a 0), 559.0(b, 0),
270.7(b, 0), 191.8(a, 0), 182.6(a 0)
(Pd)RCCH, 1A, —-1.4 PdPd, 2.583; PdC, 1.921; 3116.5(k, 0), 3039.3(a 0), 1592.4(g 120),
(C2) CC, 1.331; CH, 109.5; 1307.3(a, 0), 884.8(h, 0), 719.2(h, 68),
HCH, 117.5 535.5(h, 4), 472.1(g 0),.... 180.3(a 0)
perpendicular A 5.0 PdC, 2.060; CC, 1.335; 3193.1(a, 1), 3153.7(b, 9), 1465.9(a 11),
Pch-172-CoH, CH, 1.086; PdPd, 2.804; 832.2(h, 97), 781.9(a 1), 718.3(k, 7),
(C2) CPdC, 37.8; CCH, 145.9 677.8(a, 0), 427.4(h, 4), 426.6(b, 11),
425.3(a, 4), 263.0(a 0), 116.5(a)
(Pd)CCH;, A, 0.0 PdC, 1.959, 1.980; PdPd, 2.683, 2.757; 3133.9(4 0), 3048.0(4 0), 1467.3(4 85),
CC, 1.361; CH, 1.094; 1298.5(4 2), 902.5(5 0), 685.0(4, 67),...
PdCC, 125.8,131.2
ring A, 20.3 PdC, 1.921; CC, 1.320; 2998.9(a,3), 2966.8(h,2), 1566.1(a56),
Pds-7?-CoH; CH, 1.104; PtPd’, 2.537; 1042.1(k,7), 891.6(a22), 563.3(a0),
(C2) PdPd'Pd, 88.6; PACC, 125.4; 550.5(h,3), 534.5(k,83), 517.6(a0),
CCH, 127.0 335.7(h,1), 196.6(a0), 194.7(b,0),
188.9(a,0), 77.6(a,0), 40.3(h,0)
(CH)—Pd;—(CH) A, 40.3 PdC, 1.988; CC, 2.216; 3000.1(0), 2993.8(0), 856.7(1), 856.3(1),

(Dan)

When two Pd atoms coordinate,iy, two side-bonded

CH, 1.102; PdPd, 2.858;
CPdC, 67.7; CCH, 180.

669.1(0), 645.1(0), 644.6(0), 519.6(0),
518.8(0), 511.6(30), 432.4(0), 431.5(0),
201.8(0), 111.8(0), 110.6(0)

the bridge-bonded (BYCCH, vinylidene is the most stable

structure isomers are obtained, namely, parallel and perpen-isomer. The present parallel and perpendiculap(®gHy)

dicular Pg@-52-(C;Hy), in which the Pd-Pd subunit retains its
meta-metal bond. For parallel Bd;2-(C,H) with a paral-
lelogram structure, the €€C bond is calculated to be 1.312 A

isomers are analogous to the dimetallacyclobutene and quasi-
tetrahedral structures in transition metal complex chenmistry.
When three Pd atoms (trimer) interact withH3, three

long (BPW91), which is very close to the 1.336 A-C bond isomers are obtained on the potential energy surface. The
length for free GH4 calculated at the same level and indicates (Pd)CCH, vinylidene structure is the gobal minimum, the
that the triple C-C bond is reduced to a double-C bond. five-membered ring Pg-CyH, structure is 20.3 kcal/mol
This structure is similar to chemisorbed acetyléhdt is higher, and a trigonal (CH)P&—(CH) isomer is 40.3 kcal/
interesting to note that the P& bond length is 1.950 A, mol higher in energy. It is interesting to note the-C bond in
approximately the same as this bond length in the-€@H ring Pg—C;H, is a double bond, but this bond is broken in
molecule, suggesting a strong chemical interaction. The other (CH)—Pd&—(CH) and the two €&H moieties are stabilized on
isomer, perpendicular Rdy2-(C,Hy), lies 5.0 kcal/mol higher both sides of the Rdtriangle. The (PgCCH, vinylidene

in energy, where each Pd atom interacts with two carbon atomsstructure is similar to the surface intermediate species, and the
and the G-C bond is further weakened to 1.335 A. However, calculated G-C stretching frequencies are within 15 thi2
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TABLE 4: Geometries and Frequencies Calculated at the B3LYP/6-31+G(d,p)/SDD Level of Theory for Pd(CH5); > and

Pd, 5(C;H,) Complexes

relative
energy geometries frequencies (crmt)
molecule state (kcal/mol) (A, deg) (intensities, km/mol)

CoH, 134t CC, 1.209; CH, 1.070 35233(,0), 3420.6¢,,94), 2061.8¢,0),
772.7@,,112 x 2), 647.5€4,0 x 2)

Pd+#?-C,H, 1A, PdC, 2.071; CC, 1.251; CH, 1.072; 3377.4(a,6), 3309.3(b,37), 1797.8(a28),

(C2) CPdC, 35.1; CCH, 156.8 768.9(h,81), 760.5(a1), 705.6(k,86),
662.2(a,0), 412.6(310), 362.1(b4)

Pd#?-(CHy)2 1A, PdC, 2.094; CC, 1.245; CH, 1.071, 3390.2(a,0), 3390.2(b,28), 3319.8(e, 4k 2),

(D2q) CPdC, 34.6; CCH, 158.6 1832.4(h,125), 1821.5(80), 766.1(e, 74« 2),
759.4(?,0), 757.0¢14), 738.4(e,33),
711.8(h,0), 705.5(a0), 442.7(e,0x 2),
415.4(h,39), 372.8(a0), 219.5(k,0),
106.0(e,0x 2)

parallel 1A, 0.0 PdC, 1.965; CC, 1.296; CH, 1.087;  3165.7(a,0), 3127.3(b 1), 1623.1(a53),

Pd-12-C:H; PdPd, 2.607; PdPdC, 70.5; 1001.0(h,48), 862.1(a24), 667.5(a0),

(Cz) CCH, 135.3 614.7(h,84), 550.8(a10), 545.8(k,0),
268.0(h,0), 193.2(a,0), 176.3(a0)

perpendicular 1A, 6.3 PdC, 2.091; CC, 1.308; CH, 1.077;  3282.5(a,4), 3238.0(h,17), 1553.7(a22),

Pd-12-C:H; PdPd, 2.852; CPdC, 36.4; 838.1(h,101), 771.7(al), 720.6(hk,3),

(Cz) PdCH, 128.2 706.2(a,0), 397.3(b,11), 390.5(a6),
382.2(k,7), 246.0(a,0), 106.3(a0)

ring 1A, 0.0 PdC, 1.931; CC, 1.304; CH, 1.097; 3061.2(a,3), 3027.2(b 1), 1623.1(a51),

Pd—(CHy) PdPd’, 2.564; P4Pd'Pd, 87.4; 1060.1(h,14), 902.7(a26), 643.6(a0),

(Cx) PdCC, 125.4; CCH, 127.8 575.2(b,3), 549.4(b,3), 510.1(a,0),
334.3(h,0), 201.6(a,0), 188.2(a,0),
186.5(a,0), 71.4(a,1), 30.9(h,0)

(CH)—Pd&—(CH) 1A, 33.4 PdC, 1.994; CH, 1.094; PdPd, 2.882 3073.0(0), 3065.9(0), 876.6(0), 876.3(1),

(Dan)

Hence, with increasing numbers of Pd atoms, the vinylidine Discussion

isomer becomes more stable relative to theomplex.

663.2(0), 662.4(0), 662.1(0), 519.1(0),
518.2(0), 507.9(38), 443.3(0), 194.8(0),
111.9(0), 111.1(0)

Three new groups of absorptions will be assigned te- Pd

BPW91 calculations were also performed on the related c,H, complexes based on frequency shifts wit,H,, C,D»,
PACCH species, which is a potential product of the reaction and GHD and DFT frequency calculations.
between Pd and CCH radical in these experiments, and the pq.p2.(C,H,). Group A bands are assigned to FA¢C,Ho).
frequencies are similar to the results of an earlier BALYP \weak 3163.8 and 3153.7 crhabsorptions, which are slightly

calculation®® We find PACCH to be 50 kcal/mol more stable

lower than the &H stretching mode for &H,, are due to the

than PdCCH, in good agreement with the 45.7 kcal/mol electron b, C—H stretching vibration in this complex in two matrix sites.

These bands shift to 3157.7 and 3147.4 émith 13C;H, and
give 1.0019 and 1.0020 isotopic frequency ratios. Wit £
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Figure 5. Structures calculated at the BPW91 level for palladium

the C-D stretching mode appears at 2363.6 and 2360.2'cm
and defines a 1.33% 0.001 H/D ratio. A new band was
observed at 3199.1 crhwith the mixed H,D-acetylene sample,
but the C-D stretching region was masked by, ), species

absorptions. The 1716.9, 1709.6, and 1707.Xcbands are
due to matrix site-splitting for the €C vibrational mode of
this complex. These bands shift to 1659.1, 1651.8, and 1649.5

cm1, respectively, with3C,H,, giving a 1.03492C/A3C isotopic

frequency ratio. This mode is located in the-C bond

stretching region, but the deviation from the-C harmonic

1312 ratio (1.0408) suggests that the-C vibration is coupled to

/C)\ C—H motion in this molecule. The €C stretching mode is
1166 “H

active in this complex because the HCCH subunit is bent by
interaction with the metal atom. In addition, the BGt3CH,)
molecule is observed at 1687.6, 1681.0, 1678.6 'cfnom

the 2% 12CI13CH, present in thel3C,H, sample near the

H
/ 1.095
1331
c%ms

medians of pure isotopic bands. Further experiments with
CyD2 confirm this mixed mode:
1590.4, 1582.8, and 1579.4 ctarespectively (Figure 2). With
mixed H,D—acetylene (approximately 30%K,, 50% GHD,

the three bands shift to

and 20% GD,), the bands due to Pgl-(C,Hy), Pd#2-(CzD5)

and new bands at 1649.7, 1641.6, and 1638.6'cappeared,

acetylene complexes. Bond lengths are in Angstroms, and bond angledn rough proportion to the precursor isotopic distribution
(Figure 3). The latter are-45 cn! lower than the median

are in degrees.
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TABLE 5: Comparison of Calculated (BPW91) and and 16.8 cm? lower than observed. Third, the symmetric and
Observed (Major Argon Matrix Site) Isotopic Frequencies antisymmetric G-H stretching vibrations are calculated at
(em™) for Pd-*(CzH2) 3294.2 (very weak) and 3231.5 cin(strong), respectively,
obs calcd  diff obs  caled diff which is in good agreement with the antisymmetric mode
12C,H, 3163.8 3231.5@® 67.7 2C,HD 3199.1 3265.0 65.9 observed at 3163.8 cth The 3199.1 cm! band observed
1;22-2 1772;)-;((13 li-é 15553;3.56 176;)1‘(15-1 g.gl for Pd+2-(C,HD) is 36.3 cnt! higher than the antisymmetric
. . —1. . . . _ 2_ i i
s 03 he e ayoocs o HnodelorRCHI. nagcementait e 3o
BC,H, 3157.7 3222.2 64.5°C,D, 2363.6 2370.6 7.0 9 . p 2 v . .
1651.8 1661.6 98 1582.8 1583.9 1.1 approximately the average of the symmetric and antisymmetric
756.1 7546 —1.5 635.7 619.7—16.0 C—H modes for Pdy?-(C;Hy). Fourth, the calculated infrared
6715 6673 —4.2 506.7 500.7 —6.0 intensities are in reasonable agreement with the observed band

absorbances (approximately 0.005, 0.026, 0.041, and 0.063,
respectively, in Figure 1b) although site splittings make
quantitative measurement difficult. The strongest absorptions
are CCH deformation modes, but the-C stretch is relatively
stronger and the €H stretch relatively weaker than predicted
by DFT. Frequencies calculated with the B3LYP functional are
slightly higher (Table 3) as expectét.

of CoH, and GD», product bands and must be assigned to
Pd+?-(C,HD).

Similar site-split bands at 769.6, 765.8, and 764.5¢track
with the upper bands (Figure 1), shifting to 764.7, 757.3, and
756.1 cmt! upon °C substitution. This mode is a CCH
deformation (in-plane) for the HCCH moiety in this molecule,
which is 28 cnt?! higher than that of free £, at 737 cntl. 5
The deuterium counterpart for this mode shifts to 635.7%tm Pd-*(C2Hy),. The Group B bands at 3184.2, 1755'3’ 1762.9,
Another CCH deformation mode (out-of-plane) for this molecule 1760-4, 772.8, 769.6, and 710.1 chare favored at higherfl,
is found at 675.4 and 674.5 cth which shows 3 and 167.3 concentrations and on anneallng_, and these bands are assigned
cmL red shifts with'3C and D substitution, respectively. With 10 Pd#*(CzHz)2 and labeled PdAin the figures. All of these
the 12C,H, + 13C,H, mixture, the modes exhibit only pure absorptions are sllghFIy h|_gh_er than the bands_ dug t(r/ZPq-
isotopic bands indicating that only one G subunit is (C2Hg), and they exhibit S|r_n|la|13C and deuterium isotopic
coordinated to the Pd atom, a result in accord with the relative Shifts. Accordingly, site-split bands at 1765.3, 1762.9, and
band absorbances using the mixesHg C,HD, and GD- 1760.4 cn1! are assigned to the out-of-phase-C stretching
precursor. Finally, the latter mixed precursor gives new bands mode. There are four important features to note regarding this
at 757.5 and 653.8 cm for deformation modes of sz- c-C StretChing mode. The first is that this band is barely
(CzHD). observed on deposition but increased greatly on annealing. The

Experiments with neon produce the same major product Second is that this mode is strongly coupled byHC vibra-
absorptions (Table 2). The major site of the-@ and C-C tion: it shifts to 1618.7 cm! with C,D,, which is analogous to
stretching modes and out-of-plane-8 deformation blue- ~ Pd#?(C2H). The third is that with mixed H,Bacetylene,
shifted 8, 5, and 3 cri, respectively, in neon relative to argon, annealing produces bands at 1761.1 and 1618.4, which are 0.7
which are reasonable for stable complexes that do not interactcm™ above the lowest site-split component for the pure isotopic
strongly with the matrix environmeft. It is anticipated that species, plus a stronger new band at 1683.3cmhich is 6.4
the neon matrix observations more closely approximate the cm™* below the median of the above pure isotopic absorptions.
gaseous complex. This latter band belongs to the<€ mode for GHD in a bis

A laser-ablated Pd experiment with 0.2%Hg in argon gave complex. The fourth is that the mixet#C,H, + 13C,H,

CoH; as a product (737 cm band 30% of 949 cmi precursor), experiment gives major bands at 1760.9 and 1701.3'dor
and annealing to 30 K produced the same sharp bafhds ( this species without the amount of site splitting observed in

0.001-0.002) reported here for the three strongesyR¢=,Hy,) Figures 1 and 2. Hence, the mixed isotopic experiments only

fundamentals. Further annealing to 35 and 40 K produced muchslightly affect the spectra of Pgi-(C;H>), complexes, and there

stronger 1527.0 and 1259.2 cfabsorptions for the Pg?- is very little coupling between the two ,H, moieties. In

(CoHa) complex. contrast, the matrix site structure for the #&(C,H,) complexes
DFT frequency calculations with the BPW91 functional for s not altered with the isotopic mixtures.

Pd+?-(C;H,) predict observable €H stretching, C-C stretch- The in-plane deformation mode with site-split bands at 772.8

ing, and CCH deformation modes at 3231.5, 1720.7, 762.9, and 4 769.6 cmt
670.3 cnt! and isotopic frequencies, which closely match the
experimental observations. Table 5 compares the calculated an
observed isotopic frequencies (major site). First, the predicted
C—C stretching frequency is only 11 crhhigher than the
experimental value, and the comput&€C/*3C and H/D fre-
quency ratios for this mode are essentially the same as t

and out-of-plane mode at 710.1 cinshow
he same isotopic character as discussed fom#PG,H,).
nfortunately, the mixed isotopic distribution is indistinct for

these modes because of band overlapping and broadening.

Excellent agreement is found between the DFT calculations
heand the observations for RBg-(C:Hy),.. Using the BPW91

observed values. Note that the calculateeCstretching mode func;cior_lal, the b C—C stretching mode is predicted at 1760.7
in Pd+2-(C;H>) has a significant coupling with the-@H mode, cm™* with strong intensity, which is only 4.6 crﬁ below the
and this mode in Pgj2-(C,HD) is predicted 5.6 crr lower experimental value, and the unobservedrade is predicted

than the median of &4, and GH, bands, which reproduces at 1746.3 cm! with zero intensity. The predictec_i deformation
the observation very well. Second, two deformation modes Modes at 713.3 and 750.9 ctnand C-H stretching mode at
predicted at 762.9 cri (in-plane) and 670.3 crd (out-of-plane) ~ 3242.6 cmi* are within 3, 22, and 58 cm, respectively, of
are only 2-4 cnr! lower than the experimental values. The the observed values.

in-plane mode shows largéfC and smaller D shifts than the The neon matrix has no effect on the out-of-phaseCC
out-of-plane mode, which indicates mixing with other in-plane stretching mode, and it blue shifts the-& stretch and strongest
modes. The calculation gives two strong deformation modes deformation mode 4 and 2 cth respectively, from argon matrix
for Pd+#2-(C,HD) at 764.4 and 737.0 cné just 6.9 cnT?® higher values. It can be rationalized that twoH ligands insulate
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the Pd center from matrix interaction more effectively than one
C,H; ligand.

Pdo-52-(C2H5). A weak band with site-split components at
1572.3 and 1565.8 cm appears on annealing over very weak
common bands at 1577.0 and 1572.8 &nwhich falls in the
C—C double bond stretching region. WithC,H,, the bands
shift to 1521.4 and 1515.6 cri and mixed2C,H, + 13C,H,
experiments give a sharp doublet indicating oneCCsubunit
in this molecule ¥3C/A3C ratios 1.0335, 1.0331). In our,0;
experiments, these bands shift to 1506.4 and 1500:%,amiich
is expected for a €C stretching mode strongly perturbed by
hydrogen. Again, three sharp band sets are observed wlith C
CoHD, and GD; and the new 1544.4, 1538.9 chintermediate
pair is 5.1 and 5.6 crmt higher than the median for,8, and
C2D3, which is similar to that found for the €C stretching
mode in the Pds?-(C;H,)1 » complexes. Weaker matching site-
split bands at 989.6, 985.7 ctalso track with these bands
and shift to 975.5, 971.6 crd with 13C,H, and to 846.3, 844.7
cm~1 with C;D,. The 1.01452C/13C ratio defines an in-plane
H—CC—H deformation mode with considerable carbon motion.
The H,D—acetylene experiment produces a new intermediate
band set at 949.3, 945.7 ¢ this time higher by 31.0, 30.5
cm! than the median of pure isotopic band sets. Such
asymmetry is characteristic of an antisymmetric mod tfiat
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strong C-C stretching modes are predicted at 2014.7 and 1912.9
cm~1for PACCH and PdCCH respectively, just 27.0 and 13.9
or 34.9 cnt! higher than observed. Other weaker modes that
might be observed fall in congested regions of the spectrum
and are not detected. These PdACCH species are probably formed
by direct Pd atom reactions with CCH radical, or CC&hion,

all of which are produced by the laser ablation process. Our
C=C frequency for PdCCH is substantially higher than as-
signed® from a weak fine structure band in the photoelectron
spectrum of PACCH The insertion of energetic Pd into the
C—H bond of GH; to form HPdCCH with subsequent dis-
sociation to PdH and CCH and to PdACCH may also occur in
the laser ablation process.

A sharp, weak 1660.9 cm absorption appeared on deposition
of laser-ablated Pd with ££l,, decreased 50% oh > 240 nm
irradiation, and increased 20% on final 35 K annealing (Figure
1). This band shifted to 1601.6 crwith 13C,H, (1.0370 ratio)
and is primarily a C-C stretching mode. A sharp doublet with
the 12C,H, + 13C,H, mixture suggests a single acetylene
product. Thé'3C and D shifts are comparable to those observed
for species A, and we believe that the weak 1660.9%cband
is probably due to Pg#-(C,H,) perturbed by another molecule
in the matrix.

Bonding Considerations.The bonding of Pd atom with i,

changes form on symmetry lowering. These bands are favorediS quite similar to the side-bonded Pdjl, 3 complexes;

relative to Pd(@H,) when the Pd/gH; ratio is increased. Hence,
we conclude that two Pd atoms coordinate tbigand further
reduce the €C bond. Accordingly, the Rely?-(C,H,) molecule
is proposed.

The parallelogram Pehy?-(C,Hy) structure is predicted to be
a stable complex by DFT calculations, and theCstretching
mode for parallel Pghy2-(C;H,) is 1563.6 cmt with the BPW91
functional, only 2-9 cnt ! lower than the observed value. The
computed b deformation mode at 986.6 crh matches the
experimental measurement. Note that the calculateeCC
stretching mode in perpendicular £gf-(C,H,) is 100 cntl
lower, and furthermore, this molecule is 5.0 kcal/mol higher
in energy. We have no evidence for the slightly more stable
(Pd)CCH, vinylidene structure or any vinylidene species
expected to absorb in the 1460600 regiont®~13 The Pd-r?-
(CoH2) complex appears on annealing in solid argon where
insufficient activation energy is available for rearrangement. The
observation of the dimetallacyclobutene form rather than the
quasitetrahedral isomer is in contrast to typical findings in
transition metal complex chemistfy.4° Finally, the present
parallelogram Pgn?-(C;H,) structure observed here is analo-

gous to low-temperature chemisorbed acetylene, but a stronge

interaction, and lower 1402 crh frequency, is found for the
surface specie¥.

Other Absorptions. Weak bands at 1987.7, 1899.0, and
1878.0 cmi! exhibit slightly different behavior on annealing

r

however, calculations at the BPW91 level give more exothermic
reactions for Pd- C,H, (1 and 2) than reactions of Pd H, (3

and 4). Although Pd can complex three dihydrogen molecules
in a trigonal planar compleX,there no evidence for three
acetylene ligands. This contrasts'™Nihere Ni(GH,)s™ is the
most stable ion clusté?.

Pd('S) + CH,('S,") — Pd#*(CH,)(‘A)
AE = —39.8 kcal/mol (1)

Pd4#*-(C,H,) (A + CH,(*Z,") — Pd#*(C,H,),(*Ay)
AE = —38.6 kcal/mol (2)

Pd¢S)+ H,— Pd(H)(*A,) AE = —29.3 kcal/mol (3)

Pd(H)(*A,)) + H,— Pd(H,),(‘A,) AE=-26.3 kcal/r?o)l
4

The 5? attachment of bl or CH, to atomic Pd can be
understood by the simple model employed for bonding CO to
transition metal$. Palladium ground state with the®d®
configuration is less reactive than the open shielt state (the
Pt ground state cleaves the—H bond without energy
barrier)?2.16aAtomic Pd provides an empty s orbital to receive
electron donation fromr or w molecular orbitals of kHor CoHz
and d orbital back donation to* on H; or 7* on CyHa.

and photolysis: (i) the 1987.7 cthpeak increases on 35 K Comparing the natural electron configurations of Pgi(ahd
annealing, decreases on photolysis, and then restores on 35 Kpd42-(C,H,) calculated from NBO analysis (Table &)the 5s

annealing and (ii) the 1899.0 and 1878.0 ¢énabsorptions

increase slightly on 30 K annealing and disappear on photolysis.

These peaks all show*C,H, and GD; shifts (Table 1) like
CCH at 1845.8 cmt, which indicates a €C stretching mode

population is higher and the 4d population is lower infd-
(CzHy) than that in Pd(l), indicating that both donation and
back donation are more effective in R&HC,H,). A similar

trend is found in Pdj?-(C,Hy), and Pd(H).. Accordingly, the

coupled to hydrogen. Furthermore, these bands were observed—c triple bond is weakened in side-bonded complexes.

as sharp doublets in tHéC,H, + 3C,H, experiment, which
shows that a single acetylene molecule is involved.

Our BPW91 calculations have proven accurate for the
prediction of product absorptions in this system, and on this

We find no evidence for the higher energy PdGOW-
nylidene isomer, even on photolysis. Apparently, sufficient
activation energy for this rearrangement is not available in our
experiment. This is consistent with the surface observations that

basis, the above sharp absorptions are assigned to PdCCHadsorbed acetylene is formed at lower temperature and that

isolated PACCH, and perturbed PdCCH respectively. The

warming above 200 K is required for rearrangement to the
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TABLE 6: Natural Electron Configurations and Atomic Charge Distributions for Palladium Complexes?2

parallel ring

Pd-V]Z-Hg Pd-}’]z-(Hz)z C2H2 Pd-T]Z-CZHz Pd-ﬁz-(CZHz)g sz-ﬂz-C2H2 Pd3-7]2-(C2H2)
Pd [core]3’24d®™t  [core]5s’474d®62 [core]m™3%4d*44  [core]s’5%4d50  [core]5’44d®40  [core]5s’44d®33
0.04€ —0.098 0.203 0.315 0.178 0.208
(0.053y (0.046) (0.351) (0.844) (0.204) (0.313)
C [core]=t02p31®  [core]XLO72p324  [core]XLO2p324  [core]xloOPp3??  [core]sti®ps26
—0.225 —0.330 —0.315 —0.389 —0.386
(—0.272) (-0.386) (-0.416) (-0.425) (-0.522)
H 151.01 1§).97 1§).77 1SOA77 150.76 1§).79 1§).79
(—0.026) 0.024 0.225 0.229 0.236 0.211 0.206
(—0.011) (0.272) (0.211) (0.205) (0.220) (0.227)

aBased on BPW91/6-3H1+G(dp)/SDD calculations? Natural atomic charge§.Mulliken atomic charges in parenthes&&or unique center
Pd atom: [core]®4%4d®5% —0.055 (-0.034).

vinylidene intermediaté?-13 The natural charges show that Pd
transfers less charge teld; in PACCH than in ther complex
Pd(GH,). Furthermore, the P€lC bond in PACCHlis calculated
to be a short, 1.812 A, normal electron pair bond, but the®d
bond in Pd(GH,) is longer, 2.037 A. The calculated—@

the G-C stretching vibration in the Bey?-(C;H,) complex,
where Pd dimer parallel coordinates,8,, and the C-C triple
bond is reduced to a double bond. This#& (C.H;) molecule

is analogous to chemisorbed acetyléhd@hese absorptions
show small 3-8 cm® shifts in neon, which characterize weak

frequency for PACCl 1678.6 cmil, is slightly lower than the
computed value for Pg?-(C;H,), 1720.7 cmil.

As CH; is reacted with two Pd atoms (Pd dimer), theC
triple bond is reduced to a double bond in a parallelogram
Pd-172-(CH,) complex based on our DFT calculations. The

matrix interactions. Excellent agreement with DFT isotopic
frequency calculations substantiates identification of these strong
palladium-acetylene complexes.
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