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The first study of metallacrown ethers with kinetically labile metal centers is reported. The reactiofP¢(CHh
CH,0)4,CH,CH,PPh with PdC} in an acetonitrile-dichloromethane solution yields an equilibrium mixture of
cyclic n-mers and monomers with the empirical formula [P4€hP(CH.CH,0),CH,CH,PPh-P,P'}]. Both

cis and trans coordination geometries are observed for the palladium(ll) in these complexes, with the trans being
the more abundant. The solution equilibria in both chlorofarand acetonitrileds were studied using'P{1H},

13C{1H}, andH NMR spectroscopy. A model has been developed relating the product distributions at various
concentrations, obtained from integration of quantita$#®§H} NMR spectra, to a cistrans equilibrium constant

and equilibrium constants for the dimerization amcherization reactions of the trans monomer. The concentration
and temperature dependence of the equilibrium constants obtained from this model are consistent with the
thermodynamics of cistrans isomerization and reversible step polymerization. One surprising result from this
study is that the dimerization equilibrium constant is nearly an order of magnitude smaller threm#reation
equilibrium constant.

Introduction We have begun a study to identify the species present in

. . . solutions of the [PdG{ PhbP(CH.CH,0),CH.CH,PPh-P,P'}]
Chelation ofo,w-bis(phosphorus donor)-polyether ligands to  , — 3_5) metallacrown ethers. This paper reports the resuits

transition metals yields a class of complexes called metallacrown ¢y, 4 detailecB'P{1H}, 13C{H}, andH NMR spectroscopic

etherst We have shown that these complexes are similar to study of then = 4 comlplex and’ of [PAG{ PhP(CHCH,0),-

the crown ethefsand relatednetalloreceptorkin that they are CH,CHz-P}], a model complex with monodentate phosphine

capable of binding alkali metal cations and small molectfes.  jjjands. This study demonstrates that the numerous species in
Analogous to crown ethefsmetallacrown ethers have cation- the solutions of then = 4 complex are at equilibrium and

binding selectivities that depend on the relative sizes of the yreqents a mathematical model for describing their solution
cation and the metallacrown ether rihg). equilibria.

Metallacrown ethers containing platinum-group metals could
exhibit interesting catalytic activities and selectivities for organic
reaction8involving ionic®7 or bifunctional substraté8 because
of their ability to form guesthost complexes. However, our
initial investigations of the [PdG] PhP(CH,CH,0),CH,CH,-
PPh-P,P}] (n = 3, 5) metallacrown ethers indicated that a
number of chromatographically inseparable complexes with this
empirical formula are present in solutiéth. Similar solution
behavior has been reported for PARP(CH,)\PR-P,P'} (X
= Cl, Br, I; n=8-12) complexes and is poorly understdéd>

Experimental Section

General Procedures. All starting materials, free ligands, and
deuterated solvents were handled under a dry nitrogen atmosphere using
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standard Schlenk techniques. The palladium complexes are air stableEvaporation of the filtrate to dryness in vacuo (0.02 mmHg at 295 K)

and required no special handling precautions. Pentaethylene glycol,

methanesulfonyl chloride, and di(ethylene glycol) ethyl ether were
distilled before use. Triethylamine was purified by distillation from
potassium hydroxide and then from calcium hydride. Tetrahydrofuran

produced a hard orange-yellow oil. Recrystallization of this oil from
a dichloromethanehexanes mixture yielded 1.03 g (87.2%) of analyti-
cally pure3 as orange-yellow crystalstH NMR (chloroformd, 300
MHz, d): 1.1 (m, 6H, G3); 2.6-2.9 (m, 4H, PCEl,); 3.4-3.8 (m,

was distilled from sodium-benzophenone, and both dichloromethane 16H, OTH,); 7.1—7.7 (m, 20H, GHsP). Anal. Calcd for GeH46ClO4P,-

and acetonitrile were distilled from calcium hydride before use.
Elemental analyses were performed by Atlantic Microlabs of Norcross,
GA.

Multinuclear ¢1P{*H}, 13C{'H}, and'H) NMR spectra were recorded
on a Bruker ARX300 FT-NMR spectrometer with a variable temper-
ature accessory. Th#d NMR chemical shifts were referenced to
internal tetramethylsiliane (TMS), and th&{H} shifts were refer-
enced either to chloroford-(77.0 ppm) or internal TMS. Thé&P-

{*H} chemical shifts were referenced to external 85% phosphoric acid
(capillary) in chloroformel. All downfield chemical shifts are reported
as positive. Sample temperatures1( K) were recorded with an
external thermocouple and were calibrated with ethylene glycol using
standard proceduré$.

Synthesis of CHSO,(OCH,CH_),OCH,CH3 (1). A solution of
2.50 mL (32.0 mmol) of methane sulfonyl chloride in 25 mL of

Pd: C, 55.29; H, 5.93; Cl, 9.07. Found: C, 55.03; H, 5.96; Cl, 9.14.

Synthesis of PhP(CH,CH;0),CH,CH,PPh, (4). The free ligand,
4, was prepared by a modification of the previously published méthod
in which a commercially available solution of potassium diphenylphos-
phide in tetrahydrofuran was substituted for a solution of lithium
diphenylphosphide, which was prepared from the reaction of diphe-
nylphosphine with a solution af-butyllithium in hexanes. These two
methods give comparable yields 4f

Synthesis of [PACK PhP(CH2CH;0),CH2CH.PPh-P,P}] (5). A
mixture of 1.04 g of palladium(ll) dichloride (5.85 mmol) and 3.35 g
of 4 (5.85 mmol) in 30 mL of a 2:1 acetonitritedichloromethane
mixture was stirred at ambient temperature for 24 h. Evaporation of
the solution in vacuo (0.02 mmHg at 295 K) generated a hard yellow
oil. The yellow residue was triturated with hexanes, decanted, and
dried in vacuo (0.02 mmHg at 295 K for 48 h) to yield 4.08 g (93.2%)

dichloromethane was added to a stirred solution of 3.83 g (28.5 mmol) of 5 as a fine yellow powder!H NMR (chloroformd, 300 MHz,6):

of di(ethylene glycol) ethyl ether and 4.5 mL (32.0 mmol) of
triethylamine in 75 mL of dichloromethane at ambient temperature over

2.42-2.75 (m, 4H, PEi;); 3.29-4.06 (m, 16H, OEl,); 7.71-7.00
(m, 20H, GHsP). Anal. Calcd for GuH4004P.Cl.Pd: C, 54.31; H,

a 2-h period. The mixture was evaporated to dryness, and the oily 5.36; Cl, 9.40. Found: C, 54.41; H, 5.40; CI, 9.52.

residue was treated with 200 mL of benzene. The resulting mixture
was filtered through a medium frit containing Celite to give a clear,

31P{1H} NMR Spectroscopic Studies of the Dynamic Equilibria
in Solutions of 5. Chloroform4d solutions of5 with concentrations

colorless filtrate. The filtrate was evaporated to dryness in vacuo (0.02 from 0.17 to 0.023 M were used in the equilibrium studies. A 0.17 M

mmHg at 295 K for 48 h) to yield 5.13 g (84.8%) bfs a hygroscopic,
colorless oil. This oil was characterized by 8 NMR spectra and
was subsequently used in the successful synthes ofH NMR
(chloroform4d, 300 MHz,6): 3.06 (s, 3H, €15S0,); 4.48 (m, 2H, SG&
OCH,); 3.42-3.82 (m, 8H, OCly); 1.22 (m, 3H, CHCHj).

Synthesis of PRP(CH,CH,0),CH,CH3; (2). A solution of 3.93 g
(24.1 mmol) ofl in 75 mL of tetrahydrofuran was stirred at ambient
temperature as 21 mL of a 0.5 M solution of potassium diphenylphos-

stock solution was prepared by dissolving 0.38 g (0.49 mmo} iof

3.0 mL of chloroforme. The NMR solutions were prepared by
pipetting appropriate amounts of the stock solution into 5-mm, screw
cap NMR tubes and by diluting to 0.6 mL with chloroforin- The

NMR tubes were then sealed with Teflon tape and stored in an oil
bath whose temperature was regulatedtib K. The NMR tubes
containing the solutions were placed in a pre-heated probe 30 min before
acquisition of the3'P{*H} NMR spectra to ensure that spectra of

phide in tetrahydrofuran was added dropwise over 30 min. The reaction equilibrium solutions were obtained. No solvent loss was observed in
of mixture was stirred for 18 h and then evaporated to dryness in vacuo any sample during the course of the measurements.

(21 mmHg at 315 K for 2 h) to yield an oily residue. The residue was
treated with 50 mL of dichloromethane, and the mixture was extracted
with deionized water (3x 100 mL) to remove the potassium

Quantitative®'P{*H} spectra were acquired using an inverse-gated
30° pulse sequence with a 20-s delay and 3.8-s acquisition time. The
inverse-gated pulse sequence, which eliminates NOE, was chosen

methanesulfonate byproduct. The dichloromethane layer was dried overbecause molecules with molecular weights in the range of-5d00,

magnesium sulfate and then filtered through Celite. The filtrate was
evaporated to dryness in vacuo (0.02 mmHg at R9%or 24 h) to
yield a yellow oil. Fractional distillation of the crude oil yielded 4.12

g (57.0%) of2 as a colorless oil distilling between 401 and 410 K at
0.050 mmHg. The free ligan2lwas characterized by it$l, 13C{H},

like those in these experiments, may possess either positive, negative,
or zero NOE!® The delay time necessary for quantitative spectra was
determined directly by measuring the changé®{!H} integral area

as a function of delay time in seconds. Empirically, a 20-s delay was
found to be satisfactory for accurate measurement of species concentra-

and3P{'H} NMR spectra and was subsequently used in the successful tion via integration of the resonances. Accurdf'H} NMR integral

synthesis of3. 'H NMR (chloroformd, 300 MHz,9): 1.1 (m, 3H,
CHa); 2.3 (M, 2H, PEl); 3.2—3.6 (M, 8H, O®ly); 7.1-7.6 (m, 10H,
CsHsP).

Synthesis of [PACH{ Ph,P(CH.CH;0),CH,CH3-P} ] (3). A solu-
tion of 0.266 g (1.50 mmol) of palladium(ll) dichloride and 0.910 g
(3.00 mmol) of2 in 50 mL of a 2:1 acetonitriledichloromethane
mixture was stirred at ambient temperature for 24 h and then filtered.

(10) Varshney, A. Ph.D. Thesis, University of Alabama at Birmingham;
1992.

(11) (a) Minahan, D. M. A.; Hill, W. ECoord. Chem. Re 1984 55, 31—
54. (b) Shaw, BJ. Organomet. Chen198Q 200, 307318.

(12) Hill, W.; Minahan, D. M. A.; McAuliffe, C.Inorg. Chem 1983 22,
3382-3387.

(13) Hill, W.; McAuliffe, C.; Niven, I.; Parish, Rlnorg. Chim. Actal98Q
38, 273-278.

(14) Hill, W.; Taylor, J.; Falshaw, C.; Beagley, B.; Tonge, D.; Pritchard,
R.; McAuliffe, C. J. Chem. Soc., Dalton Tran$986 2289-2295.

(15) (a) Shaw, B. LJ. Am. Chem. Sod975 97, 3856-3857. (b) March,
F.; Mason, R.; Thomas, M.; Shaw, B. C. S Chem. Commuh975
584-585. (c) Pryde, A.; Shaw, B.; Weeks, B.Chem. Soc., Dalton
Trans.1976 322-327. (d) Pryde, A.; Shaw, B.; Weeks, B.Chem.
Soc., Chem. Commut973 947—948.

(16) Amman, C.; Meier, P.; Merbach, A. B. Magn. Reson1982 46,
319-321.

areas were calculated from tB#{*H} NMR spectra using Bruker's
UXNMR software. All quantitativé’P{*H} NMR spectra had a signal-
to-noise ratio greater than 200:1 (calculated from the highest peak),
which required acquisition times of 24 h for dilute samples.

A routine written with MATHCAD software was employed in the
approximation of the equilibrium constants. All nonlinear approxima-
tions were calculated by minimizing the error functiZg{[Xond —
[Xcal)? for each observable species and the overall formula concentra-
tion.

Results

Synthesis of Ligands and Complexes.The free ligands,
Ph,P(CH,CH,0),CH,CHs, 2, and PBP(CH,CH,0),CH,CH,-
PPh, 4, were prepared in good yields and high purities by the
reactions of potassium diphenylphosphide with the correspond-
ing methanesulfonates in dry tetrahydrofuran. These reactions
are similar to those previously reported for the synthesi§ of

(17) Varshney, A.; Webster, M.; Gray, G. Morg. Chem1992 31, 2580
2587.

(18) Harris, R.Nuclear Magnetic Resonanace Spectroscdmhn Wiley
& Sons: New York, 1986, 8590.
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Table 1. 3'P{'H} and Aliphatic*3C{*H} NMR Chemical Shifts for Ligands and Complexes

Ci1 C2
P 5 (1%C), JPC), 5 (C), JPC), C3,C4,C5 C6

no. o (3P), ppm ppm Hz ppm Hz 0 (*3C), ppm 0 (X3C), ppm
2 —21.83s 28.73d 3 68.57 d 28 70.15s,69.76 s, 66.65 S 15.13s
trans-3 12.32 s 25.84 aq 30 66.55 aq 12 69.955,69.60s,66.49s 15.04 s
cis-3 24.58 s 31.51 aq 35 67.02 b f 70.28 s,69.56 s, 66.64 S 15.13s
4 —21.73s 28.73 aq 13 68.53d 25 70.58s,70.53s,70.10s
Mg, 5 13.56 s 26.69 aq 30 67.02 aq 16 71.36s,71.11s,70.25s

ap = broad, s= singlet, d= doublet, t= triplet, ag= apparent quintet, m= multiple overlapping singlet®.|*J(PC) + 3J(PC). ¢ |*J(PC).
412J(PC). ¢|2J(PC) + “J(PC). f Ambiguous.

except that commercially available potassium diphenylphosphide
was used in place of lithium diphenylphosphide (prepared in C
situ from diphenylphosphine amgbutyllithium solution). Both
ligands are viscous oils that retain traces of solvent even under
vacuum. TheP{1H}, 18C{1H}, and'H NMR spectral data of B
2, summarized in Table 1, have not been previously reported 250 245
but are analogous to those of PUCHCH,0),CH3.1°® The3!P-

{1H}, 13C{1H}, and'H NMR spectra o# have been reporteld,

and selected spectral data are included in Table 1 for comparison

purposes. B A
The complexes, [PdgPhP(CH,CH,0),CH,CHz-P}], 3,
and [PdCH{ Ph,P(CHCH,0),CH,CH,PPh-P,P'}], 5, were pre-
pared by reacting solid palladium(ll) dichloride with the __JL "
corresponding free ligand? or 4, in stirred acetonitrile T
dichloromethane mixtures for 24 h at ambient temperature. 13.5 13.0 12.5 12.0
Analytically pure 3 was obtained by recrystallization from  rigyre 1. 31p[{1H} NMR spectra of a 0.162 M solution &f(mol L-1)
dichloromethanehexanes mixtures. Analytically pugewas at 295 K. Region A contains the resonances of the phosphines trans to

obtained by trituration of the reaction residue with hexanes phosphines in tha-mers. Region B contains the resonance of the trans
because attempts to recrystalli@avere unsuccessful. These monomer. Region C contains resonances for phosphines cis to
complexes are air-stable, orange-yellow solids that are slightly Phosphines in the-mers and the cis monomer. Spectral parameters:
soluble in acetonitrile, methanol, and acetone and very solublegh(l)og’zf_orsn\}y’ 159"'7} 'lez,1313232/'8',433’&1@"'?’Sslyqzt?rgé'\‘g'?ff’ LB,
(>0.170 M) in tetrahydrofuran, dioxane, dichloromethane, and ' ' ' ' ' T T '

chloroform.
31P{1H} NMR Spectra of the Complexes. The 31P{1H} ,J]L -—/}L —-jL
NMR spectrum of3 in chloroformd contains two resonances 25245 25 245 25 245

at 12.32 and 24.53 ppm in a ratio of 6.6:1 at 308 K. The minor,
downfield resonance is assigned to the cis isomer and the major,
upfield resonance to the trans isomer. These assignments are
consistent with those previously reported for other dichloro- 2a 2b 2¢
palladium(ll) complexes with monodentate phosphine ligdfids.
In contrast to the simplé!P{1H} spectra of3, the 31P{1H}
NMR spectrum of5, shown in Figure 1, contains numerous
resonances. These resonances are divided into three regions: J J J |
several partially resolved resonances between 12.37 and 12.64 R —
ppm, A; a single resonance at 13.56 ppm, B; and several 13 12 13 12 13 12
overlapped resonances between 24.43 and 24.65 ppm, C. The ppm

integral areas of the resonances in regiqns A, B, and .C arerigure 2. Quantitative3?P{*H} NMR spectra of equilibrated chloro-
designate,, Xg, andXc, respectively. All diphenylphosphino  form-d solutions of5 at 0.143 M @a), 0.072 M @b), and 0.023 M

groups in5 appear coordinated to palladium because’i (20) total formula unit concentrations &f(mol L~%). All measurements
{*H} NMR resonances due to free diphenylphosphino groups Were taken at 308 K. Note the decreases in the intensities of the
are observed resonances in region A and the increase in the intensity of the resonance

. . . e in region B as p] decreases. Spectral parameters: chlorofdriiP-
The relative ratios oKa, Xs, andXc in the *P{*H} NMR {1H}, 121.498 MHz;0, ppm, @a, S/N 648, NS 9002b, S/N 325, NS
spectra of5 exhibit a dynamic concentration and temperature 249; 2¢c, S/N 265, NS 981); LB, 1.0 Hz; SW, 4273.5 Hz;3pulse;

dependence. As shown in Figure 2, the ratioXaf to Xg delay, 20 s; aq time, 3.83 s.

decreases as the concentratiorba$é decreased from 0.17 to

0.023 M at constant temperature. In contrast, the ratiogf ( These observations suggest that solutiorisarke equilibrium

+ Xg) to Xc is independent of solute concentration at constant mixtures of cyclicn-mers and monomers with either cis or trans
temperature. Both the ratio & to Xa and the ratio of Xa + geometry, as depicted in Figure 3. The multiple resonances in
Xg) to Xc increase as the temperature is increased. region A are due to phosphines coordinated trans to other

phosphines in th@-mers (these will subsequently be referred

(19) Reddy, V. V. S.; Whitten, J. E.; Redmill, K. A.; Varshney, A.; Gray, [0 a@s trangi-mers). The single resonance in region B is due to
G. M. J. Organomet. Cheni989 372 207-215. the trans monomer. The multiple resonances in region C are
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frans center in n-mer, Wt

RS
trans monomer, Mt (0 o
(6]
o PPh, 1|3‘Ph2 Ph,P

|
[ Cl-Pd-C1 Cl-Pd-C1| C1-Pd-C1

0 (o)
] \—OL_,OJ cis trans 5
n-1 \ |
g 0 0’8 ] 230 B 26 4
Co o o) o™ ppm
Cl'Pd'Pth thP.Pd.Cl Cl‘Pd'PPhZ O Figure 4. 13C{*H} NMR spectra for3 and 5 at total formula unit
o’ ‘pph2 Ph,P|, 'Cl a *PPh 0] concentrations of 0.17 M at 294 K illustrating the numerous resonances
[O Oj -— \,20\/ of C1, which are A portions of AXXor AX spin systems. Note that
Col o at least four different complexes with cis phosphines appear to be
S cis monomer, Mc present in solutions d8. Spectral parameters: chloroforin3C{*H},
) . n-1 75.468 MHz;0, ppm, 6, NS 17 000, LB 0.5 Hz3, NS 20 000, LB 1
cis center inz-mer, We Hz); SW, 23 809.5 Hz; inverse gated°3pulse; delay, 1 s; aq time,
Figure 3. Proposed polymerization-isomerization equilibria in solutions 1.37 s.
of 5.
Table 2. Equilibrium Constants for Models I, 1I, and Il in

Chloroformg?

due to phosphines coordinated cis to other phosphines in both

the n-mers and the cis monomer (these will be collectively Ket Ki Kz Ks
referred to as cis). At low solute concentrations, monomers 308 K
are favored relative to-mers, but the equilibria shift toward | 5.2+03 8.2+ 1.7

the n-mers as the concentration increases. As the temperature ::I gg’ i 8-% gﬁ 8-? 116:34 %g-éi ég
is increased, the-mer/monomer equilibria shift toward the ) ) : ) ' ) ' :

monomers, while the isomerization equilibria shift toward the 6406 331K 604 3.2
trans isomers. This equilibrium behavior is consistent with the : ) ' :

. . . L . 1l 7.6+0.3 2.0+0.3 152+ 1.3
thermodynamics of cistrans isomerizatio®® and reversible 1 79408 23104 10.3+ 2.2 16.0+ 2.3

polymerizatior? 22 methylene carbons iB are included in Figure 4 for comparison
13C{IH} NMR Spectra of the Complexes. The 13C{H} purpgses. g P

resonances of the C1 and C2 methylene carbons and the ipso, pqymerization—Isomerization Equilibria for 5. To better
ortho, and meta phenyl aromatic carbons of the trans isomer of jerstand the complex equilibria that exist in solutions,of
3are the A portions of AXXspin systems, while the analogous  j; s necessary to develop a model that explains the effects of
carbon resonances for the cis isomer are the A portions of AX .oncentration on the NMR spectra of the solutions. We have
spin systemd? This difference is apparently due to the absence chosen theé'P{1H} NMR spectra for use in developing the
OI two-bond P-P coupling in the cis isomer. All othefC- model because quantitativ®@P{lH} NMR spectra can be
{*H} resonances for both isomers3dre singlets. Assignments  ohiained in reasonable times and all the resonances in the spectra
for all 31P-coupledC{H} resonances i are based on relative of 5 can be definitely assigned. Quantitati#®{H} NMR
intensities and on comparison to the chemical shifts and couplingspectra were taken on six samples whose concentrations ranged
constants of related,w-bis(phosphine) complexes. The reso- 1 0.17t0 0.023 M. One set of data was taken at 308 K and
nances of the C3 and C4 methylene carbon8 @hnnot be  .qnqisted of 19 measurements, while the second set was taken
unambiguously assigned using this methodology. at 331 K and consisted of 17 measurements. For the two sets
The *3C NMR spectra of solutions d are more complex  f concentration data, the sums of squares of residuals (SSR)
due to the multiple species present in the solutions. ASSIQnme”tand standard deviations (SD) have been calculated from multiple
of the *3C{*H} NMR spectrum of the trans monomer .\t measurements of the integral areXs, Xs, and Xc for all
possible because it is the major species present at lowgg|ytions. These are given in Table 3 on the lines labeled 308
concentrations. In solutions &fat which significant concentra- 514 331 K. The SSR and SD data indicate that the integrations

tions of both monomers and-mers are present, multiple  4f the quantitativé’P{1H} NMR spectrum are highly reproduc-
resonances are observed for each of the carbons. As anpje for both isothermal data sets.

illustrative example, the variod$C{'H} NMR resonances of The useful data in th8'P{1H} NMR spectra of5 are the

the met_hylepe carbons adjacent to the phosphines (Glaia integral areasXa, Xs, andXc, of the resonances in regions A,
shown in Figure 4. Thé°C{*H} NMR resonances of the C1 g and C. These integral areas can be converted into the
concentration of the trans monomer,{Mhe concentration of

(20) (a) Anderson, G. K.; Cross, R.Ghem. Soc. Re 1980 9, 185-215. ite i
(b) Redfield, D. A.; Nelson, J. Hnorg. Chem1973 12, 15-19. (c) trans monome.r formu!a units in all theans nm.ers.’ [W, and .
Redfield, D. A.; Cary, L. W.; Nelson, J. Hnorg. Chem.1975 14, the concentration of cis monomer formula units in both the cis
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Table 3. Sums of Squares of Residuals (SSR) and Standard Deviations (SD) from the Least-Squares Approximation of the Quantitative
31P{IH} NMR Spectra o at Various Concentrations in Chlorofordwith Models I, I, and IIP

SSR [W]P SSR [M]® SSR [cis} SD[W{]P SD [M{® SD [cisP
308 K 2.87x 1077 3.30x 107 1.22x 107 1.62x 10 1.73x 104 1.06x 107
| 5.49 x 1073 3.63x 104 1.54x 1074 2.23x 102 5.74x 1073 3.75% 10°3
[ 2.22 % 10°3 2.30x 105 5.29x 1078 1.42x 1072 1.46x 1073 2.19x 1073
i 2.20 x 103 c 3.90x 108 1.41x 1072 c 1.88x 103
331K 2.23x 1077 6.30x 1077 1.50% 1077 1.67x 10 2.81x 10 1.37x 10
| 451x 1073 2.87x 107 5.33x 1075 2.37x 1072 5.99x 1072 2.58x 1073
I 1.21 x 1073 2.21x 1075 1.61x 1075 1.23x 1072 1.66x 1073 1.42x 1073
i 1.21x 10°3 c 8.64x 1075 1.23x 1072 c 3.32x 1072

@SSR and SD data in rows 308 K and 331 K are calculated for multiple measurements made on solutions with the same concebteatibns of
provide an estimate of the reproducibility of thi®{*H} NMR concentration measurementtsnol L. ¢ SSR and SD for [\ were not calculated
for 11l due to the nontrivial solution of eq 9.

Xa There is no reason to assume a priori that two equilibrium

Wi =5~ 7x <[ (2) constants correctly model the step polymerization equilibrium.

A B c Step polymerization with a single equilibrium constant can be
modeled by equatindl; and K3 in eq 6. The power series

[cis] = m x [5] 3) expansion of eq 6 witk; replaced byKs converges to eq 8. It
A B
2 _ v 213
The next step in developing the model is to relate these w]= KM KsTM (8)
concentration data to the equilibria shown in Figure 3. Four (KM ] — 1)?

equilibria for the geometrical isomerization and step polymer-
ization reactions o6 are shown in Figure 3; however, the system is also possible to derive an equation, eq 9, in which the total
can be uniquely defined with only three of these reactions. This
description is further simplified because the-¢igans isomer
ratio does not vary with concentration. Hence, the equilibrium
constants for the cistrans equilibria in monomers and various

W, = 2K[M ]* + 3K,K M ]* + $ nK KK M " (9)

n=.

n-mers can be assumed to be identical. concentration of formula units within all tramsmers, [W],
The cis-trans isomerization equilibrium constéhof any and the trans monomer concentration, J[Mare related to
monomer om-mer is readily determined from [\ [M ], and equilibrium constants for the dimerization reactidfy, the

[cis], as shown in eq 4. However, determination of the (imerization reactionKs, and for all higher polymerization

M] + W] reactionsKs. The power series expansion of eq 9 converges
=+ -t (4) to eq 10, which is valid for all degrees of polymerization.
o [cis]

A L Wy =

equilibrium constant(s) for the step polymerization of the trans 5 2 12
monomer to highen-mers is more complicated. A general KiM{(2K5 M7 — 2K[M JK;3 — 4K4[M ] + 3K [M ] + 2)
reaction for step polymerization, in which the monomer, M (KM ] — 1)2
reacts with then-mer, M,, to form the (+1)-mer, M1, can
be written as shown in eq 5. From this general equation,

M, +M,_ =M (5) Equilibrium constants for the polymerizatieisomerization
n ntl reactions were calculated using the isomerization expression,
Ke, €g 4, and each of the three models of step polymerization
described above (eq 8, model |; eq 7, model II; and eq 10, model
o [11) by minimizing the appropriate nonlinear least-squares error
W] =Y nKK;"[M,]" (6) functions Es{[Xobd — [Xcal)?d). The equilibrium constants and
n= absolute errors (at the 99% confidence level) are given in Table
2. Aplot of the experimental [\lvalues and the [Ml calculated
from each of the three equilibrium models versgki§ given
in Figure 5. The sums of squares of residuals (SSR) and
standard deviations (SD) from models I, I, and IlI for the
approximation of [W, [M ], and [cis] are given in Table 3 (mol
L™Y. The SSR and SD for thigans monomer concentration,
206 [M{], were not calculated for model Ill due to the nontrivial
= KiMd" (2 = KoM @) solution of eq 10 for the SSR and SD of {M
(KM — 1) Itis obvious from Figure 5 and the SSR and SD data in Table
3 that model I, with only one equilibrium constant for step
concentration of all trans-mers, [W], and concentration of  polymerization, poorly models the equilibria concentrations of
the trans monomer, [§] have been substituted for [W] and the various complexes in solutions bf especially at higher
[M4]. Itis significant to note that eq 7 differs from Tolbolsky’s  solute concentrations. In contrast, both model I, with two
Case llla, in his general treatment of equilibrium polymerization, equilibrium constants for step polymerization, and model IlI,
because Tolbolsky derived an approximate expression assumingvith three equilibrium constants for step polymerization, ac-
a high degree of polymerization while eq 7 is an exact soldfion. curately model the equilibrium concentrations of the various

(10)

Tolbolsky et al. have derived eq 6, which relates the concentra-

tion of total formula units of monomer within afimers, [W],
and the monomer concentration, {Mto two equilibrium
constantsK; for the dimerization reaction ari; for all higher
polymerization reaction-22 Power series expansion of eq 6
converges to the closed form, eq 7. In eq 7, the total

Wil
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Figure 5. A plot of trans monomer concentration, Mmol L™1),
versus the total formula unit concentratios] [mol L™ in chloro-
form-d at 308 K from models |, Il, and Ill. The actual [Mvalues are
given byO. Note that models Il and Il are better approximations of
[M{] than is model | at higher solute concentrations.
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Figure 6. Trans monomer ane-mer and cis isomer equilibrium
concentrations at 308 and 331 K as a function of overall solute
concentration 06 in chloroform<d. The equilibrium concentrations are
calculated using model Il. The experimental data are givefmtst
308 K and by< at 331 K.
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Figure 7. Estimation of the number-average concentration of trans
n-mers, N (mol L™, calculated at total formula solute concentrations
of 50f 0.143 M, A, and 0.023 M, B, for chloroforrd-solution at 308

K) using model II.

The approximations fon-mer concentration by model Il are in
qualitative agreement with the number3P NMR resonances
observed in region A for 0.023 and 0.143 M solutionsbof

Cis—Trans Equilibrium Constant for 5 in Acetonitrile-
ds. The cis-trans equilibrium constank, for 5in acetonitrile-
d; solution was calculated using eq &« was determined to
be 1.8+ 0.3 at 308 K and 2.3t 0.3 at 331 K and was
independent of the concentration @f

Cis—Trans Equilibrium Constant for 3 in Chloroform- d.
The cis-trans equilibrium constanK, for 3 in chloroformd
was calculated from the integration of tiéP{*H} NMR
resonances of the cis and trans isomer3 atftwo temperatures.
The equation used to calculdtg; for 3 was analogous to eq 4
but contained only the concentrations of the cis and trans
monomers. The values calculated &y of 3 were 6.6+ 0.5
at 308 K and 9.5+ 0.4 at 331 K. K¢ was found independent
of the concentration o8.

Discussion

Thermodynamics of the Dynamic Equilibria in 5. The
effect of temperature on the polymerizatioisomerization
equilibria in solutions of5 is illustrated in Figure 6. As the
temperature of the solution increases, the-tigns isomerization
equilibrium constanti, increases while both the dimerization
equilibrium constantK;, and then-merization constants,
decrease. The increase q; with increasing temperature is
consistent with the behavior of eigrans isomerization equi-

complexes over the entire concentration range. Because thdibrium constants of other bis(phosphine) dihalopalladium(ll)

addition of a third equilibrium constant for the step polymeri-
zation does not significantly improve the statistical description

complexes. The increase iy is attributed to the fact that the
maximization of solute-solution disorder favors the trans

of the experimental data, model Il appears to be sufficient to isomers in nonpolar solvents. The decreasd& iandKs with

describe the equilibria in solutions bf A plot of experimental
and calculated (model I1) [ [W{], and [cis] versus{] at both
308 and 331 K is given in Figure 6.

One final point of interest is the distribution ofmers in
solutions of5 at various concentrations. It is not possible to
accurately determine this from tR#{'H} NMR data because
the resonances due to the variomsners are overlapped.
However, it is possible to predict this distribution using model
Il. This has been done for solutions &t two concentrations
(0.023 and 0.143 M, whos&P{H} NMR spectra are shown
in Figure 2) and is shown in Figure 7. At the lower concentra-
tion, essentially the only-mer present is the dimer, while at
the higher concentration, a numberrefers exist in solution.

increasing temperature are as expected for reversible polymer-
ization because entropy favors the monoRiér

The cis-trans isomerization equilibrium & is also depend-
ent on the polarity of the solvent (at 308 Kg is 1.8+ 0.3 in
acetonitriled; and 5.3+ 0.3 in chloroformd). This is due to
the fact that dipole dipole interactions between the solvent and
complex favor the cis isomers &fin polar solventg®

The most interesting feature of the equilibrium constant data
from model Il is that the dimerization constaK, is only 10%
of then-merization constanis. This difference is unexpected
and indicates that step polymerization is much more facile for
n-mers of5 than for the monomer 0b. This is somewhat
surprising because step polymerization for either the monomer
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or ann-mer requires dissociation of the phosphimpalladium n-meric complexes were observed with the,®CH,)sPPh
bond, and these bonds should have approximately the samdigand, whereas only the monomeric complex was observed with
strengths in the monomer and in timemers. One possible  the PhP(CHCH,0),CH,CH,PPh ligand. The absence of
explanation for the difference iK; and K3 is that the ether n-mers in solutions otis{PdCL{ PhP(CH,CH,0),CH,CH,-
oxygens in the trans-spanning ligand of the monomer are PPh}-P,P'] suggests that the ether oxygen linkages in the ligand
oriented such that they can readily coordinate to the palladium backbone favor formation of the monomer.

once a diphenylphosphino group dissociates. The hemilabile |t js not possible to compare the degree of polymerization of
coordination of the ether oxyg&hwould hold the diphe- 5 tg those of the related complexes studied by Shaw and Hill.
nylphosphino group in the proximity of the palladium(ll) center - goth of these investigators used vapor-phase osmometry (VPO)
and favor coordination of the phosphine to the same palladium- 1, characterize the species present in solutions of the complexes

(Il), to re-form the monomer, rather than coordination 10 & anq g estimate the degrees of polymerization of their complexes
different palladium(ll), to form am-mer. In contrast, the ether ., <ojution12-15 If, as seems likely, dynamic equilibria are

?I)I()y%il?js \i/\r/]otSI?-rt?frlse zzolzjklglnottob?:c?Srgilr?:teet?/vtrt]:npglI?j?il;]r:- present in the solutions of these complexes, the degrees of
. - Wy ) P polymerization reported by Shaw and Hill are not accurate
nylphosphino group dissociates. Therefore, if the rates of because the relative amounts of monomersrmanters will be

phosphm(_a d|§300|atlon of the monomer arhers are S|m_|lar, different over the range of concentrations required for the VPO
the coordination of the ether oxygen would resulKinbeing measurements

larger thanK; as is observed. . . . .
Other Palladium(ll) Complexes with Long-Chain Bis- Trans!tlon-l\{letal Complexes with Long-Chain a’w'B'S_'
(phosphine) Ligands. Our observation of dynamic cidrans (phosphine) Ligands. The nature of the complexes obtained

from the reactions of long-chaaw-bis(phosphine) ligands with

and monomentmer equilibria fors is consistent with the results o TS
from other studies of palladium(ll) complexes with long-chain  ransition metal complex precursors is highly dependent upon

bis(phosphine) ligands. Varshney has reported that the reactiond€ lability of the metal center and donor properties ofdfie-
of PheP(CHCH;0),.CH.CH,PPh (n = 3, 5) ligands with either bis(phosphine) Ilgané_iz. If, as is the case for the pa_llad|um(ll)
bis(benzonitrile)dichloropalladium(ll) or potassium tetrachlo- COmplexes, the reactions are under thermodynamic control, the
ropalladate yielded numerous species, all with the empirical Same cistrans and monomewmer distributions will be
formula [PdCY PhP(CHCH,0)CH.CH,PP}].10 In contrast, observed regardless of the metal precursor complex and reaction
Hill and co-workers have reported that the reaction oFREH- conditions that are employed. In contrast, if the reactions are
CHZO)ZCHZCHZPPQ with lithium tetrach|oropa||adate y|e|ded under kinetic Control, the prOdUCt distributions will be h|gh|y
only the cis-monomeric complé#. Although cis-trans isomer- ~ dependent on the donor properties of the ligand, chelate
ization occurred upon halide metathesis, no polymerization was backbone length, reaction conditions, and metal precursor
observed. This behavior may be due to the smaller macrocycliceémployed:? This appears to be the case for previously reported
ring in the [PACH Ph,P(CH,CH,0),CH,CH,PPh}] complex. molybdenum(0), platinum(ll), and ruthenium(ll) metallacrown
Long-chain, bis(phosphine) ligands of the typePRCH),- ethers and related platinum(ll) complexes with long-chain bis-
PR, have been reported to form multiple complexes having the (phosphine) ligands in which varied distributions of inert,
empirical formula [PdGYR.,P(CHy),PR:}]. Shaw and co-  separable monomer amdmer complexes are obtainéd’2°
workers were able to isolate monomenc 1) and dimeric X . . .
= 2) [PACH{ (Bu),P(CH)-P(BU)}]x (N = 10, 12) complexes Acknowledgm_ent_. Suppqrt of this work by the University
from the reactions of the ligands with bis(benzonitrile)dichlo- Of Alabama at Birmingham is gratefully acknowledged. D.C.S.
ropalladium(ll) and potassium tetrachloropallad&teHill and thanks the Graduate School at UAB for a graduate fellowship.
co-workers have investigated the reactions of bis(benzonitrile)- The authors wish to thank Mr. Fred Fish for helpful discussions
dichloropalladium and potassium tetrachloropalladate with the concerning the derivation of the equilibria equations.
PhP(CH),PPR (n = 8, 10, 12) ligand4314 These reactions
gave mixtures of products that were inseparable by chromato-
graphic methods and, thus, were proposed to display dynamic
behavior in solutio? Although both [PdCGY PhP(CH:)sPPh-
P,P'}] and [PACH PhP(CH,.CH,0),CH,CH,PPh-P,P'}] pos- IC971249T
sess eleven-membered macrocyclic rings, monomeric and
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