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The ligand substitution behavior of trans-[Co(Hdmg),(R)S] (R = CH;, PhCH,; Hdmg = dimethylglyoximate; S =
H,0 and/or MeOH) was studied for imidazole, pyrazole, 1,2,4-triazole, N-acetylimidazole, 5-chloro-1-methylimidazole,
NO,~, PhsP, PhsAs, and PhsSbh as entering ligands. In all cases, except for PhsAs and Ph;Sh, the observed
kinetics shows a linear dependence on the entering nucleophile concentration with no evidence for a back reaction.
In the case of PhsAs and Ph3Sh as entering nucleophiles, kinetic evidence for a reverse solvolysis reaction is at
hand. Activation parameters (AH¥, AS*, and AV*) were determined from the temperature and pressure dependence
of all studied reactions and support the operation of a dissociatively activated substitution mechanism. The rate
and activation parameters show that there is an increase in the dissociative character from a dissociative interchange
to a limiting dissociative mechanism that depends on the nature of R and the entering nucleophile. The crystal
structure of trans-[Co(en),(Me)H,0]?* was determined by X-ray analysis. The Co—0 and Co—C bond lengths were
found to be 2.153(6) and 1.995(10) A, respectively. The kinetic and structural data are discussed in reference to
a series of earlier studied systems for which data are reported in the literature.

Introduction derivatives, especially aguacobalamin, was investigated as
a reference system in which the cobatarbon bond is
substituted by a cobatwater bond that has no labilization
effect on the Co(lll) center. Work in our laboratories has
focused on the substitution behavior of coenzyme d@hd
modified alkylcobalamins with R= Et, Pr, Me, CECH,
NCCH,, CR;, and CN! trans[Co(eny(Me)H,OJ?" 2 trans

Over the past few years, we have developed an active
interest in the systematic tuning of the substitution behavior
of alkylcobalt(lll) complexes for various reasons. First of
all, such reactions are relevant to the mechanistic behavior
of coenzyme B, a bio-organometallic cofactor with a
cobalt-carbon bond. Second, the introduction of a single
cobalt-carbon bond in Co(lll) complexes has a profou?\d [Co(enk(Me)NH;|**,2* trans{Co(BQDI(PPR)S]" (BQDI

influence on their substitution lability. Third, such complexes ~ o-benzosemiquinonediimine; 8 MeOH, MeCN)? [Co-
allow a systematic adjustment of their reactivity via steric (LNHPY)(HLNHPY)(R)I" (HLNHPy = 2-(2-pyridylethy)-
hindrance and electron donor/acceptor effects of spectator2Mino-3-butanone oxime; R Et, Me, CRECH;, bridging-
ligands and the coordinated alkyl or aryl group. Such studies €H2),* andtrans[Co(Hdmg)(R)S] (Hdmg= dimethylgly-
are of fundamental interest in the elucidation of inorganic/ ©Ximate; R= cycloCsHo, Et, Me, Ph, PhCH CRCH;; S
bioinorganic reaction mechanisms and serve as model= Hz20, MeOH)>®In these studies, detailed kinetic inves-
systems for tuning the lability of inert metal complexes.

In this respect, it is interesting to note that many investiga- gg '(;";”;;"’r‘n Z'\Q o ‘g?X%”Da‘éir'fb'Z’ﬁ%‘rogT?:ns él%?lf é-norg chem
tions in the past have focused on the mechanistic behavior ~ 200q 39, 3777. (b) Alzoubi, B. M.; Hamza, M. S. A.; Dier-Benfer,
of coenzyme B, itself, or on modified forms of the C.; van Eldik, R.Eur. J. Inorg. Chem2002 968. _
coenzyme, or on closely related model systems with a quite éhzr?%?lin%}y"ch:rwzzgéé\A'zgizA." Doker-Benfer, C.; van Eldik, R.
different chelate arrangement around the Co(lll) center. By (4) Alzoubi, B. M.; Hamza, M. S. A.; Felluga, A.; Randaccio, L.; Tauzher,

; - ; ; ; G.; van Eldik, R.Eur. J. Inorg. Chem2003 3738.
way of comparison, the substitution behavior of vitamin B (5) Hamza, M. S. A.: Felluga, Aﬁl Ran daccioy?‘l_.; Tauzher. G.: van Eldik,
R. Dalton Trans.2004 287.
*To whom correspondence should be addressed. E-mail: vaneldik@ (6) Alzoubi, B. M.; Hamza, M. S. A.; Felluga, A.; Randaccio, L.; Tauzher,
chemie.uni-erlangen.de. G.; van Eldik, R.Eur. J. Inorg. Chem2004 653.
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tigations enabled the determination of rate and activation In the present study, we have extended the workams
parameters, on which basis detailed mechanistic assignmentfCo(Hdmg}(R)S] to R= Me and PhCH (S = H,O and/or
could be made. For instance, for the reaction of cyanide with MeOH) and to a wide range of different entering nucleophiles
different alkylcobalamins it was found that the nature of the (viz. imidazole, pyrazole, 1,2,4-triazoli;acetylimidazole,
alkyl group has a marked influence on the thermodynamic 5-chloro-1-methylimidazole, NO, PhP, PhAs, and Pl
stability constants and the kinetics and mechanism of the Sb) in order to determine the role of the nucleophilicity of
substitution reactions of the axial liganidins to the alkyl the entering ligand and the nature of R on the reactivity of
groupt 7’8 the Co(lll) center. These data allow us to present an overall
The Co-C bond length depends on three contributing comparison of steric and electronic effects that control the
factors. First, there areis steric interactions, distortions in  reactivity of alkyl and aryl Co(lll) complexes, in reference
the corrin macrocycle or equatorial ligand toward the axial to a series of earlier studied systems for which data are
trans alkyl ligand resulting in Ce-alkyl bond lengthening. reported in the literature.
Second, drans steric influence occurs when the bulkiness ) )
of an axial ligand induces an elongation or weakening of EXPerimental Section
the trans metak-ligand bond. Third, thetrans electronic Materials. All chemicals were of p.a. grade and used as received.
influence is associated with how the change in basicity of Imidazole, pyrazole, 1,2,4-triazol&l-acetylimidazole, and meth-
the axial ligand affects the Cealkyl bond length and/or bond ylhydrazine were purchased from Fluka, 5-chloro-1-methylimida-
dissociation energytans effect) and how changes in the zo_Ie from Acros, TAPS buffer from Sigma, and#8b from Strem._
o-donor character of the alkyl group affect the -d(ax) Trlphenylphosphlne, cobalt(ll) nitrate hexahydrate, and.sodlum
bond distance. nitrite were purchased from Merck, and R from Aldrich.

It 1k that hiah techni . tUltrapure water was used in the kinetic measuremergas{Co-

o 'T W,‘; '_”OWf”_ at hig 'prsi)?“,re echniques can aSS;IS (Hdmg)(R)H,0] (R = CHs, PhCH,) andtrans{Co(eny(Me)H,0]-

t 9 eluciaation of inorganic an _|0|norgan|(; ref"lCt'on Mecn- 5,0, were prepared as previously reported and were characterized
anisms through the determination of activation volumes py elemental analysis and Uwis and NMR spectroscopy; the

obtained from the pressure dependence of the rate constantesults were in agreement with literature d# Preparation of

and the construction of reaction volume profitést! In the solutions and all measurements were carried out in the dark because
case of Co(lll) complexes, activation volume data for the investigated complexes are light sensitive.
complex-formation reactions dfans{Co(eny(Me)H,O]>" All the reactions in aqueous solution were studied at pH 9.0 by

with CN-, imidazole??and NH2" are similar to data for the ~ using TAPS buffer. The pH of 9.0 was selected to prevent
reactions of aquacobalamin with different ligands such as protonation of the nitrogen donor nucleophiles and formation of
N-acetylimidazolé2 HNs, N5~ pyridine and its derivatives, e corresponding hydroxo complexes.

and thioure and s Gervalves. nall hese casesyV? X1 SXUCLe DeETITAton, et e were coleted,
was found to be in the range betwee and+10 cn? grap

1 L . mated Mo Ko radiation in thew/260 scan mode at room temperature.
mol™, an indication that the reactions follow aprhecha- The structure ofrans[Co(en}(Me)H,0]S,0s was solved by direct

nism. These values are significantly smaller than those methods using SIR-37 and refined by full-matrix least-squares
reported for substitution reactions of cobalt(lll) porphyrin  onF2 using SHELXL-972! Complete crystallographic details, bond
systems, where it was found thatv* values for ligand lengths, bond angles anisotropic temperature factors, and hydrogen
substitution on [Co(TMPP)(#D),]>" and [Co(TPPS)(kD),]°", atom coordinates are available as a CIF file as Supporting
TMPP = mesetetrakis(4N-methylpyridyl)porphine and Information. Some crucial bond lengths and bond angles are
TPPS= mesetetrakis(p-sulfonatophenyl)porphine, aré4.4 summarized in Table 1.
and-+15.4 cn? mol, respectively, and these were accord-  Crystal data: CogHzN,S,07, fw = 372.3 g mot*, a = 19.913-
ingly assigned to a limiting D mechanistht? (10) A, b = 12.094(10) Ac = 11.754(10) Aa. = = y = 90",

V = 2831(4) A&, orthorhombic, space group Iba2 (No. 45),Z =

(7) Hamza, M. S. A.; Zou, X.; Brown, K. L.; van Eldik, Raorg. Chem, 8,Dc = 1.738 g cm?, u(Mo Ka) = 1.5 mmt, T= 298 K, R1=
@ |2_|00l 40v'\5/|54450-A Jou X B L Eldic /L Ch 0.066 for the datdr, > 20(F,), 22 (Rny = 0.050 for 2335 unique
amza, . 9. A 4ou, K. Brown, K. L.; van IK, . em. : e . P
Soc., Dalton Trans2002 3832. r_eflect!ons). The minimum and maximum electron densities on the
(9) Hansen, L. M.; Kumar, P. N. V. P.; Marynick, D. $iorg. Chem final difference Fourier map were0.51 and 0.89 e 23, respec-
1994 33, 728. tively.

(10) (a)Inorganic High-Pressure Chemistry. Kinetics and mechanisans ; ; ;
Eldik, R.. Ed.: Elsevier Biomedical: Amsterdam, Netherlands, 1986, . '1Strumentation. The pH of the solution was measured using

(b) Drljaca, A.; Hubbard, C. D.; van Eldik, R.; Asano, T.; Basilevsky, Mettler Delta 350 pH meter. The pH meter was calibrated with

M. V.; le Noble, W. J.Chem. Re. 1998 98, 2167. (c)High-Pressure
Chemistry: Synthetic, Mechanistic, and Supercritical Applications (17) Leipoldt, J. G.; van Eldik, R.; Kelm, Hnorg. Chem1983 22, 4146.
van Eldik, R.; Klaner, F.-G., Eds.; Wiley-VCH: Weinheim, Germany,  (18) Schrauzer, G. N.; Windgassen, R].JAm. Chem. So&966 88, 3738.

2002. (19) Kofod, P.; Harris, P.; Larsen, $org. Chem 1997, 36, 2258.

(11) (a) De Vito, D.; Weber, J.; Merbach, A. horg. Chem 2004 43, (20) Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi, A.; Burla,
858. (b) Grundler, P. V.; Salignac, B.; Cayemittes, S.; Alberto, R.; M. C.; Polidori, G.; Camalli, M. SIR-92-Program Package for Solving
Merbach, A. E.Inorg. Chem 2004 43, 865. Crystal Structures by Direct Methodk. Appl. Crystallogr 1994 27,

(12) Hamza, M. S. AJ. Chem. Soc., Dalton Tran002 2831. 435.

(13) Meier, M.; van Eldik, RInorg. Chem 1993 32, 2635. (21) Sheldrick, G. M.SHELXL-97 University of Gdtingen: Gdtingen,

(14) Prinsloo, F. F.; Meier, M.; van Eldik, Raorg. Chem 1994 33, 900. Germany, 1997. (a) Sheldrick, G. Mcta Crystallogr., Sect. A99Q

(15) Prinsloo, F. F.; Breet, E. L. J.; van Eldik, R. Chem. Soc., Dalton A46, 467-473. (b) Sheldrick, G. MActa Crystallogr., Sect. 1993
Trans 1995 685. D49, 18-23. (c) Sheldrick, G. M.; Schneider, T. Rlethods Enzymol

(16) Funahashi, S.; Inamo, M.; Ishihara, K.; TanakalMérg. Chem1982 1997, 227, 319-343.

21, 447. (22) R1= 3 (Fo — Fo)/3Fo; WR2 = [(IW(Fo?2 — FA¥YW(Fs2) Y2
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Table 1. Bond Lengths (A) and Bond Angles (deg) with Standard Table 2. UV—Vis Spectral Data fotrans[Co(Hdmg)(R)(L)] in H2O
Deviations for the Complegrans{Co(en)(Me)H,0]S,0s and MeOH at Room Temperature
bond distance (A) bond angle (deg) L A,nm (103, M~tcm™?) A 7(nm)
H,0P 2782 (4.94), 384 (1.43),
Co-01 2.153(6) O%Co—N1 88.2(3) and 440 (1.22)
Co—N1 1.999(7) O+Co—N2 89.5(3) imidazole 282 (5.48), 372 (2.14), 450
Co—N2 1.995(8) 0+ Co—N3 90.2(3) and 416" (0.85)
Co—N3 1.931(7) O+Co—N4 87.8(3) pyrazolé 280 (5.84), 374 (1.91), 450
Co—N4 1.927(7) 0%+Co—C5 177.6(3) and 420" (0.87)
Co—C5 1.995(10) NiCo—N2 84.2(3) 1,2,4-triazolé 282 (5.74), 372 (2.11), 450
N1-C1 1.453(12) N+Co—N3 176.3(3) and 416" (0.78)
N2—-C2 1.437(12) Ni-Co—N4 96.0(3) N-acetylimidazol@ 372 (2.19) and 420(0.82) 450
N3-C3 1.553(11) NiCo—C5 89.4(3) 5-chloro-1-methylimidazofe 358 (3.37) and 4132(1.06) 450
N4-C4 1.480(12) N2-Co-N3 92.5(3) NO, P 422%(1.04) and 46%(0.25) 445
C1-C2 1.512(14) N2Co—N4 177.2(3) MeOH 284 (6.45), 384 (1.70),
N2—Co—C5 90.6(4) and 444 (1.64)
N3—Co—-N4 87.3(3) PhPe 3700 (4.15) and 428'(1.23) 445
N3—Co-C5 92.2(3) imidazole 288 (7.08), 372 (2.68), 445
N4—Co—C5 92.1(3) and 426"(0.93)
Co-N1-Cl 108.4(5) PhAsed 308", 378" and 444 332
Co-N2-C2 109.1(6) PhySksd 316N, 372" and 448 335
_ _ MeOHe 274"(12.95), 358 (6.64),
standard buffer solutions at pH 4.0, 7.0 and 10.0.-Wé spectra and 470 (1.06)
were recorded on Shimadzu UV-2101 and Hewlett-Packard 8452A PhP® 360°M (14.43) 410
spectrophotometers.

cHer . ) ash = shoulder? trans[Co(Hdmgy(Me)(L)] in H,O (pH 9.0,1 = 0.1
Kinetic measurements were carried out on an Applied Photo- m NaClo, and 0.5 M for NG~ as nucleophile)¢ trans{Co(Hdmgy(Me)(L)]
physics SX 18MV stopped-flow instrument coupled to an online in MeOH.“No extinction coefficients are specified since only partial
data acquisition system. At least eight kinetic runs were recorded f0ffmat'0“b|0f th‘«“_l_gf_)”espor!dlng( complex ?0U|d be feaCthd (rj]uef to thg‘
e nravorable equiliprium pOSItIOI’] see ratio of rate constants for the forwar
under all condltlons_, an_d the reported rate constant'_s represent thé’an d reverse reactions given in Table Srans[Co(Hdmgh(PhCH)(L)]
mean va_lues. All klnetl.c. measurements were carried out undgr in MeOH. f Wavelength at which kinetic data were recorded.
pseudo-first-order conditions; i.e., the ligand concentration was in
at least a 10-fold excess. Measurements at high pressure were
carried out using a homemade high-pressure stopped-flowtunit.
Kinetic data were analyzed with the OLIS KINFIT program. All
instruments used were thermostated to the desired tempetafufe (
°C).

35
30

25 4

Results and Discussion 20

The kinetics of the ligand substitution reactions (eq 1) of —mgg
trans[Co(HdmgX(R)S] (R = CHs, CH,Ph; S = H)0, =151
MeOH) were studied for different nucleophiles L to form ]

trans[Co(Hdmg)(R)L]. The UV—vis absorption spectra of

trans[Co(Hdmg)(R)S] andtrans[Co(Hdmg)(R)L] com- 5_-
plexes, where L= imidazole, pyrazole, 1,2,4-triazole, ;
N-acetylimidazole, 5-chloro-1-methylimidazole, NQPHP, 77T 77T T T
Ph;AS and PbSb are Summarized in Table2 000 005 010 0.15 020 025 030 035 040 045 050 055
L 1 - [L],M
ka Figure 1. Plots ofkopsVversus [5-chloro-methylimidazole] (A), [pyrazole]
trans[Co(Hdmg)(R)S] + L o (B), and N-acetylimigazole] (C) for the reaction with & 10~4 M trans-

trans[Co(Hdmg)Z(R)L]O’* s (1) [Co(Hdmg}(Me)H,0] at 25.0°C, pH 9.0, and = 0.1 M NaCIQ.
imidazole, pyrazole, 1,2,4-triazols;acetylimidazole, 5-chloro-
1-methylimidazole, and N©, respectively (R= CHz, S=
H,0); 23.6 and 19.6 M! s™* for L = imidazole and PiP,
respectively (R= CHz, S= MeOH); and 252 M?* s for
L = PP (R= PhCH, and S= MeOH) at 25°C.

Figures 3 and S1 (Supporting Information) report plots
of the pseudo-first-order rate constémis versus [L] for the
reactions with imidazole, pyrazole, 1,2,4-triazdieacetyl-
imidazole, 5-chloro-1-methylimidazole, NQ and PhP at
25°C. The linear plots have negligible intercepts, indicating
that a reverse or parallel reaction does not contribute Kope= KJL] + K, )
significantly under the selected experimental conditions. This y
behavior can be expressed by the rate law given in (eq 2)
with a negligible contribution fronk,. The second-order rate
constants for substitution of the solvelkt)(were found to
be 70.3, 90.7, 70.6, 48.2, 105.1, and 113.9'N&* for L =

Kinetic data for the reaction ofrans[Co(Hdmg)(R)-
MeOH] with PhisAs and PBSb are reported in Figures 4 and
5, from which it follows that good linear plots with
significant intercepts are obtained within the experimental
(23) van Eldik, R.. Gaede, W. Wieland, S.: Kraft, J.: Spitzer, M.: Palmer, €TOT limits. This behavior can also be expressed by the rate

D. A. Rev. Sci. Instrum1993 64, 1355. law given in eq 2, wherk, andk, represent the rate constants
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Figure 2. Plots ofkopsversus [imidazole] for the reaction with 4 104
M trans{Co(Hdmg}(Me)S] where S= H,O (A) and MeOH (B) at 25.0
°C, pH 9.0, and = 0.1 M NaCIQ, for aqueous solution.
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Figure 3. Plots ofkopsversus [PBP] for the reaction with (0.51) x 104

M trans{Co(Hdmg}(R)MeOH] where R= PhCH, (A) and CH; (B) at
25.0°C.
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Figure 4. Plots ofkops versus [PBAs] for the reaction withtrans{Co-
(Hdmg)(Me)MeOH] as function of temperature. Experimental conditions:
[Co"l=1x 104MandT = 5.0 (A), 10.0 (B), 15.0 (C), 20.0 (D), and
25.0 (E)°C.
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Figure 5. Plots of kops versus [PBSb] for the reaction withtrans{Co-
(Hdmg)(Me)MeOH] as function of temperature. Experimental conditions:
[Co"=1x 104MandT = 5.0 (A), 10.0 (B), 15.0 (C), 20.0 (D), and
25.0 (E)°C.

for the forward and reverse reactions in eq 1, respectively.

Direct evidence for a reversible complex-formation reaction function of temperature and pressure, along with the corre-

was obtained from the overall spectral changes observedsponding activation parameters, are summarized in Table S3

during the reaction, which increased significantly with (Supporting Information). Plots of Ik, and In k, versus

increasing entering nucleophile concentration. Unfortunately, pressure gave good linear relationships as shown in Figure

the solubility of both PBAs and PBSb in methanol is too  S2 (Supporting Information) for the reaction wéans[Co-

low to enable a direct spectrophotometric determination of (Hdmgy(R)MeOH] with PhAs, and the constructed volume

the overall equilibrium constant. In the most favorable case, profile is shown in Figure 6. Plots of |k, versus pressure

the ratio ofkyk, (=12 M1 at 25°C, see Table 3) in the  gave good linear relationships as shown in Figure S3 for

case of PpAs as entering ligand is such then1 M solution the reaction oftrans[Co(Hdmg}(R)H.O] with imidazole,

of the ligand will be required to shift the equilibrium over pyrazole, 1,2,4-triazolé\-acetylimidazole, 5-chloro-1-me-

to the product side, whereas the solubility is limited to only thylimidazole, and N@ . Similar plots are presented in

0.08 M at 25°C. Figure S4 (Supporting Information) for the reactions between
Tables 3 and S1S3 (Supporting Information) summarize trans[Co(Hdmg}(R)MeOH] and PkP where (R= CHz; and

the kinetic data obtained as a function of temperature andPhCH,).

pressure for the series of reactions investigated. In the case Second-order rate constanks) (for substitution oftrans

of PheAs and PBSb as entering nucleophiles, the temperature [Co(Hdmg)(R)S] by the series of entering ligands in Table

and pressure dependence was studied at low and high3 at 25°C do not depend strongly on the nature of the

nucleophile concentrations in order to determine the effect entering ligand either in aqueous or in methanol solution.

on k, and k,, respectively. The values d§, and k, as a The data in Table 4 show a similar trend except for

6096 Inorganic Chemistry, Vol. 43, No. 19, 2004
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Table 3. Kinetic Data for the Reaction dfans[Co(Hdmg)(R)S], for R= CHz and PhCH, and S= H,O and MeOH, with Different Nucleophiles
L

kaat 25°C, AHF, AS, AV,

L2 M-1s1 kJ mof-1 Jmol1K-1 cm® mol~1
imidazole© 70.3+ 0.5 74+ 2 +40+ 8 +3.7+0.2
pyrazolé-c 91+2 79+ 2 +56+ 7 +45+0.4
1,2,4-triazoléc 70.6+£ 0.7 72+ 3 +31+9 +4.0+£0.1
N-acetylimidazol&®c 48+1 70+1 +22+3 +3.1+0.2
5-chloro-1-methylimidazoke® 105.1+ 0.5 89+ 2 +92+6 +2.5+0.1
NO,Pe 113.9+ 0.8 84+ 3 +784+ 10 +2.3+0.1
PhgPd.e 19.6+ 0.1 94+ 2 +97+ 8 +12.3+ 0.4
imidazole'e 23.6+0.2 74+ 2 +29+5 +7.3+0.1
PheASforward reacnon‘f’e 20.1+1.1 103+ 4 +126+ 14 +10.6+ 0.5
PheAS(reverse reamioﬁ;e 1.66+0.03s? 114+ 5 +143+ 18 +15.94+ 0.2
PheShiorward reacno.ﬂve 20.3+ 1.7 89+ 3 +77+ 10
PheShreverse ,eactio,%e 10.244+0.04 st 95+ 3 +95+9 +11.3+ 0.4
PhgP'9 252.0+0.8 92+ 1 +109+ 3 +15.24+0.3

aThe two superscripts (be) given in the first column of the table refer to the experimental conditions selected for the temperature and pressure dependence

studies, respectively (see Supporting Informatidrijans{Co(Hdmgx(Me)H,0] = 1 x 10~ M, imidazole, pyrazole, 1,2,4-triazole, ahHacetylimidazole

= 0.01-0.5 M, 5-chloro-1-methylimidazole= 1.88 x 1072to 0.3 M, and N@~ = 6.25x 1072t0 0.5 M, pH 9.0, and = 0.1 M NaCIQ, and 0.5 M for

NO; as ligand.¢ trans{Co(Hdmg}(Me)H,O] = 2 x 10~* M, imidazole, pyrazole, 1,2,4-triazole, aNedacetylimidazole= 0.01 M, 5-chloro-1-methylimidazole

=3.75x 102M, and NG~ =6.25x 10°2M, T = 25.0°C, pH 9.0, and = 0.1 M NaCIQ; and 0.5 M for NQ~ as ligand.d trans{Co(Hdmg)(Me)MeOH]

=1 x 104 M, [imidazole] = 0.05-0.5 M, [PhP] = (0.5-2.5) x 1072 M, [PhgAs] and [PhSb] = (0.5-4.0) x 1072 M. ©trans{Co(Hdmgx(Me)MeOH]

= 2 x 104 M, [imidazole] = 0.05 M, [PhP] = 0.01 M, [PhAs] = (0.5-4.0) x 102 M, T = 25.0°C, and [PhSb] = 0.02 M at 15.0°C. f trans-
[Co(Hdmg)(PhCH)MeOH] = 5 x 10> M and [PhP] = (0.5-2.5) x 102 M. 9trans{Co(Hdmgx(PhCH)MeOH] = 5 x 107> M and [PhP] = 0.01 M

at 25.0°C.

precursor formation constankK) and an interchange rate
constant k). This will further account for some of the
MOR s * differences in the values d{, especially in cases where
[ ] precursor formation is favored by the nature of the entering
nucleophile and so affects the valuelgf
Substitution reactions dfans[Co(Hdmg}(R)S] show a
strong dependence on the nature of the alkyl group. The
second-order rate constant for substitution 6f $hethanol
by PhP was found to be 19.6 and 252 s ! at 25°C for
CH;Co(Hdmg),MeOH + PhyAs (CHzCo(tldmg),PhsAs + MeOH R = CHs; and PhCH, respectively, and that for substitution
of water by imidazole was found to be 70.3 and 20.9'M
s! at 25°C for R = CH3; and CHCI,?* respectively. The
lability of these complexes is affected by the size and
\ , electronic structure of the alkyl group. The second-order rate
Reactants " Iransitionstate  Products constant for substitution dfans[Co(Hdmgy(R)H,O] by
Figure 6. Volume profile for the following reaction: pyrazole, 1,2,4-triazole, anN-acetylimidazole was found
trans[Co(Hdmgy(R)MeOH] + PhAs < to be 1309, 1200, and 135 Ms™ for R = Et, 755, 691,
trans{Co(HAMGHR)ASPH] + MeOH and 119 Mt s for R = PhCH, and 0.36, 0.35, and 0.07
Mt st for R = CRCH, at 25 °C, respectively, as
summarized in Table #. The second-order rate constants
show that the kineti¢rans effect decreases in the order Et
> PhCH, > CH; > CH,CI > CRCH, according to the donor
properties of the alkyl group.
The solvent has a significant effect on the rate con-
stant of the ligand substitution reaction. The second-order
rate constant for substitution of the solvent frans

CH;Co(Hdmg),

AVE=+10.6 +0.5 cm® mol”! AVE = 415.9 + 0.2 em® mol™!

Relative Partial Volume, cm? mol™!

N-acetylimidazole as entering ligand (see further in Discus-
sion). This is typical for a process that is dissociatively
activated, either via a dissociative interchanggdi limiting
dissociative (D) mechanism, in which bond breakage with
the leaving group largely controls the rate and nature of the
substitution mechanism. Similarly, the rate constants for the
backward reaction were found to be 1.7 and 102a4 25

dicating that he release of th nucleophite does dependlCo(HAMXRIS] by imidazole was found be 70.3 and 23.
g P PENA\ -1 51 at 25°C for S = H,O and MeOH, respectively.

on its nucleophilicity, again in line with a dissociatively L . ;

. : . The slower reaction in methanol is ascribed to solvent effects
activated mechanism controlled by bond cleavage with the and the fact that we are dealing with a totally different
leaving group. The most important factors that account for . .

g group P leaving group. The values of the second rate condtaint

the increase irk, from PhP to PhAs and PhSb are the - .
basicity andsw-acceptor ability of these nucleophiles that nMuec(I)el_(ipE;:iTeagam independent of the nature of the entering

decrease in this order. A more detailed discussion of the
activation parameters given below reveals that a dissociative(24) Dreog-Garlatti, R.; Tauzher, G.; Costa, I6org. Chim. Actal983
mterChange meChamsde“S favored’. In terms Of. which (25) Hémzé, M. S. A,; Felluga, A.; Randaccio, L.; Tauzher, G.; van Eldik,
the overall second-order rate constknis a composite of a R. In preparation.
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Table 4. Comparison of Rate and Activation Parameters for the Reactidran$[Co(chely(R)H,O] and Aquacobalamin with Imidazole, Pyrazole,
1,2,4-Triazole, andN-Acetylimidazole as Entering Nucleophiles

ligand AH*, kJ mol? AS, JKmolt AVF, cm® mol? Koy M71s71
trans{Co(Hdmgy(Me)H,0]2
+40+ 8

imidazole 74+ 2 +3.7+0.2 70.3£ 0.5
pyrazole TH 2 +56+ 7 +4.5+ 0.4 90.7+ 2.0
1,2,4-triazole 72£3 +31+9 +4.0+0.1 70.6+£ 0.7
N-acetylimidazole 761 +22+3 +3.1+0.2 48.2+1.0
trans{Co(Hdmg)(CH3sCH)H.0]%°2
pyrazole 6H 0.6 +46+ 2 +4.6+ 0.3 1309+ 14
1,2,4-triazole 65k 1 +31+3 +4.9+0.3 1200+ 7
N-acetylimidazole 72£ 0.6 +36+2 +4.1+0.3 135+ 2
trans{Co(Hdmgy(PhCH,)H,0]%°2
pyrazole 70+ 2 +46+ 8 +6.2+ 0.5 755+ 16
1,2,4-triazole 66t 1 +31+3 +75+0.4 691+13
N-acetylimidazole 721 +38+5 +4.3+0.3 119+ 4
trans{Co(Hdmg}(CFsCHz)H,0]%52
pyrazole 83t 1 +23+3 +4.44+0.3 0.358+ 0.006
1,2,4-triazole 86t 2 +37+6 +2.3+£0.3 0.348+ 0.002
N-acetylimidazole 842 +26+5 +3.4+0.3 0.069+ 0.001
trans{Co(enp(Me)H,0]?+ .29
imidazolet 53+2 —22+7 +4.7+0.1 198+ 13
pyrazolé 67+6 +27+19 2844 10
1,2,4-triazol& 59+ 2 +1+6 318+ 5
N-acetylimidazole 72+ 4 +23+ 14 24+ 3
aquacobalami#-3®
imidazole 21.2+0.7
pyrazole 85+ 4 +69+ 13 35.0+ 0.8
1,2,4-triazole 90t 2 +83+6 240+ 04
N-acetylimidazole 108 12 +135+ 40 +7.2+0.3 6.6+ 1.6

aThe second rate constants were determined at 5.8 The second-order rate constants were calculated from the activation parameters f€.25.0

The lability of organo cobaloximes is much higher than
that of inorganic cobaloximes due to the alkyl group in the
axial position that significantly increases the length of the
Co—OH,; bond in the ground state and increaseskigyalue.
pKa values were found to be 10.86nd 12.6% for trans
[Co(HdMQ@)}(CRCH,)H,0O] andtrans[Co(Hdmg}(Me)H,O],
respectively. The activation enthalpy values for substitution
of trans[Co(Hdmg)(R)H.O] by pyrazole, 1,2,4-triazole, and
N-acetylimidazole for R= PhCH, CHs, and CRECH, were
found to be in the ranges 6622 72—79, and 83-86 kJ
mol~1? respectively, as summarized in Table 4. The
activation entropies in Table 3 are in general significantly
positive and in line with a dissociatively activated reaction
mechanism. A plot ofAH* versusAS' gives a good linear 0 3% 40 0 6 10 s 9 100
relationship for the reaction éfans[Co(Hdmg}(Me)S] with ASE, TK mol”!
imidazole, pyrazole, 1,2,4-triazols-acetylimidazole, 5-chloro-  Figure 7. Correlation betweemH* and AS' for the second-order rate
1-methylimidazole, and N© in water as shown in Figure  constant for substitution of 4 in trans{Co(Hdmgk(Me)H.0] by N-
7, and for the reaction with imidazole, # PhAs, and Pk ?gfg'r']rg'gizhﬁ’fré_ll)_' r#é%ﬁ?,]it;?gglz?o%){éwdaZOIe (3), pyrazole (4)2NO
Sb in MeOH as shown in Figure S5 (Supporting Informa-

tion). The good compensation correlation betwaéit and zole, and NG~ were found to be betweefr2.3 and+4.5
AS' suggests that an isokinetic relationship exists, which cn3 mol-L. The relatively small positive values suggest that
supports the claim that a single mechanism operates for theyhe reaction follows anglmechanism in which the entering
series of nucleophiles. nucleophile is weakly bound in the transition state. The
The activation volumes for substitution of coordinated g pstitution of coordinated water by py and 4-CNpyrans
water intrans{Co(Hdmg)(Me)H,O] by imidazole, pyrazole,  [co(Hdmg)(CF:CH,)H0] proceeds according to the same
1,2,4-triazole,N-acetylimidazole, 5-chloro-1-methylimida- | echanism sincAV* was found to ber5.7 and+7.4 cn?
(26) Brown, K. L.; Lyles, D.; Pencovici, M.; Kallen, R. G. Am. Chem. mol™, respectively. Similarly, AV* Val.ues betweent-3.6
Soc 1975 97, 7338. and+9.7 cn? mol~* were reported for displacement of water

(27) Brown, K. L.; Chernoff, D.; Keljo, D. J.; Kallen, R. G. Am. Chem. in trans.[Co(enk(Me)HZO]Z‘*' 229 gnd in aquacoba|a|fn]iﬁ30
S0c.1972 94, 6697.

(28) Espenson, J. HChemical Kinetics and Reaction Mechanisms
McGraw-Hill: New York, 1995, p 164. (29) Hamza, M. S. AJ. Coord. Chem2003 56, 553.

AHF, kJ mol”
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by different nucleophilesAV* values for the substitution of
water byN-acetylimidazole irtrans[Co(Hdmg)(Me)H,O]

and aquacobalamifwere found to bet-3.1 and+7.2 cn?
mol~t, respectively. Similar data for ligand substitution
reactions ofrans[Co(Hdmg)(R)HO] by 1,2,4-triazole for

R = CRCH,,?° CHz, and PhCH® were found to bet-2.3,
+3.2, and+7.5 cn® mol™%, respectively, as summarized in
Table 4. These values all favor a dissociative interchange
mechanism that consists of rapid precursor formation and a
rate-determining interchange reaction. The consequence is
that the overall second-order rate constang a composite
value of the precursor formation constar) (and the
interchange rate constamd,(such thak, = kK as mentioned Table 5. Structural Parameters for Complexes of the Type

above. This naturally complicates the interpretatiok.@fnd trans[Co(chely(X)H20], Where chel Represents the Equatorial Chelate

Figure 8. Crystal structure of the catiotnans[Co(eny(Me)H,0]%+.

its activation parameters since it was not possible to separateL gand
k andK (and their thermodynamic parameters) kinetically X Co—O (A Co—X(A) O—Co—X (deg)
in the studied reactions, as could be done in other c&i$es. trans{Co(eny(X)H-0]**

As mentioned before, activation volumes for ligand CHs 2.153(6) 1.995(10) 177.603)
substitution reactions on [Co(TMPPY®I),]>" and [Co(TPPS)- CH3 tra; Si{tlc(g)«DO)(Dml-| )9p@)n()4()X)|-bO]+
(H20)7]®~ (TMPP = mesetetrakis(4N-methylpyridyl)por- : ) ' .
phine and TPPS: mesetetrakisp-sulfonatophenyl)porphine) CHg ”""”szg’ég“” O)(EM?E%’;?L).’()X)WO]
are+14.4 and+-15.4 cn¥ mol™1, respectively$1” and were trans{Co(HdmgOOH:0]
assigned to a limiting D mechanism. The activation volumes cH,3 2.058(3) 1.990(5) 178.0(2)
for the substitution of methanol itrans[Co(Hdmg)(R)- CHgg:Mes32 2.056(5) 2.044(7) 172.4(3)
MeOH] by PhP for R= CH; and PhCH were also found ﬁgzgz i:gggggg igg?g;
to be more positive, viz+12.3 and+15.2 cn¥ mol™, Br32 1.955(11) 2.364(2) 180.0

respectively, which could suggest the operation of a limiting o
dissociative mechanism. However, this trend could also be 31 AVi(k) = AV¥(K) + AV(K). Due to our inability to
due to the larger partial molar volume of methanol as SeParat&k andK kinetically in the present case, no further
compared to water, since this will affect the magnitude of details can be included in the volume profile.
AV* for a dissociatively activated process. By way of The labilization of the Il_gand in the positianans to thg
comparison, it is interesting to note that the reactiotranis- cobalt-carbon bond can in many cases be observed in the
[Co(Hdmg)(CHs)MeOH] with imidazole is characterized by ground_ state as a_result of thaq5|nfluence. In the present
a significantly smaller activation volume than that found for Study, it was possible to crystallizens{Co(eny(Me)H,0]-
PhsP, which suggests the operation of a dissociative inter- S2Os Of which the structure, determined by X-ray analysis,
change mechanism. The reason for this apparent differenceS Shown in Figure 8. The crystal consists of organometallic
in mechanism may be related to the formation of a precursor €&tions and dithionate anions. The structure of the complex
complex with imidazole, which would then favor a dissocia- 1S @ distorted octahedron, the cobalt atom and the four
tive interchange mechanism in which precursor formation Nitrogen atoms are located in the equatorial plane, and the
will contribute to the overall activation parameters found for Water molecule and methyl group occupy the axial positions
k, sinceks = KK. as shown in Figure 8. The €@ and Co-C bond lengths

In one system, it was possible to construct a volume profile N trans[Co(en}(Me)H;OJ** were found to be 2.153(6) and
for the reaction betweetnans[Co(Hdmg)(Me)MeOH] and 1.995(10) A, respectively, and the €bdl bond lengths for
PhAs (Figure 6), from which the dissociative character of N(1), N(2), N(3), and N(4) were found to be 1.999(7), 1.995-
the substitution process is clearly seen. The largét for (8), 1.931(7), and 1.927(7) A, respectively. The significantly
the back reaction is related to the larger partial molar volume 'argér Co-N(1) and Co-N(2) distances can be ascribed to
of the leaving ligand P#s, which also accounts for the the mfluzence' of hydrogen bonding to the oxygen atoms of
overall negative reaction volume. Although these larger the $O¢*” anion, which is located close to these amines in
activation volumes tend to suggest the operation of a limiting the crystal structure. _
D mechanism, this suggestion is speculative due to the A comparison of _the _cryst_al structure data with closely
uncertain contribution of the larger partial molar volumes rélated complexes is given in Table 5. The bond lengths
of the leaving groups for both the forward and back reactions dépend on the nature of alkyl group and the equatorial

as outlined above. In the case of a dissociative interchange/i9ands, the hybridization state of the carbon bond attached
l4 mechanism, the volume of activation for the forward to the cobalt center, and steric interactions between the axial

. - . . .. i i ire | 31,32
reaction will include contributions arising from precursor @/kyl and the equatorial ligands (stedis influence)=#In

formation and the interchange reaction step sikce kK addition, the overall charge on the complexes changes from
(30) Marques, H. M.; Egan, T. J.; Marsh, J. H.; Mellor, J. R.; Munro, O. (31) Marzilli, L. G.; Bresciani-Pahor, N.; Randacio, L.; Zangrando, E.;
Q. Inorg. Chim. Actal989 166, 249. Finke, R. G.; Myers, S. Alnorg. Chim. Actal985 107, 139.
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2+ to zero, which will also affect the metaligand bond
lengths and complicate the following comparison. The X-ray
structure data show that the bond lengths of-Coare 2.058-
(3),3 2.102(3)3! 2.14(2)34 and 2.153(6) A fortrans[Co-
(Hdmg)(Me)H,0], trans[Co((EMO)(EMOH)pn)(Me)HO],
trans[Co((DO)(DOH)pn)(Me)HO]*, and trans{Co(en}-
(Me)HOJ?", respectively, where (DO)(DOH)p# diacetyl-
monoxime-diacetyl monoximato-propane-1,3-diyldiimino and
(EMO)(EMOH)pn = 3,9-dimethyl-2,10-diethyl-1,4,8,11-

Alzoubi et al.

ligands?! In addition, the hybridization of the carbon atom
affects the Ce-C bond length, which was found to be 2.00,
1.96, and 1.90 A for sp sp, and sp hybridization,
respectively?? Distortion arising from the interaction of the
axial alkyl group with the equatorial ligand can be ascribed
to (a) changes in the-8Co—N(eq) bond angles; (b) widening
of the Co-CH,—R' angles and shortening of the €R bond
lengths; (c) lengthening of the €&C bond; (d) deformation
of the equatorial ligand unf

that the Ce-OH, bond is stronger in the ground state in the
case otrans[Co(Hdmg}(Me)H,O]. The Co-O bond length
increases from 1.955(4) A for X Br to 2.058(3) A for X

= CHjs in the complexrans[Co(Hdmg)»(X)H,O] as shown

in the Table 52 A comparison of the data in Table 5
indicates that several kinds of structural changes arise from
changes in the electron-donating ability of R and from the
interactions between the alkyl group and the equatorial
moiety, and the nature of the equatorial ligand. The-Co
bond lengthens from 1.990 to 2.044 A as the bulk of the
alkyl group increases from GHo CH,CMe; in the case of
the dimethylglyoximate complex, and clearly depends on the
steric interaction between the axial alkyl and the equatorial

(32) Bresciani-Pahor, N.; Forcolin, M.; Marzilli, L. G.; Randaccio, L.
Summers, M. F.; Toscano, P.Qoord. Chem. Re 1985 63, 1.

(33) McFadden, D. L.; McPhail, A. 1. Chem. Soc., Dalton Tran974
363.

(34) Bickner, S.; Calligaris, M.; Nardin, G.; Randaccio, Ihorg. Chim.
Acta 1969 3, 278.
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entering ligands, and solvents selected in this and our earlier
studied® enables a systematic tuning of the lability of alkyl
cobalt(lll) complexes, which results in a systematic tuning
of the ligand displacement process in terms of a dissociative
interchange () and a limiting dissociative (D) mechanism.
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