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Equilibrium and High-Pressure Kinetic Study of Formation and Proton-Assisted Aquation
of Monodentate Acetate, Propionate, and Glycolate Complexes of Palladium(ll) in Aqueous
Solution
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Kinetics and equilibria for reversible formation of 1:1 monodentate complexes betwees@gi(Hand acetic,
propionic, and glycolic acid (RCOOH) according to the equation R@j#+ + RCOOH= Pd(H:0);O0CR" +

H3O™" (ki, k-1) have been studied as a function of temperature and pressure in an aqueous medium with 0.60
[H*] < 1.00 M, [RCOOH]/[H] < 1.0, and ionic strength 1.00 M. Stability constafisfor the formation of
acetate, propionate, and glycolate complexes are 2.0909) x 104 (2.10+ 0.24) x 10% and (6.44 0.1) x

10 M1, repectively, at 25C and for a 1.00 M perchlorate medium. The rate expres&igg, = ki[RCOOH]

+ k_1[H™], indicates that reaction between palladium and carboxylate anions is negligible under the experimental
conditions used. Values fég/M s, k_y/M~1s1 AH;*/kJ mot?, AH_;*/kJ mol?, AS*J K-t mol~1, AS ¥/

J K=t mol~%, AVy¥cm? mol~1, andAV_;*/cm?® mol~t at 25.0°C are 19.3+ 0.6, 32.84 0.2, 52.5+ 0.4, 57.5+
0.4,-44+1,-23+ 1, —-8.1+ 0.3, and—1.7 & 0.2 for acetic acid; 12.& 1.1, 26.4+ 0.3, 55.3+ 0.6, 56.8
+0.3,-32+2,-34+1,-8.94+ 0.8, and—1.7 £+ 0.2 for propionic acid; and 21.% 0.3, 13.7+ 0.1, 53.6+
0.4,59.24+0.6,—40+ 1, —25+ 2, —3.4+ 0.2, and—2.3+ 0.2 for glycolic acid. There is no relation between
formation rate constants andpfor these carboxylic acids. The nucleophilic properties of the carboxylic acids
toward palladium(ll) are similar to those of water molecules. A trigonal bipyramidal transition state stabilized
by hydrogen bonding between the entering carboxylic acid and the leaving aqua ligand or (equivalent) between
the entering oxonium ion and the leaving carboxylate ligand is suggested. Negative entropies, volumes of activation,

and volume profiles support a strong contribution from bond making in the activation process.

Introduction

Palladium(ll) acetate was first prepared by Wilkinson and
co-workers, who suggested a trimeric structur€rystal-
lographic studies of Pd(ll) carboxylates have verified the
structure Pg{OOCR), with R = CHs;, C;Hs, C(CHg)s, and
2,4,6-GHy(CHa)s, and with bridging carboxylates* Palla-

by acetat&in acetic acid and bil,N-dimethylbenzylamine and
its derivative? in chloroform have been studied.

There are few investigations of reactions between square
planar Pd(ll) centers and carboxylic acids/carboxylates in
aqueous solution so far, including only equilibria between Pd-
(H20)4#" and acetic acid! formation of mixed ligand com-
plexes, Pd(dien)OOCR from PdCl?~, diethylenetriamine

dium(ll) carboxylates, in particular the acetate, have been (dien), and carboxylate$;and kinetics for complex formation
extensively used as catalysts in a great variety of organic @nd aquation of Pd(Mdien)(HO)** and Pd(Egdien)(H0)*

reaction7 and as a starting material for preparation of other
compounds. The kinetics for the splitting of REOOCCH)s
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with oxalate!l® We here describe studies of equilibria and
kinetics for complex formation between Pd(®),2+ and acetic,
propionic, and glycolic acids, with the aim to elucidate the
reaction mechanism. Kinetics for complex formation between
Pd(H0)42" and halide¥"1> and with nucleophiles containing
nitrogerd® and sulfut”-18donors have been investigated earlier.
High-pressure kinetic studies of complex formation between Pd-
(H20)42" and MeSO1” MeCN/® and thioether$ as well as
water exchange on Pd¢B)42* 1° have provided further indica-
tions of a mechanism dominated by bond making in these
systems.
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of a modified Durrum-Gibson stopped-flow spectrophotometer and
at elevated pressures by use of a Hi-Tech high-pressure stopped-flow
spectrophotometer, HPSF-56, equipped with a digital pressure indica-
tor?! Kinetic data were evaluated using the OLIS nonlinear least-
squares-minimizing kinetic program Model 4000 Data System Stopped-
Flow Version 9.042

Equilibrium Measurements. Spectra between 250 and 500 nm of
equilibrated solutions of 5.6 mM Pd¢R).2+ with different total
concentrations of carboxylic acid were recorded at 26.0 They were
stable for at least 24 h. Data are given in Tables-Sll of the
supporting information.

Kinetic Measurements. Reactions were initiated by mixing equal
volumes of Pd(HO)s* and carboxylic acid solution directly in the
stopped-flow instruments. They were monitored as an absorbance

T T T T increase between 235 and 260 nm under pseudo-first-order conditions
obsd with carboxylic acid in at least 40-fold excess. All kinetic runs could
( be described by single exponentials, and no subsequent reactions were
observed. The observed pseudo-first-order rate constlsts, at
ambient pressure were calculated as average values from five to seven
independent runs. Data are given in Tables-S8¥I in the supporting
information and are summarized in Figures 3 and 4 below.

The pressure dependencies of the observed rate constants were
studied at 25.0C in the interval of 0.+150 MPa with [H] = 1.00
M and with 1.7 < [Pd(Il)]t < 5.6 mMM. Kinetic data are given in

W Tables SVIFSIX in the supporting information and are summarized
[RCOOHJH'] below in Figure 5.
: Protolysis Data. Protolysis constant&, and partial molar volume
changesAV,, for protolysis of the carboxylic acids used have been
T ' T determined under different conditions. The data used in the present
calculations were as follows: for acetic acidkp= 4.57 + 0.0432at
25°C andu = 1.0 M, AV, = —11.3 cn¥ mol™2* at 25°C andu =
0.50 M; for propionic acid, [, = 4.674 0.02% at 25°C andu= 1.0
M, AV, = —13.0 cn? mol~*?4at 25°C andu = 0.50 M; for glycolic
acid, Ko = 3.62+ 0.02%¢at 25°C andu = 1.0 M, AV, = —11.8 cn?
mol~125 at 25°C andu = 0.50 M. The protolysis constant for
Pd(H0).2" is estimated to i, = 3.0 at 25°C andy = 1.00 M 26
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Results

[RCOOH}[H*] Equilibrium Studies. In the pH region used, the carboxylic

0.2 L L L acids are the dominant species, whereas the concentrations of
0 0.2 0.4 the carboxylate anions are small. Hence, the equilibria for
Figure 1. Absorbances of equilibrated solutions as a function of reactions between Pd§B),%" and acetic or propionic acid can
[RCOOHYJ/[H] for the reactions with (a) acetic, (b) propionic, and (¢) pe described by eq 1.

glycolic acid at 25°C and 400 nm. Hydrogen ion concentrations are

0.40 M (#),0.60 M (®), 0.80 M (a), and 1.00 M @). The solid curves 2+ —
represent a nonlinear least-squares fit of eq 3 to the experimental data.[Pd(HZO)“] + nRCOOH

[Pd(H,0),_(OOCRY® ™" + nH,0" (1)
Experimental Section
. ) ) ) The equilibrium constants are defined by eq 2, if only one
Chemicals and Solutions. Stock solutions of tetraaquapalladium(ll) complex is assumed to be formed for [RCOOH]Jf|Hs 1.0

perchlorate (ca. 50 mM) in 1.00 M perchloric acid were prepared from . o - .
palladium sponge (Johnson and Matthey, Spec. Pure) as described € M= 1. The observed absorbances of equilibrated solutions,

reviously?° Concentrations were determined spectrophotometricall
?rom theyabsorbance at 380 nne* = 82.8 Nr? <:m*1F;.20 Stock g Ki= [Pd(HZO)3OOCR+][H +]/[Pd(HZO)42+][RCOOH] )
solutions of 1.000 and 2.000 M perchloric acid were prepared from . . .
concentrated perchloric acid (Merck, p.a.), and stock solutions of 1.00 Aebsd @S functions of the total concentration of palladium,
M NaClO;, were prepared from solid sodium perchlorate, NagHz0 [Pd(ID]«t, and of the total concentration of carboxylic acid,
(Merck, p.a.). Acetic acid (Janssen, 99.5%), propionic acid (Janssen,[RCOOH], are expressed by eq 3, whefg denotes the
99.5%), and glycolic acid (Janssen, 99%) were used directly without .
fur'tglgr plu(r)l(f)lcatlon. r':'lhe_ 500_r(;1L stock solutlo(;]sbofdl_.oo |M carboxyklllcd Agpsa= (Ag T € I[PA(IN)],o K, [RCOOH)/[H )/
acid in 1. perchloric acid were prepared by dissolving weighe
samples in 250 mL of 2.00 M perchloric acid, which were then diluted 1+ Kl[RCOOH]/[Hﬂ) 3)
to the required concentrations with water. The ionic strength was ) .
adjusted to 1.00 M with 1.00 M perchloric acid and 1.00 M sodium absorbance at [RCOOH; 0, | is the path length, ané is the
perchlorate. Water was doubly distilled from quartz. molar absorptivity of the complex formed. The measurements

Apparatus. UV-—visible spectra were recorded on a Milton Roy : : .
3000 diode-array spectrophotometer with thermostated 1.00 cm quartz(21) A development of the high-pressure bomb described by Nichols, P.

rasil cells. The kineti re foll mbient pr r J.; Ducommun, Y.; Merbach, A. Enorg. Chem.1983 22, 3993.
Suprasil cells. The kinetics were followed at ambient pressure by use ., o) |\ inericfitting program, OLIS Inc.. Jefferson, GA 30549, USA.

(23) (a) Martell, A. E.; Smith, R. MCritical Stability Constants; Other

(19) Helm, L.; Elding, L. I.; Merbach, A. EHelv. Chim. Actal984 67, Organic LigandsPlenum: New York, 1977; Vol. 3, p 3. (b) Reference
1453. 23a, p 8. (c) Reference 23a, p 24.
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Table 1. Equilibrium Constants and Molar Absorption Coefficients 500

for the Reactions between Pd(®),>" and Carboxylic Acids at 25 '1 1 ' ' v
°C gM cm
-1 eom1
RCOOH Alnm K1 e/M~tem 400 H —e— [Pd(H,0) 00CCH,]* -

acetic acid 260 0.45 0.02 291+ 7 .
280 0.57+ 0.12 59+ 8 —®— [Pd(H,0),00CCH CH,]
340 0.35+ 0.03 67+ 12 300 | 2773 2 §
360 0.41+ 0.04 138+ 6 [Pd(HZO)A]"“
380 0.41+ 0.03 187+ 6
400 0.40+ 0.03 185+ 7
420 0.33+ 0.04 153+ 9 200
440 0.32+ 0.06 91+ 8
460 0.34+ 0.07 44+ 4

av 0.40+ 0.08

propionic acid 260 0.46-0.04 5104+ 40 100
280 0.48+ 0.07 133+ 15
300 0.42+0.12 42+ 8
340 0.33£ 0.09 74+ 7
360 0.31+ 0.04 158+ 8 0
380 0.33+ 0.05 207+ 11 250 300 350 400 450 500
228 82& 883 ié& ?0 Figure 2. Calculated absorption spectra of palladium monzcidentate
440 0.34% 0.08 97+ 12 carboxylate complexes together with the spectrum of [ROJH>".
460 av 8:2& 8:33 38+ 4 Fe(HO)s*" and glycolic acic?’ according to eq 4.

glycolic acid 260 1.13 0.03 770+ 14 oy Ke
280 1.20+ 0.05 262+ 8 [Pd(H,0),]”" + HOCH,COOH~=
300 1.28+ 0.07 67+ 2
340 1.95+ 0.58 52+ 6 [Pd(H,0),0CH,COQ] + 2H3OJr (4)
360 1.67+0.44 115+ 8
380 1.35£0.08 168+ 10 The measured absorbance corresponding to eq 4 can be derived
400 1.36+ 0.17 165+ 8 . T " .
420 1.29+ 0.19 129+ 8 as eq 5 withK, < [H*] andK, < [H*]. Plots according to eq
440 1.82+ 0.28 72+ 4
460 161+ 0.44 35+ 6 Asisa= (Ao + el PA(ID], oK JHOCH,COOHIH 1/

av 1.47+0.26

(1 + KJHOCH,COOH)/[HT) (5)
were analyzed by means of a nonlinear least-squares method.

Figure 1 shows fits of the data at 400 nm, according to eq 3 5 of Axpegas a function of [HOCKCOOH]/[H]2 gave bad fits
with K1 and ¢; as adjustable parameters for the reactions of eIimingtsidng this aIternatiE/e. (i) Alter]n[ati\}el?/, Pdéﬂw'

agetl_c, grfC)plotr:lc,dand glﬁ/COI'% amdh S”E'Iar goo? fltshwere dforms a chelate with glycolic acid without deprotonation of the
obtained for the data collected at the other wavelengths used, oy = n gych a case, the expression for the measured

ﬁ;‘i dgﬁ]V"T'a;[EIZ iquilibrium constants and molar absorptivities absorbance as functions of [HOG@EODOH] and [H] is identical

to eq 3.

Analysis was also carried out assuming that higher complexes, Cglculated spectra of the 1:1 complexes formed are shown
[Pd(H:0)u-n(OOCR)Y*"*, n = 24, are formed for [RCOOH) Figure 2. The close similarities between these spectra support
[H*] =< 1.0. That assumption gave no improvement of the curve the assumption of a monodentate complex being formed also
fit and no meaningful values fok, and e.. Therefore, the o gycolic acid, i.e. alternative (i) above. This is further
equilibrium of eq 1 withn = 1 is sufficient to describe the supported by the derived stability constantsie infra.
reactions of Pd(ED),*" with these carboxylic acids under the Kinetics. Taking into account the protolysis of the incoming
present experimental conditions, although complexes [Pd- ligands and Pd(pD)s2*, the simplest mechanism for the present

(H20)4-n(OOCCH;);]>™"*, n = 1-3, have been reported for  system is described by Scheme 1, including reaction8. 6
[CH3COOH]/[H™] < 33.611 The independence of th& values

on the wavelength and the good agreement between the valueScheme 1
of K1 derived from equilibrium and kinetic measuremerts ( ke
data in Table 2 below) further support the assumption of only RCOOH === [Pd(H,0)300CR]" + H30O* (6)
one complex being formed. Polynuclear complex formation can py,0),2+ + “ o

Ka
also be excluded, since the observed rate constaidis ififra)

ka

are independent of the total concentration of palladium(ll). RCOO~ ?@; [Pd(H20)s00CR]* + H,0 ™
In the reaction with glycolic acid, there are three possibilities Kn "

for complex formation even if only a 1:1 complex is formed. RCOOH === [Pd(H,0)300CR]" + H;0 (8
3

(i) The first possibility is formation of a monodentate complex 1

. . an g Pd(H,0);0H* + .
as described above and illustrated in Figure 1c. (ii) Another (H20)s ‘ A

Kp'

possibility is formation of a chelate as in the reaction between RCOO- % [Pd(H,0),(OH)OOCR]* + H,0 9)
(25 ;'1‘7’”2%”5’7' H.. Vikingstad, EJ. Chem. Soc., Faraday Trans.1B75 For reaction with excess carboxylic acid, the observed pseudo-
(26) Shi, T.; Elding, L. I. Unpublished results. first-order rate constants can be derived as eq 10 uth<p,

(27) Mentasti, Elnorg. Chem.1979 18, 1512. andKy'< [HT].
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Kopsa= { Ky (kKa + KK)/[H T + KKK /[H T} x so PR
[RCOOH] + k_,[H™] + k_, + k_5 + k_,K,/[H'] (10) obsd

40 T
Plots ofkopsq Vs [RCOOH] for [Ht] = 0.60, 0.80, and 1.00 M /
at 25.0°C result in parallel straight lines for each carboxylic
acid, cf. Figure 3, indicating that there is no significant 30 o
contribution tokopsafrom the forward reactions of eqs-8, i.e. 5 o
terms containingds,, ks, andks. Further, the ratios of intercept/ 0 1

[H*] are constant, ankl,sd[H ] plotted against [RCOOH]/[H] 20
gives excellent straight linesf. Figure 4. These observations
imply that the terms ofk—,, k-3, and ks in eq 10 do not

10

contribute to the overall kinetics and can also be neglected. 0 0.2 0.4
Therefore, reactions-79 are negligible for the present experi- 1 T
mental conditions and Scheme 1 can be reduced to eq 6. Then, KpsaS
eq 10 can be simplified to eq 11, which can be further rearranged 30 r
as eq 12.
B h
Kepa= KIRCOOH] + k_,[H'] (11) [
20 | O
kapsd[H'1 = K[RCOOHI[H'T +k;  (12) o °
B 1

The k; andk-; values were evaluated by a least-squares fit of
eg 12 to the data in Figure 4. The temperature dependencies
of those rate constants allowed for the calculations of enthalpies
and entropies of activation by use of Eyring’s equation. Rate
constants, equilibrium constant§; = ki/k-1, and activation
parameters derived from these experiments are summarized in
Table 2.

If the coordinated carboxylate ligands are assumed to be
significantly protonated in the pH region used, eq 6 transforms
to 13.

0.1 0.2 0.

10

]
w

k' 4 Ka
[Pd(H,0),]*" + RCOOH—= [Pd(H,0),(HOOCR)f " ==

[Pd(HZO)SOOCRr +H" (13) [Glycolic acid]/M
4 1 1
In that casekopsgcan be rephrased as eq 14. The good linear 0 0.1 02 0.3
Figure 3. Plots according to eq 10 &f,sqVS excess concentration of

HT = k,JRCOOHIHT + k /(K +[HT 14 carboxylic acid at different hydrogen ion concentrations atQ5H"]
Kobsd[H '] = Kyl MH T+ k(K +[HT])  (14) Z 060 M @), 0.80 M @), 100 M @),

plots in Figure 4 okopsd[H™] vs [RCOOH]/[H] at 25°C and
different [H'] for each particular carboxylic acid display a lated asAVi® = AVy* — AV_;* are also listed in Table 2. The
common intercept, indicating that the tekm/'/(K4 + [H*]) in resultant volume profiles are depicted in Figure 6.
eq 14 is independent of [H. This means tha, > [H*] and
k-1'/Kg = k-1 (cf.eqs 12 and 14). In other words, the presence Discussion
of protonated carboxylic acid ligands coordinated to palla-
dium(ll) can be neglected for the present experimental condi-  Stability Constants. Stability constantg; for the mono-
tions. dentate palladium complexes calculate@as: Ki/K, are given

In order to determine volumes of activation for the forward in Table 3 together with data for nickel(ll) carboxylate
and reverse reaction&gpsg Was determined as a function of complexes. Glycolate occasionally forms a chelate with metal
[RCOOH] for constant [H] = 1.00 M at ambient pressure and  ions without deprotonation of the-OH group. This is the case
at 25, 50, 75, 100, 125, and 150 MPa. Data are given in Tablesfor nickel(ll) glycolate?®~32 Accordingly, the stability constant
SVII—-SIX in the supporting information. Values kf andk_; of the nickel(ll) glycolate complex is considerably larger than
were evaluated by a least-squares fit of eq 11 to the experimentathat of nickel(ll) acetate. In contrast, the stability constant for
data for each pressure. Plots okinand Ink_; vs pressure are  palladium(ll) glycolate is significantly smaller than that for
given in Figure 5. Volumes of activation for forward{;¥)

and reverseAV_;*) reactions were calculated by fitting eq 15 (28) Nakamoto, K.; McCarthy, P. J.; Miniatas, 8pectrochim. Acta965

to these data witlk, and AV as adjustable parameters, and 21, 379. _
with ko denoting the values of the rate constarksgndk-, (29) éa) E'\ll'ans" Wi P(-:? M?”'éhc- B. f?;g?g%%gﬁgsioj ('?_)I_Gfa_bafl'cv

. A . s ., Flipovic, 1. Croat. em. AC . . (C Hipovic, 1.;
respectively) at ambient pressure_. NO significant pressure Matusinovic, T.; Mayer, B.; Piljac, I.; Bach-Dragutinovic, B.; Bujak,
dependence of the volumes of activation was observed. A. Croat. Chem. Actd97Q 42, 541.

(30) Hoffmann, H.Ber. Bunsen-Ges. Phys. Cheh969 73, 432.
— _ (31) Harada, S.; Okuue, Y.; Kan, H.; YasunagaBTtll. Chem. Soc. Jpn.
Ink=Ink, — AV'PIRT (15) rora e S

o . ) (32) Inoue, T.; Sugahara, K.; Kojima, K.; Shimozawa, IRorg. Chem.
Activation volumes and partial molar reaction volumes calcu- 1983 22, 3977.
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Figure 4. kosd[H'] as a function of [RCOOH]/[H] according to eq Figure 5. Pressure dependence of forward and reverse rate constants

12. Hydrogen ion concentrations are 0.60®),(0.80 M (a), and 1.00 for reaction 6 at 25C according to eq 15.
M (@).

Table 2. Rate Constants, Equilibrium Constants, and Activation AV_,’ RCOOH
Parameters for Reactions of Pd(®),?" with Carboxylic Acids at | .
1.00 M lonic Strength
HOCH,COOH

acetic propionic glycolic - ?
k2%9M-1 st 19.3+ 0.6 12.0+ 1.1 21.1+0.3 \/'2'3
k-12%9M~1st 32.8+0.2 26.4+ 0.3 13.7£ 0.1
K,288a 0.63+ 0.01 0.45+ 0.02 1.704+ 0.05
K,2%8a 0.59+ 0.02 0.45+ 0.05 1.544+ 0.03
K,308a 0.54+ 0.02 0.47+ 0.02 1.47+ 0.06
K,2%8b 0.40+£0.08  0.39+0.06  1.47+0.26 CHyCOOH
AH{*kJ mol 525+ 0.4 55.3+ 0.6 53.6+ 0.4 1.7 CH.CHACOOH
ASFIKImolt —44+1 —32+2 —40+1 - M
AH_4#kJ mol 57.5+ 0.4 56.8+ 0.3 59.2+ 0.6 -1.7
AS F[JKtmolt —23+1 —34+1 —254+2
AH;°/kJ mol? -5.0+08 -154+09 -56+1.0 Reaction Coordinate
AS°IKtmolt —21+2 2+3 —15+3 Ha0 »
AViflcm? molt —8.1+0.3 —8.9+0.8 —-3.44+0.2 25
AV.ffomPmolt  —17+02  -17402  —23+02 Pa(H,0),""+ "“"“‘Z{ * “(“’°’3”}"= PA(H10);00CR" +H30"
AVi°lcm® mol~t ¢ —6.4+0.5 -7.2+1.0 -1.14+04 RCOOH

Figure 6. Volume profiles for complex formation between Pe(),>"

aCalculated aki/k-1. ® Average values in Table ®.Calculated as and acetic, propionic, and glycolic acids, reaction 6.

AViF — AV_¢*.

palladium(ll) acetate, which further supports the assumption of ~Reaction Volumes. The partial molar reaction volumes of
formation of a monodentate complex, as discussed above inreaction 6 were calculated a8/,° = AV;* — AV_4*, cf. Table
connection with the absorption spectra. In general, however, 2. By use of the partial molar volumesV, for protolysis of
the palladium(ll) carboxylate complexes are between 2 and 3 acetic?* propionic?* and glycolic acic?® volumes for reactions
orders of magnitude stronger than those of nickel(ll). of Pd(H0)4#" with the caboxylate anions were derived from
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Table 3. Stability Constants and Partial Molar Reaction Volumes
for Complex Formation between Pd®)),>* and Ni(HO)s*" and
Carboxylate Anions at 25C andy = 1.00 M

acetate propionate glycolate
BPYM~1 (2.194 0.09)x 1042 (2.10+ 0.24)x 10*2  (6.4+0.1)x 1032
BNIM-1 8.5 49+ 2¢ 1004 104
AVP(/Cn'f 49+ 0.5 5.8+ 1.C¢ 10.7+ 0.4
mol~
AVyilem?® 8.0+ 1.9 17.3+1.0
mol~t

aThis work " Reference 33y = 0.10 M. ¢ Reference 29¢ ~ O.
d Reference 30y = 2.0 M. ¢ Calculated from this work and refs 24
and 25.f Reference 32, 20C, andu ~ 0.

eq 16. They are listed in Table 3 together with volumes for
AVpy= AV,° — AV, (16)

the reactions of Ni(kD)s?". The partial molar volume changes
for reaction with Ni(ll) are significantly more positive than those
for reaction with Pd(ll). This arises mainly from a smaller

release of electrostriction in the case of palladium, having a by

larger ionic radius. For the reaction of Ni(ll) with glycolate,

Shi and Elding

(H20)6%" with hydroxamic acids® It appears that the substitu-
tion of the carboxylic acids into the coordination sphere of the
Pd(ll) complex exhibits similarities with the water exchange
on Pd(H0)2",1° although a proton is involved in the carboxylic
acid reactions. For instance, valuesAdfl;*, AHe,f, andAS*,
AS,F are similar (second-order rate constant for water exchange
and corresponding activation parameters are as folldws=
41 M1 s AHed = 50 kJ mot?, and ASF = —48 J K1
mol~1).1° It follows that the properties of the carboxylic acids
as nucleophiles for palladium(ll) are not too different from those
of a water molecule.

Volumes of Activation. Volumes of activation are composed
of one intrinsic contribution due to bond making or breaking
in the activation process, and one solvational terd\* =
AVt + AVson'.37 The observed volumes of activation for
the forward processes in the present systems reflect primarily
intrinsic changes, since there is no net change in ionic charge
in the activation process. All values are negative, corresponding
to an overall contraction as expected for a process dominated
bond making. The much less negative value Af;*
observed for glycolic acid as compared to that of the other two

the formation of a chelate and the release of two water molecules@cids studied is most likely due to solvational changes in the
are expected to make a significant contribution to the large activation process related to the pendi@H group.

positive reaction volume observed, as compared to the mono-

dentate palladium(ll) glycolate.

Kinetics. Formation rate constants for reactions of acetic
and glycolic acid with Pd(ll) remain virtually the same in spite
of the variation of K, from 3.62 to 4.57. On the other hand,
pKa for propionic acid is similar to that of acetic acid, but the

It is noteworthy that the activation volumeAV_;* for
displacement of carboxylate anions by oxonium ion are almost
identical within experimental errors and independent of the
nature of the leaving ligand. Moreover, they are very similar
to the activation volumes reported earlier for displacement of
Me,SO (1.7 cn? mol~1),17 acetonitrile 1.5 cn? mol~1),16

rate constant is slightly smaller. It seems that there is no obvious@nd water £2.2 cn? mol~4)1® by water in analogous palla-
correlation between rate constants and protolysis constants ofdium(ll) complexes. Thus, the difference in partial molar

these carboxylic acids.

volume between the transition states and the reactants appears

The experimental rate expression, eq 11, indicates that theto be independent of the nature of the leaving group when water

transition state of reaction 6 involves a profdnThe transfer
of the proton from the entering carboxylic acid to the leaving
water molecule (forward reaction 6) or from the incoming

or oxonium ion is the incoming ligand. If bond breaking was

important in the activation process, the valuesAdf_;* are
expected to be modulated depending on the nature of the leaving

oxonium ion to the leaving carboxylate (reverse reaction 6) is ll9and. Since this is not the case, the present results strongly
assumed to take place through a transition state of the following SUPPOrt our previous suggestiétthat the activation process in

type, stabilized by hydrogen bonding:

B H,0

H,0

Similar transition states have been proposed for the reaction of

B(OH); with chromotropic aci® and for reactions of Fe-

(33) Amari, T.; Funahashi, S.; Tanaka, Morg. Chem.1988 27, 3368.

(34) Espenson, J. HChemical Kinetics and Reaction Mechanisr@ad
ed.; McGraw-Hill Publishing Company: New York, 1995; Chapter
6.

(35) Ishihara, K.; Mouri, Y.; Funahashi, S.; Tanaka,kbrg. Chem1991,
30, 2356.

the present systems seems to be strongly dominated by bond
making.
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