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The kinetic and thermodynamic parameters for the reversible insertion of carbon monoxide into the 
palladium-palladium bond of Pdz(dpm)zXz complexes (dpm = Ph2PCHzPPh2; X = C1, Br, I, NCO) in 
N,"-dimethylacetamide solution have been determined by spectrophotometric methods. The forward 
reaction is first order in both Pd2 and CO and occurs on the stopped-flow time scale at around ambient 
temperatures, the rate constants being similar for the four systems (3.15-6.60) X lo3 M-' s-l at 24 "C. The 
equilibrium constants, estimated by kinetic and/or static methods, decrease in the order X = NCO > C1 
> Br > I (from 3.7 X lo5 to 1.3 X lo3 M-' at 24 "C) and are governed largely by the first-order off-rates, 
which probably depend more on a weakening of the Pd-CO bonds throughout the series than changes in 
the metal-metal bond strength. A correlation between In kl for the off-rates and the energy of a high 
intensity UV band of the Pd2(dpm)2X2 complexes is noted. The CO addition to give Pd2(dpm),(p-CO)X2 
occurs because of the exothermicity of the reaction that is unfavorable in terms of AS; an approximate 
value of 90-120 kJ mol-' is estimated for the Pd-Pd bond strength. The systems show high selectivity 
for binding of CO in the presence of Hz, C2H2, CzH4, COz, 02, or air. 

Introduction 
Recently, interest has intensified in the separation of 

components from coal gasification streams. Cyrogenic and 
membrane separation techniques have been con~ ide red ;~~~  
however, the former is energy intensive while the latter has 
not been fully developed. Use of transition-metal com- 
plexes that are known to reversibly bind gas molecules 
offers a further plausible procedure for separating gaseous 
components. Such a procedure has been studied in detail 
for separation of O2 from air using several complexes, 
particularly cobalt(I1) Schiff base4s5 and manganese(I1) 
phosphine systems: and a variety of transition-metal hy- 
dride systems have attractive properties for separation and 
storage of HF7+ We have focussed attention on selective 
reversible binding of CO. The number of transition-metal 
complexes that bind CO reversibly is vast and includes, 
for example, Vaska-type complexes and related platinum 
metal da systems,lOJ1 metalloporphyrin, metalloenzyme, 
and related protein model complexes (usually of Fe and 
Cu),12-15 as well as binary metal carbonyls themselves such 
as Rh4(C0)1z.16 Most of these systems are nonselective, 
however, and typically react with (are poisoned by) 02, H,, 
moisture, etc. Some air-stable, bis(amine)(phthalo- 
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cyanato)iron(II) systems studied some years ago in one of 
our lab~ratories'~ showed the desired selectivity, but the 
systems formed the amine carbonyl in a two-stage process 
via initial dissociation of an amine ligand. A more simple 
reversible addition of CO, not involving a substitution 
process, has been reported by Balch and co-workers18 for 
palladium(1) A-frame dpm19 complexes (eq 1, X = anion). 

PhpP 'PPh, Ph2P*cH2-PPhp 
,CH2 

I I  
X-Pd-Pd-X t CO & "Ad 

2 1 

These systems seemed of interest as potential selective 
binding reagents for CO, and we decided to study the 
kinetics and equilibria of process 1, initially in solution. 
Reaction 1 presents a relatively rare case when the car- 
bonyl of the product bridges metal atoms not joined by 
a metal-metal bond, and determination of the thermo- 
dynamic parameters for such equilibria seemed to allow 
also for an indirect probe into the strength of the metal- 
metal bond. 

Experimental Section 
General Data. The primary palladium source was PdCl, 

(Strem). The dpm ligand (Strem) and the gases (Matheson C.P. 
grade CO, H2, C2H4, C2H2, C02) were used without further pu- 
rification. The Pd2(dpm)&12 complex was synthesized from 
Pd(PhCN)&12, PdZ(dba)&HC1,, and dpm, and the Pd2(dpm)?X2 
(X = Br, I, NCO) complexes were synthesized from the chloride 
precursor, by the published methods.ls Dichloromethane (Fisher) 
was distilled prior to use, while dma (Eastman Kodak) was purified 
by storing over CaH, under Nz for long periods followed by 

(17) Stynes, D. V.; James, B. R. J. Am. Chem. SOC. 1974, 96, 2733. 
(18) (a) Benner, L. S.; Balch, A. L. J. Am. Chem. SOC. 1978,100,6099. 

(b) Olmstead, M. M.; Hope, H.; Benner, L. S.; Balch, A. L. Ibid. 1977,99, 
5502. 

(19) Abbreviations used: dpm = bis(dipheny1phosphino)methane; dba 
= dibenzylideneacetone; dma = N,"-dimethylacetamide; dam = bis- 
(dipheny1arsino)methane. 
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Reaction between Carbon Monoxide and  Palladium Dimers 
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Figure 1. Spectrophotometric titration of PdZ(dpm),Brz with 
CO in dma at  24 "C: A, 100% Pd2(dpm),Br2; G, 100% Pdz- 
(dpm)2(p-CO)Brz at  760 torr of CO; spectra B to F measured in 
presence of 5.45,7.8,10.6,13.3, and 16.0 torr of CO, respectively. 
Insert shows plot according to eq 2. 

distillation under reduced pressure. 
The stoichiometry of reaction 1, and the solubility of CO in 

dma, were measured with the constant-pressure apparatus de- 
scribed elsewhere.20 

Kinetic Measurements. The faster reactions with t l lz  C 5 
min were studied by using a thermostated Durrum 110 stop- 
ped-flow apparatus equipped with a 2-cm light path cuvette. The 
average h o w  values were determined by monitoring absorption 
of the reactant or the carbonyl at their respective & values (see 
Figure 1); measurements were made at two wavelengths by using 
a minimum of three experiments. Conditions were chosen so that 
reactions followed the first-order rate law In (A,  - A,) = In (Ao 
- A,) - k,? t, where A,, At and A ,  are the solution absorbances 
at  t = 0, time t, and completion of the reaction, respectively. A 
linear regression analysis was used to obtain how from the In (A, 
- A,) vs. t plot; the plots were linear over at least 3 half-lives and 
the precision obtained was always better than 10% over the 0-40 
"C temperature range used. 

The [Pd,] was varied from 0.33 to 1.75 X lo4 M, while a 
concentration range in CO was made available by varying the 
partial pressures of CO and Ar in a total of 1 atm at 25 "C. The 
effect of other added gases on the carbonylation rates was ex- 
amined by using gas mixtures with known partial pressures. The 
solubility of CO in dma was 4.4 X M atm-' at 24 "C (Henry's 
law being obeyed) and was about 2% lower a t  40 "C and 2% 
higher at 0 "C. In the mixing chamber of the stopped-flow in- 
strument, equal volumes of the Pd and gas solutions are mixed; 
thus the actual concentration of gas in the reaction solution is 
half that made up and transferred to the storage syringe. 

Slower reaction rates, usually the decarbonylation (k-l), were 
measured in a thermostated Perkin-Elmer 552A spectrophotom- 
eter using a specially designed cell consisting of a 1-cm path length 
cell attached by a side arm to a reservoir bulb, and fitted with 
a Teflon stopcock and an O-ring joint for attachment to a vac- 
uum/gas-handling line." A solution of 2, formed in situ via the 
carbonylation reaction, was exposed to vacuum with vigorous 
shaking prior to monitoring the absorbance (loss of solvent during 
several evacuations was taken into account). The standard log 
(absorbance difference) vs. time plots (see above) gave linearity 
over several half-lives from which the first-order rate constant 
kl was readily evaluated. 
Equilibrium Constant Measurements. Samples of 1 (to give 

-1.5 X lo-' M solutions) were weighed into the special cell de- 
scribed above, with 5 mL of dma being present in the reservoir. 
bulb. Following degassing by several freeze-pump-thaw cycles, 
the dma was transferred to dissolve 1 and the apparatus then f ied 
to 1 atm pressure with CO/Ar mixtures in which the CO partial 
pressure could be varied from 0 to 760 torr at the required tem- 

(20) (a) James, B. R.; Rempel, G. L. Discuss. Faraday Soc. 1968,46, 
48. (b) James, B. R.; Rempel, G. L. Can. J.  Chem. 1966,44, 233. 
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peratures between 0 and 40 OC. The solution was then shaken 
to establish the equilibrium shown in eq 1, and the UV/vis 
spectrum recorded in the thermostated Perkin-Elmer 552A. The 
procedure was repeated at  varying CO pressures a t  several tem- 
peratures. Corrections for the vapor pressure of dma were neg- 
ligible (1.0 torr at 15 "C, 4.5 torr at 40 "CZ1). Pressures of CO 
were chosen to give a reasonable variation in [2] / [ 11, as well as 
complete formation of 2; excellent isosbestics were observed at 
any given temperature (see Figure 1). 

The analysis for equilibrium 1 is standard by using the ex- 
pressions shown in (2) at any convenient wavelength, where A. 

K = [21/[11~c01 

log [ "1 = log K + log [CO] (2) 
A - Aco 

and Aco are the absorbance of Pdz(dpm)zXz (1) and Pdz- 
(dpm)z(CO)X, (2), respectively; A is the absorbance at some known 
CO pressure (concentration) when mixtures of 1 and 2 are present. 
For the X = C1, Br, and NCO systems, plots of log [ (A,  - A ) / ( A  
- Ace)] vs. log [CO] were linear with slope 1.0 * 0.10 confirming 
the 1:l stoichiometry (see Figure 1); the plots were fitted with 
a linear regression program to determine K (*lo%). For the 
iodide system, the carbonyl was not quite fully formed at up to 
2 atm of CO pressure, and Aco could not be determined directly 
(see below). 

Results and Discussion 
The UV/vis spectra of the Pdz(dpm)zXz (X = Cl, Br, 

I, NCO) complexes 1 in CHZClz were the same within ex- 
perimental error of those reported;18 the spectra in dma 
solution were identical. Exposure of the orange solutions 
of 1 to CO rapidly resulted in a darkening of the color and 
a red-shift of the absorption maxima (Figure 1); the 
product solutions 2 showed two maxima; one around 
400-425 nm and a more intense one in the 440-500-nm 
region depending on X. Balch's group18 reported only 
relative absorbance values for the maxima of the carbonyls; 
our values are in excellent agreement and the fully formed 
in situ species yield the following extinction coefficients 
(M-l cm-') for the major peak: X = C1,13400 at 468 nm; 
X = Br, 16000 at  480 nm; X = I, -16000 at  500 nm (see 
below); X = NCO, 15600 at  445 nm. 

The Pdz(dpm),Xz complexes are well characterized;lSP 
the carbonyls, formed by direct insertion into the Pd-Pd 
bond, are characterized by spectroscopy and by analogy 
to the diarsino complex Pdz(dam)z(p-CO)C12 of known 
structure.23 We further confirmed the 1:l stoichiometry 
by CO absorption by dma solutions of Pdz(dpm)zClz at  25 
"C. Decarbonylation was accomplished by purging the 
solutions with Ar or by exposure to vacuum. 

The rate law for process 1 is a standard one given in eq 
3, and an integrated form is given in eq 4.24 

Under the stopped-flow conditions the [CO] is effectively 
constant and the observed first-order rate constant hobd 
equals (k< + k1) where k< = kl[CO]. The kobd values a t  
a fixed [CO] were independent of the initial [Pd,], con- 

(21) NJV'-Dimethylaceta&% General Information Bulletin. E.I. 

(22) Balch, A. L.; Benner, L. S.; Olmstead, M. M. Znorg. Chem. 1979, 

(23) Colton, R.; McCormick, M. J.; Pannan, C. D. J.  Chem. Soc., 

(24) Frost, A. A.; Pearson, R. G. "Kinetics and Mechanism", 2nd ed.; 

Dupont de Nemours & Co., Wilmington, DE, 1962. 

18, 2996. 

Chem. Commun. 1977, 823. 

Wiley: New York, 1963; Chapter 8. 
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Table I. Thermodynamic and Kinetic Data for the Reaction of Pd,(dpm),X, with CO in dma Solutiona 
AH? AS? A H , + :  asl*: AH-]*! 

1 0 - ~ ~ , b  P,,, , 10-3k1, k-1; kJ J mol'' kJ J mol-' kJ Jmol - '  
X M-' torr M-l s-'  5 - l  mol-' K-' mol-' K-' mol-' K" 

NCO 37 0.47 3.15 8.5 X lo - )  -48 -55 26 -92 74 -38 c1 24 0.71 6.6 2.7 X lo-,  -57 -85 15 -120 72 -34 
Br 3.5 4.9 6.0 0.17 -61 -113 15 -121 76 -8 
I 0.13 130 4.2 3.2 -48 -100 23 -100 7 1  0 

a Equilibrium and rate constants are values at 24 "C. Measured by static method (eq 2), except for X = I when stopped- 
flow kinetic data were used (Figure 3). 
(NCO), 1.4 X 
data points; errors are estimated to be + 6  kJ mol-' and i20 J mol-' K-I 
data (4-24 "C); AP = AE* - RT, T =  297 O K ;  errors r 3  kJ mol-' (AH,*\ and + l o  J mol-' K" (AS,*). f Estimated from 
- A H  + AH,*,  except for the direct measurement for the iodo system (Figure 3); an experimental value from limited 
stopped-flow data for the bromo system (cf. Figure 3) was -60 kJ mol-! g Estimated from AS,* - AS. 

Estimated from k , / K ;  directly measured values at 24 "C were ( s - ' )  9.0 X 
(Cl), and 3.8 X lo- ,  (Br). Values of AH and A S  were obtained from a least-squares analysis of the 

e Arrhenius AE* measured from stopped-flow 

1 2  

8 
c 
l 

a a 
0 

X 

4 

100 2 0 0  300 4 0 0  

C O  ,Torr 

Figure 2. Plots of k , ~  vs. [CO] (given as partial pressure) for 
reaction of CO with Pdz(dpm)2C12 (M, 24 "C, 0 16 "C, A, 4 "C) 
and with Pd2(dpm)2(NCO)2 (0,24 "C, A, 16 "C, 0 , l O  "C) in dma 

firming the first-order dependence on [Pd,]. Plots of k o w  
vs. [CO] are linear (Figures 2 and 3), thus showing the 
first-order dependence on [CO], the slope of the line 
yielding k,; data a t  lower temperatures (4-24 OC) for the 
X = C1, Br, and NCO systems are typified by those in 
Figure 2. That the plots go through the origin implies that 
k-, (the intercept) is negligible on the scale used for k o w  
For the iodide system (Figure 3) and the bromide system 
a t  higher temperatures (45-55 "C), k-, may be evaluated 
a t  least approximately as a measurable intercept, as well 
as k,; thus the equilibrium constant K is determined in- 
directly as the k l / k l  ratio. All the kinetic and thermo- 
dynamic parameters listed in Table I for the iodide system 
were evaluated from the stopped-flow data alone; excellent 
Arrhenius and Van't Hoff plots were obtained. The 
stopped-flow kl data for the chloro, bromo, and cyanato 
systems also gave excellent Arrhenius plots. 

Figure 1 shows a typical equilibrium plot according to 
eq 2, and the thermodynamic parameters listed for the X 
= C1, Br, and NCO systems (Table I) were determined 
again from excellent Van't Hoff plots. For the bromo 
system, values for K a t  lower temperatures, determined 
by using eq 2 and electronic spectral data, were very 
compatible with values measured a t  the higher tempera- 
ture by the stopped-flow kl/k..,  data (Figure 4). The k-, 
values for these three systems could be estimated from the 
ratio of k l / K  or measured directly (see Experimental 
Section). The agreement between such k-l values for the 
carbonyl cyanato complex, which gave the lowest "off-rate", 
was excellent, but as the decarbonylation rates increased 
(with t,,, 5 25 s at 24 OC as judged from the k l / K  values), 
the discrepancy between the seta of k-, values became 
greater. The technique used for decarbonylation (evacu- 

10 

6 
r 

I 

", 6 
a a 

x0 4 

2 

/./ 24= 

I I I 

100 2 0 0  3 0 0  

C O  ,Torr 

Figure 3. Plots of kom vs. [CO] (given as partial pressure) for 
reaction of CO with Pdz(dpm)J, in dma at several temperatures. 

10 

Y 
C - 

9 

8 t 
3.1 3.2 3.3 3.4 

1/T 110; K-' 

Figure 4. Dependence of equilibrium constant on temperature 
for reaction of CO with Pd2(dpm)2Brz: 0, data from static method 
(eq 2) at 24-40 "C; M, data from stopped-flow at 44-55 "C. 

ation/shaking) was clearly not efficient enough to remove 
the CO, or, in other words, there is at least partial diffusion 
control of CO loss from the solution. The k- ,  values cal- 
culated from k l / K  are considered correct, and the AH-,* 
values listed in Table I were thus estimated from (-AH + 
AHl*) for these exothermic reactions. For the bromo and 
iodo systems, AH-,* values were also determined directly 
from Arrhenius plots for the intercept k-, values estimated 
from the stopped-flow data (see Figure 3). 

Some stopped-flow experiments for the carbonylation 
of Pd2(dpm)&lz at  150 torr and 24 "C (Figure 2) were 
modified in that other gases a t  a partial pressure of 280 
torr were added also: the Itobsd values in the presence of 
Ar, H2, C2H2, CzH4, COz, 02, or air were 5.4 f 0.1 s-l, 
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Reaction between Carbon Monoxide and Palladium Dimers Organometallics, Vol. 3, No. 9, 1984 1363 

The equilibrium constants decrease in the order X = 
NCO > C1> Br > I, in complete agreement with a qual- 
itative trend noted by Balch and co-workers;18 the order 
is clearly governed by the off-rates (k1) that decrease in 
the reverse order (I > Br > C1> NCO). Assuming that 
the structure of the carbonyls are analogous to that of 
Pd2(dam)2(p-CO)C12,23 the X ligands are trans to the 
bridging carbonyl (see 2), and the order corresponds to 
their trans effects.29 Balch and co-workers surmised that 
the higher trans effect would give a weaker metal-metal 
bond in complexes such as 1 but also a weaker metal- 
carbonyl bond in 2 and that the latter effect must be 
predominate.18 Our data show that there is no correlation 
of the CO lability with the u(C0) stretch of the complexes 
(Cl, 1705, Br, 1712, I, 1713, NCO, 1720 cm-'),18 but this 
is not u n u s ~ a l . ~  Indeed, the variation in values, which 
decrease by a factor of 400 on going from the iodo to 
cyanato system, is generally reflected largely by differences 
in AS-'*. The transition state must be something akin to 
3 with approximate trigonal-bipyramidal geometry at each 
Pd; in the reverse reaction continued formation of the 
metal-metal bond eventually forces out the CO to leave 
essentially square-planar coordination at  each Pd.23 The 
relatively small values of AS-'* are reasonable for a uni- 
molecular reaction such as this requiring little rearrange- 
ment to form the transition state. The forward reaction, 
involving fixing the free (solvated) gas molecule at metal 
centers, shows the expected unfavorable entropy of reac- 
tion as well as entropy of activation. The findings here 
on relative AS, AS*, and AS-'* values appear to be quite 
general for reversible binding of C010J2 (to give a terminal 
M-CO species) and also for reversible binding of H$l and 
0212J3 To the best of our knowledge, all solution reactions 
involving simple coordinative addition of a gas molecule 
give substantially negative A S  values, and the property of 
the binding results from the exothermicity of the process. 
This is seen again in Table I. All the experimental data 
are consistent with the formulation of the product as 
shown, 2; there is no dissociation of halide to give an ionic 
product that has been observed with corresponding plat- 
inum systems in methanol solution.32 

The exothermicity, ignoring solvation effects, is roughly 
a measure of the difference between the two Pd-bridged 
CO bond strengths in the dimetallic ketone product and 
the Pd-Pd bond strength in the precursor A-frame com- 
plex. Knowledge of either allows for an estimation of the 
other. a bond energy for Pd-terminal carbonyls (Pd-COJ 
in the chloro-bridged palladium(I1) complex [Pd(CO)- 
Cl]2(p-C1), has been determined recently33 as -100 kJ 
mol-', while an estimate in a zerovalent speciesu is - 105 
kJ mol-'. On the basis of these data, a similar value will 
be assumed for a Pd(1) species. A bridged M-Cob, bond 
energy is commonly 50-75% that of M-COt, although 
these data are for bridging carbonyls that span metal- 
metal bonded  system^.^^-^^ [It is also worth noting that 
the bond energy for Pd"-Clb, (200 kJ) is also -75% that 

(29) Appleton, T. G.; Clark, H. C.; Manzer, L. E. Coord. Chem. Rev. 
1973, 10, 335. 

(30) James, B. R.; Reimer, K. J.; Wong, T. C. T. J. Am. Chem. SOC. 
1977,99,4815. 
(31) James, B. R. "Homogeneous Hydrogenation"; Wiley; New York, 

1973; Chapter XII. 
(32) Brown, M. P.; Puddephatt, R. J.; Rashidi, M.; Manojlovic-Muir, 

L.; Muir, K. W.; Solomun, T.; Seddon, K. R. Inorg. Chim. Acta 1977,23, 
L33. 

(33) Belli Dell'Amico, D.; Calderazzo, F.; Zandonh, N. Inorg. Chem. 
1984, 23, 137. 

(34) Connor, J. A. Top. Curr. Chem. 1977, 71, 71. 
(35) Connor, J. A. J. Organomet. Chem. 1976, 94, 195. 
(36) Gardner, P. J.; Cartner, A.; Cunninghame, R. G.; Robinson, B. H. 

J. Chem. Soc., Dalton Trans. 1976, 2582. 

compared to a value of 5.8 s-l with just pure CO. At 100 
torr of CO (koW = 4.0 s-'), addition of 280 torr of Ar, 280 
torr of C2H4, or a 280 torr 1:l mixture of Ar/C2H4, resulted 
in a measured kobd value of 3.2 s-' in each case. The 
conclusion is that the system shows very high selectivity 
for CO binding in the presence of these gases. The 
somewhat lower rate constants in the presence of other 
gases is almost certainly due to a somewhat lower solubility 
of the C0.25 There was, of course, no reactivity of the 
chloro dimer toward any of the above gases alone at  760 
torr. The Pd2(dpm),X2 complexes are, however, known 
to bind SO2 reversibly by insertion into the Pd-Pd bond2, 
and to react with activated acetylenes to yield cis di- 
metalated olefinic species also having no metal-metal 
bond.26 

Addition of chloride (C1-:Pd2 = 40) had no effect on the 
kl value for the Pd2(dpm)2C12 carbonylation, which is 
consistent with the one-stage concerted process shown in 
eq 1 with no involvement, for example, of halide dissoci- 
ation. Addition of dpm to a solution of Pd2(dpm)2C12 
caused decomposition to Pd(dpm)C12 (detected by lH and 
31P NMRn) and other unidentified complexes, and so any 
possible kinetic/mechanistic role for the diphosphine lig- 
and (e.g., dissociation at one end) remained undetectable; 
monodentate dpm complexes are known.28 It seems un- 
necessary to invoke such pathways, however, and a simple 
transition state such as 3 is strongly favored. 

r p p i *  

L " 

3 

The kinetic and thermodynamic enthalpy and entropy 
parameters, together with selected rate and equilibrium 
constants, are given in Table I. The P1/, values are the 
pressures required for 50% carbonylation and are simply 
the inverse of K expressed as torr-'. Since the ratio of 
carbonylated species to starting complex present ([2]: [ 11) 
is given by (CO partial pressure/P,/,), it is seen that 
carbonylation is essentially complete a t  relatively low 
pressures for the X = NCO and C1 systems, the 2:l ratio 
being 50 at  about 23 and 36 torr, respectively. The cor- 
responding ratio is reached at about 245 torr for the bromo 
dimer, while for the iodo complex the ratio is only about 
5.751 even at  1 atm (and 11.5:l at  2 atm). The "on-rates" 
(k,) for all four systems are fast and within a factor of 
about 2; even at the lowest temperature studied (4 "C) with 
about 50 torr of CO, half-lives are of the order of a second. 
The carbonylation are fast because of the quite low acti- 
vation enthalpies (AHl*) required; indeed, the AHl* values 
are among the lowest reported for addition of gases to 
metal centers and are similar, for example, to those mea- 
sured for binding of CO (and 0,) to myoglobin and pro- 
tein-free models.12J3 The myoglobin and model reactions 
are even faster, however, (k, = 105-107 M-ls-' a t  25 OC) 
because the ASl* values are considerably less negative than 
those measured for the Pd dimers (Table I); the steric 
requirements for fixing the gas between two metal centers 
in a transition state such as 3 must be severe. 

(25) Maharajh, D. M.; Walkley, J. Nature (London) 1972,236, 165. 
(26) (a) Balch, A. L.; Lee, C.-L.; Lindsay, C. H.; Olmstead, M. M. J. 

Organomet. Chem. 1979,177, C22. (b) Lee, C.-L.; Hunt, C. T.; Balch, A. 
L. Inorg. Chem. 1981,20, 2498. 

(27) Hunt, C. T.; Balch, A. L. Inorg. Chem. 1982,21, 1641. 
(28) Omstead, M. M.; Lee, C.-L.; Balch, A. L. Inorg. Chem. 1982,21, 

2712 and references therein. 
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between the In kl values a t  24 OC and the energy of the 
most intense and higher energy band (NCO, 290 nm; C1, 
293 nm; Br, 301 nm; I, 313 nm) (Figure 5). The qualitative 
arguments noted above imply that the cyanate system is 
expected to have the strongest Pd-cob, and Pd-Pd bonds, 
with the former being more important within equilibrium 
1; thus the noted correlation is not consistent with the UV 
band chosen arising from a metal-metal u - u* transition, 
and the band probably reflects some metal d a  - a* (lig- 
and) charge-transfer process. However, such a conclusion 
is extremely tentative; studies on the band assignments 
for complexes 1 and 2 are needed before kinetic-pectro- 
scopic correlations can be discussed meaningfully. Further, 
in such cases, differences in the absorption band energies 
are usually discussed in terms of contributions to the en- 
thalpy of a c t i ~ a t i o n ; ~ ~  differences in kl values in the 
present system appear to arise largely from differences in 
the entropies of activation. 

Finally, one comment should be made concerning the 
suitability of these complexes in solution for removing CO 
from gas streams. From both kinetic and thermodynamic 
viewpoints, the systems are promising and, indeed, the 
rapid rates imply that both the on- and off-rates within 
a working system would be governed totally or in part by 
diffusion control from the gas to liquid phase (or vice- 
versa) and more likely to be determined by engineering 
design rather than chemical rates. Ongoing studies involve 
attaching complexes such as 1 chemically to a support via 
the methylene group of the dpm ligand. 
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Figure 5. Correlation between In k-l values at 24 "C and a high 
intensity UV band of the Pdz(dpm)zXz complexes. 

of PdILC1, (260 kJ).37] Following this tenuous thread, a 
crude estimate of -75 kJ mol-' may be taken for the 
Pd-COb, bond energy in 2, this estimate necessarily in- 
cluding changes in the weakening of the CO bond on co- 
ordination. Using the AH values given in Table I then 
yields a Pd-Pd bond strength of -90-120 kJ mol-'. A 
more reliable estimate of this bond strength must await 
a better number for the Pd-Cob, bond energy. Never- 
theless, the data do indicate a relatively weak Pd-Pd 

which is consistent with the unusually long 
metal-metal bond found in this type of A-frame complex 
(at least within Pd2(dpm)2Br2, 2.699 A38) compared with 
other Pd? complexes;38 this presumably reflects accom- 
modation of the dpm ligand. 

It is worth noting that, as well as the absorption bands 
in the visible region of the spectrum (see above and Figure 
l ) ,  the Pd2(dpm)2X2 complexes exhibit two strong ab- 
sorptions in the UV,I8 and a reasonable correlation exists 

(37) Schiifer, H.; Wiese, U.; Rinke, K.; Brendel, K. Angew. Chem., Int. 

(38) Holloway, R. G.; Penfold, B. R.; Colton, R.; McCormick, M. J. J. 
Ed. Engl. 1967, 6, 253. 

Chem. SOC., Chem. Commun. 1976, 485. 
(39) (a) Jackson, R. A.; Poe, A. J. Inorg. Chem. 1978,17,997. (b) Poe, 

A. J.; Jackson, R. A. Ibid. 1978,17, 2331. 
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