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Kinetics of 2-Halopyridine Substitution at SDFC!eS§W?rT] p;eﬁlict_ed lésfifng nu_n?erical _fourth-ordher Ruth@ta
Pentaammin ruthenium( solution$ of the following differential equations. In these equations,
entaa eaquarutheniu ( ) Ru(ll) represents [Ru(Nks(H20)]?", Ru(ll)(2-Clpyr) represents [Ru-

. . (NH3)s(2-Clpyr)?*, and Ru(ll)(2-Opyr) represents [Ru(NH(2-
Michael H. Schmidt,* Grady Horton, and llan Tong OpynI"; ki and k-1 represent the forward and reverse 2-Clpyr
Department of Chemistry, California State University substitution reactionss, represents the hydrolysis of the Ru-bound
San Marcos. San Mércos California 92096-0003[ 2-Clpyr to form 2-Opyr, and; represents the dissociation of the 2-Opyr
' ' complex.

Receied May 26, 1998 o\ iyt = —k,[2-Clpyr[Ru(il)] + k_,[Ru(Il@-Clpyn)] +

Introduction Kg[Ru(I1)(2-Opyr)] (1)

Work by Allen and Fordland Shepherd and Taubestab-  yry(i1)2-Clpyrjict = —k_,[Ru(ll)(2-Clpyr)] —
lished that substitution at pentaammineaquaruthenium(ll) pro- KIRUN-Clov)] (2
ceeded by a primarily dissociative mechanism. With the ARu(I(2-Clpyn)] (2)
exception of 2-methylpyridine and 2,6-dimethylpyridine, rate _
constants for various substituted pyridine ligands varied by only d[Ru(IOpyrl/dt = k[Ru(ll)(2-Clpyn)] — ks[Ru(ll)(2-Opyn] (3)
a factor of 212 with little or no obvious effect of ligand

- . Using a simplex-based methddieconvolutions of the experimental
preassociation on the observed rates. However, Toma and Mahnspectra could be fit to this model using the rates of the three reactions,

reported evidence for an unusual preassociation between they,ar apsorptivities, the elapsed time between mixing and the initial

pentaammlneaquaruthenlum and tienethylpyrazinium cat-  spectrum, and mixing of the [Ru(NJ(2-Clpyn 2+ and [Ru(NH)s(2-

ion3 OpynI™ species in the [Ru(Nks(2-Clpyr)?" basis spectrum as
We have recently studied the kinetics of 2-halopyridine adjustable parameters. The model was constrained by the specifying

substitution at [Ru(Nk)sH>OJ2" in dilute aqueous solution. In  the initial concentration of [Ru(NgsH,OJ>* present in solution, and

the course of these studies we discovered a previously unre-the concentrations of Ru complexes in the basis spectra used for

ported metal-catalyzed nucleophilic substitution of the halide deconvolution. _ .

in the case of 2-chloropyridine (2-Clpyr). Modeling of the Analysis forZE-Oprr. Eroducts .of the reactions of 2-Clpyr with

catalytic cycle demonstrates that 2-Clpyr has a substitution rate[RU(NHs)sH20J"" were subjected to ion-exchange chromatography on

. Dowex 50W ion-exchange resin in the Néorm. Elution with 0.1 M
constant that is significantly faster than rate constants for other

. - - NaCl yielded a solution having a UWisible spectrum identical to
substituted pyridines. 2-Fluoropyridine (2-Fpyr) was also found that of 20H-pyr, and continuous extraction of this solution with

to have a higher rate constant. These results, taken withgichioromethane yielded sample which was assayed for 20H-pyr by
previously published rate constants, indicate that the polarity gas chromatography/mass spectrometry.

of the incoming ligand may influence the degree of outer-sphere
ligand association and rate of substitution at [RugNH,0]". Results

Bimolecular rate constantg;, for the reaction of 2-fluoro-
pyridine, 2-chloropyridine, and 3-chloropyridine with [Ru-
Kinetic Experiments. Ru(NHs)sCls and Ru(NH)s(CR:SOs)s were (NH3)sH20]?+ are listed in Table 1. The rate of substitution
synthesized from Ru(NeCls according to previously published  \yith 2-bromopyridine could not be measured due to a variety
methods'® Solutions of [Ru(NH)sH,OJ*" were prepared by dissolving ¢ 5 ;psequent reactions (see below). The value obtained for
iF:]u;Ns'_gjg:j 'Ha%lf MATtZ?Il-aSHZdOSI’?’]?r:gI;g /tlﬂg Z?:qu;:ggrvr\]”t\z :Sr %gsgdtf 3-chloropyridine is substantially different than that previously
i . reported in the literaturkalthough other published bimolecular

reduce the ruthenium species to [Ru I]*, which spontaneousl o . "
aquated to form [Ru(Ngs(Hzo)]zJ_: Bl P Y rate constants of pyridine ligand substitution at [Ru@h\H

Kinetic experiments were performed in a fused quartz cuvette capped H20** +# have been reproduced in our laboratory.
by a rubber septum. The flask was purged with Ar, and Ar-sparged ~Measured activation parameters for the 2-Fpyr reaction were
solutions of [Ru(NH)sH-O]2* and the halopyridines in the 0.10 M NaCl ~ AH¥ =16.5+ 1.0 kcal mot? and ASF = —7 + 4 cal mol?

solution were introduced by syringe. Typical final solution concentra- K~1, These are within experimental error of activation param-
tions were (0.5-1.5) x 10™* M ruthenium and 0.0080.20 M ligand. eters measured for other pyridine ligands.

Data Analysis. Reactions of 2-Fpyr and 3-Clpyr with [Ru- Reaction with 2-Chloropyridine. As shown in Figure 1,
(NH3)sH01?" were run under pseudo-first-order rate conditions and UV-visible spectra from the reaction of 2-chloropyridine (2-
analyzed by plotting I — Ay vs time. Bimolecular rate constants Clpyr) with [Ru(NHs)sH,O]2" show the formation of a second-
were calculated by dividing these rate constants by the ligand Py ) 512 - .

ary product. Final spectra could be deconvoluted into a linear

concentration. L . . .
For reactions of 2-Clpyr with [Ru(N§sH-0J2*, repetitive scans combination of two basis spectra (Figure 2). One basis spectrum

within the region between 600 and 350 nm were made at intervals of Was that of the reaction product of 0.1 M 2-pyridine oxide (2-

70-180 s. These spectra were deconvoluted as linear combinationsOpyr) with 1 x 1074 M [Ru(NHs)sH2OJ?* in 0.10 M NaCl

of a spectrum representing [Ru(Ms{(2-Clpyr)]t and a spectrum

representing [Ru(Nkjs(2-Opyn)]t. (4) Vogt, L. H.; Katz, J. L.; Wiberley, S. Hnorg. Chem1965 4, 1158
Coefficients representing the relative contribution of the two basis 1163.

spectra were then fit by computer to kinetic model for the reaction (®) Lawrance, G. A; Lay, P. A.; Sargeson, A. M.; Taube, H.; Englehardt,

scheme reported below in Results. Concentrations of the observed ©) ':A';tﬁgwserg_c)lg’N'\l/IJmg:%élsﬁé?r}lo%i&éf’,\ﬁ;_ezrg;ﬁcs Science and

Engineering Prentice Hall: Englewood Cliffs, NJ, 1987; pp 450

Experimental Section

(1) Allen, R. J.; Ford, P. Clnorg. Chem.1972 11, 679-685. 460.
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Table 1. Bimolecular Rate Constants for Substitution of Pyridine  ruthenium-pyridine complexes, supporting the assignment of

at [Ru(NH)sH0]?" at 25°C and Spectral Features of Resulting this complex as Ru(NgJs(2-Opyn)].
Complexes When samples of a crude preparation of the hexafluorophos-
ligand u, M2k, Mtst Zonm e, Mlcem't phate salt of [Ru(Nk)s(2-Opyr)}" were dissolved in a solution
2-chloropyridine  0.10  0.1% 0.02 428  665Q- 300 of 0.1 mM isonicotinamide, the_vaisi_bIe spectrum displayed
2-fluoropyridine 0.10  0.138 0.009 414 6200- 300 a prominent peak at 480 nm, indicating formation of the [Ru-
3-chloropyridine  0.10  0.088 0.002 427 7602 300 (NHg)s(isonicotinamide " complex® This suggested that the
8-53 8'82?& 8-8% [Ru(NHs)s(2-Opyn)]t complex easily hydrolyzed to form [Ru-

. . . 2+ : H H ien-
2-pyridine oxide  — = 389 8900 300 E]l:lclz)li,l)sgﬁncl)(]je with subsequent substitution of water by iso
2lonic strength; sodium chloride, except where noteSodium The facile hydrolysis of the [Ru(N§s(2-Opyr)}" complex
p-toluenesulfonate’ Reference 2. suggested the following catalytic cycle for the conversion of

2-chloropyridine to 2-OHpyr:

0.6
[Ru(NHy)sH,O1*" + 2-Clpyr<
[RU(NH3)5(2-Clpyn*" + H,0 (4)

0.5
0.4
[Ru(NHy)s(2-Clpyr)F" + H,O0 —

[Ru(NH,)s(2-Opyn]" + HCI + H" (5)

0.3

Absorbance

0.2
[Ru(NH,)s(2-Opyn]" + H,0 + H" —

0.1 o
[Ru(NH3)sH,0]°" + 2-OHpyr (6)

0_0 PR W S W [N T W SN TR JUN SN SN SN S
350 400 450 500 550 lon chromatography and dichloromethane extraction of reac-

tions of [Ru(NHs)sHO]2" with 2-Clpyr yielded ultraviolet

) ) spectra and GC/MS evidence of the production of 2-OHpyr.

Figure 1. Selected spectra from the reaction of k110 * M [Ru- The difficulty of obtaining quantitative recovery through the

(NH3)sHOJ?* with 0.0512 M 2-chloropyridine at 25.2C. The initial - . -
spectrum after mixing is at the bottom; subsequent spectral scans werd®" exchange and extraction steps prevented the quantitation

started 90, 270, 630, 1350, 2160, 3150, 4500, and 6300 s after theOf 2-OHpyr. The drop in pH expected in unbuffered solution

Wavelength (nm)

initial spectral scan was started. predicted by eqg 5 was not observed, with final pH values after
several hours of reaction typically yielding pH values of-8.4

0.7 r—rr—rrrTT—TrT T T T T T T 8.8. This may have been the result of decomposing Ry{iNH

0.6 [ A moieties releasing significant quantities of Nkto solution,

e i effectively buffering the pH at higher levels.

0.5 - The coefficients obtained from the spectrum deconvolution
§ - . described above could be fit to a kinetic model of the above
g 04 . catalytic scheme, as shown in Figure 3. The bimolecular rate
§ 0.3 ] constantk; for 2-chloropyridine substitution reported in Table
2 T i 1 is the average of the best fit to the kinetic model of three data

0.2 . sets taken at different ligand concentrations.

. The rate constant for nucleophilic substitution at the 2-chlo-

0.1 . ropyridine ligand was found from these fits to be (#50.5)

0.0 T L x 10% sl at 25 °C. The fitted rate constant for the

350 400 450 500 550 dieg?g;]ioil(t)l—o“ns(—){. [Ru(NE)s(2-Opyn)+ was found to be (1.8
Wavelength (nm) Reaction with 2-Bromopyridine. The reaction of 2-bro-

Figure 2. Linear deconvolution of a spectrum taken approximately Mopyridine with [Ru(NH)sH20]** appeared to yield an initial
3510 s into the reaction of 1.7 10~* M [Ru(NH3)sH,O]** with 0.0167 product having an absorption maximum near 430 nm. As with
M 2-chloropyridine at 25°C: (—) data; @) fit; (- - -) component of the 2-chloropyridine, subsequent reactions change the- UV
fit primarily due to [Ru(NH)s(2-Clpyr)P*; (— - —) component of fit visible spectrum as the reaction proceeds, but [RujdB

due to [Ru(NH)s(2-Opyn)I". Opyn)]* did not appear to be the only product in this case.

buffered at pH 10. The other basis spectrum was taken from aDiscussion
reaction between 2-Clpyr and [Ru(NJgH,0]%". The product

of the reaction of 2-Opyr and [Ru(NH)sH,O2*, having a Implications of Ligand Substitution Rates. Previously, no

. neutral pyridine ligands had published rate constants greater than
broad absorption centered around 389 nm, was presumed to b?hat of iz)(;nicotingmide at 0.p105M s112 pyridines sg,]uch as
[Ru(NHg)s(Z.'-Opyr)].*.. . ) 2-methylpyridine and 2,6-dimethylpyridine had very low sub-
The relative stability of the pu'_[atlve [RU(N’H(.Z'OPW.)F in stitution rate constants, which was attributed to steric hindrance
pH 10 buffer supports the assignment of this species as theof the ortho substituents. In this work, we found substitution

ruthenium complex of the deprotonated ligand .ir.' PH 9 and 56 constants significantly greater than those of other substituted
pH 8 buffers, the complex decomposes. Additionally, the

complex elutes from Dowex 50W ion-exchange resin at lower (g) Ford, P.: Rudd, D. F. P.; Gaunder, R.; TaubeJHAm. Chem. Soc.
salt concentrations than those required for elution of dipositive 1968 90, 1187.
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5r The Eigen-Wilkens mechanism for ligand substitution at
—_ r transition metal complex&spostulates an initial outer-sphere
""c_» 4 b binding step characterized by the equilibrium constésg, a
x [ rate-determining dissociation of the®|, and a subsequent rapid
= 3 3 binding of the incoming ligand L. These last two steps are often
= Tt reduced to a single interchange step characterized by the rate
) - constantk;.1!
£ 2f v The resulting overall rate expression for the ligand exchange
® [ ] is
(%) . .
£ 1k -
S - ] 2+
o - 3 d[Ru(NH;)sL"]/dt
= - = Kok [RU(NH)sH,0™ J[LI(1 + KodL])
0 2000 4000 6000 8000 = ky[RU(NH,)sH,O* L]
Time (s)
Figure 3. Fitted concentrations of [Ru(N§s(2-Clpyr)2* and [Ru- As long asKodL] is significantly less than 1, this reduces to
(NH3)s(2-OpynT™ as a function of time for the reaction of 701075 _
M [Ru(NH3)sH-OJ2* with 0.0087 M 2-chloropyridine at 25.C: (®) ky = Kogk

concentrations of [Ru(Nks(2-Clpyr)?* derived from deconvoluted
spectra using molar absorptivities obtained from the fitting routi#; ( In the context of this mechanism, the observed increase in
concentrations of [Ru(Nks(2-Opyr)I* derived from deconvoluted  for ligands with electric dipole moments greater than that of
spectra using molar apsorptivities obtained frozT the fitting routine; ( water can be attributed to an increaseKiss with increasing
gg;r‘;ﬁl.eg\fggcsegctﬁ';gzg [[)I?):#(tl\d())?(nzitt(e:ljp)f/(?r] CI;?S.[R“(NH’)“Z ligand polarity. Kosis often estimated using a variant the Fuoss
equatiod? adapted for nonionic ligands. This equation does
not take into account the polarity of the ligands, which may be
a justified simplification if the ligand dipole moments are less
than or equal to that of the solvent watér.The correlation
18e noted above invites development of a more detailed theory for
17¢ 1.9_ Kos Which can account for the effect of greater ligand polarity.
. The orientation of the dipole may also affect the rate as the
dipole strength increases; this may explain why isonicotinamide
does not fit the general correlation between rate constant and
dipole moment.

Catalysis of Nucleophilic Substitution. Catalysis of nu-
cleophilic substitution at pyridine by copper and zinc has been
previously observed, although previous studies have involved
S ; Lt ,", e :'5 Lt A . aminolysis in 20% ammonia or anhydrous ammonia at temper-

atures of 186-220°C.1* Typically, hydrolysis of 2-chloropy-
Dipole moment (D) ridine requires strongly acidic or basic conditions at elevated
Figure 4. Plot of bimolecular rate constants, as a function of dipole ~ temperatures to proceed; in our laboratory, hydrolysis in dilute
moment. All rate constants were determined in 0.10 M LiCl or NaCl aqueous conditions similar to those used in the ruthenium-
except where noted: % pyrazine (ref 2); 2= N (ref 2); 3= CO (ref complex studies was minimal over several days of reaction in
2); 4= N0 (ref 2); 5= 2-methylpyrazine (ref 2); & NH; (ref 2); 7 1 M NaOH at 100°C.

= 3-chloropyridine, (ref 1, 0.20 M sodiurmp-toluenesulfonate); 8 - o o
3-chloropyridine (this work); 9= pyridine (refs 1 and 2); 10= The ease of nucleophilic substitution at the 2 and 4 position
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3-methylpyridine (ref 1, 0.20 M sodiurp-toluenesulfonate); 1= of pyridine has been traditionally explained as the result of a
3-methylpyridine (ref 2); 12= 4-methylpyridine (ref 1, 0.20 M sodium  Sn2 transition state stabilized by localization of a second lone
p-toluenesulfonate); 18- 2-chloropyridine (this work); 14= 2-fluo- pair of electrons on the ring nitrogéh. Such a transition state

ropyridine (this work); 15= isonicotinamide (ref 2); 16= imidazole gives the nitrogen a negative formal charge, which would be

(ref 2); 17= acetonitrile (ref 1y ~ 1 x 10°); 18 = acetonitrile (ref ~ stapjlized by sigma donation to the dipositive ruthenium center.
ﬁq)érlnge;tks)ef?;r%mrglfligjnld ?é?grgﬂnigg'?ﬁ :g:ﬁ?nesuwonate)' Dipole g cannot at the present time rule out steric and hydrogen-
bonding interactions with the Ru-bound ammine ligands, or
pyridines despite ortho substitution. This new data, when more specific electronic effects of metal d electrons.
combined with previously published data, suggests a correlation
between electric dipole moment and the substitution rate. Figure
4 shows a plot of the bimolecular rate constakisfor a variety A survey of the reaction of 2-halopyridines at pentaam-
of ligands as a function of experimental dipole momén/ith mineaquaruthenium has shown these ligands to have a range
the exception of CO, rate constants are quite similar for ligands
with dipole moments less than that of water. Rate constants (10) Eigen, M.; Wilkins, R. GAdv. Chem. Ser1965 49, 55-80.

increase for ligands with moments above 2 D, with the exception (11) f;;gessv ;'\Sﬂgfl'éons in SolutionEllis Horwood Ltd.: Chichester,
, PP .

Conclusion

of isonicotinamide. (12) Fuoss, R. MJ. Am. Chem. Sod958 80, 5059-5061.
(13) Rorabacher, D. Bnorg. Chem 1966 5, 1891-1899.
(9) (a) McClellan, A. L.Tables of Experimental Dipole Momen®. H. (14) (a) Wibaut, J. P.; Nicolad. R.Rec. Tra. Chim.1939 58, 709-721.
Freeman and Company: San Francisco, 1963. (b) McClellan, A. L. (b) Fischer, OBer. Dtsch. Chem. Ge4899 32, 1297.
Tables of Experimental Dipole MomentRahara Enterprises: El (15) Kemp, D. S.; Vellaccio, FOrganic ChemistryWorth Publishers: New
Cerrito, CA, 1974; Vol. 2. (c) McClellan, A. LTables of Experimental York, 1980; 1236. (b) Davies, D. Aromatic Heterocyclic Chemistry

Dipole MomentsRahara Enterprises: El Cerrito, CA, 1989; Vol. 3. Oxford University Press: Oxford, 1992.
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of substitution rates beyond those previously observed for knowledgment is also made to Dr. Paul Jasien for review of
substituted pyridines. These rates, and those of other ligandsthe manuscript and to Prof. Albert Haim and the reviewers for
correlate with the dipole moments of the ligands, suggesting helpful comments.

an effect of ligand polarity on the equilibria for outer-sphere

complex formation. Additionally, ruthenium-catalyzed nucleo-  Supporting Information Available: An expanded Experimental
philic substitution of 2-chloropyridine has been observed. Section detailing the kinetic experiments, their analysis, and the
synthesis of [Ru(Nk)s(2-Opyr)]PF is available (7 pages). Ordering
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