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The effect of pressure on proton binding to the racemic isomer of the cobalt(l) macrocycle, CoL* (L = 5,7,7,12,-
14,14-hexamethyl-1,4,8,11-tetraazacyclotetradeca-4,11-diene), has been studied for a series of proton donors using
pulse radiolysis techniques. The second-order rate constants for the reaction of CoL* with proton donors decrease
with increasing pK, of the donor acid, consistent with a reaction occurring via proton transfer. Whereas the
corresponding volumes of activation (AV¥) are rather small and negative for all acids (proton donors) with pK,
values below 8.5, significantly larger negative activation volumes are found for weaker acids (pK, > 9.5) containing
OH groups as proton donors. In the latter case, the observed AV* for these protonation reactions show a correlation
with the reaction volumes (AV°j) for the ionization of the weak acids with a slope of 0.44, indicating that bond
dissociation of the weak acid molecule bound to the metal center proceeds approximately halfway at the transition
state along the reaction coordinate in terms of volume changes.

Introduction CHs;CN solution, but unstable in water due to the involve-

Information on the reaction of cobalt(l) complexes with MeNt of proton transfer to the cobalt(l) centef. The
protons is of significant interest for understanding the photo- theérmodynamics and kinetics of proton binding (eq 1) to the

and electrocatalytic reduction of water to hd of carbon ~ 'acémic and meso isomers have been studied in agueous

dioxide to HCQ~.! The cobalt(ll) complex Cot™ (L = media using pulse-radiolysis techniques.
5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetradeca-
4,11-diene) has received much attention as a catalyst. The \(\CH \II/\I’;H
complex can exist as stereocisomeas-[CoL(H,0)]*" and [N\C(z Nj [N\c(z N:]
mese[CoL(H20),]%*, both of which have been characterized H,N’ i HN N

by X-ray diffraction studieg.In organic solvent or in acidic /‘K)\

agueous media significant equilibration between the stere- rac L. meso L

oisomers does not occur, even in one week. However, base-

| + .
catalyzed equilibration occurs in alkaline aqueous solution Co(l)” +HA+H,0

with the rate law—d[meseCol2"]/dt = klOH][meseCoL21], trans-Co" (L)(H)(H,O*" + A~ (1)
wherek = (5.7 &+ 1.5) x 10? M~* s™* at room temperature _ . _
and pH = 7, favoring the racemic C&t isomer at Both isomers react rapidly with g,to produce Colt. The
equilibrium? The racemic isomer of the low-spirf GoL* dependence of the rate constants for reaction 1 on ke p
complex is also thermodynamically favored in both organic )
. . . (3) Tait, A. M.; Hoffman, M. Z.; Hayon, EJ. Am. Chem. S0d.976 98,
and aqueous solutions. The Cotomplex is stable in dry 86-93.
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values of HA has been studied previoudfyRecent work CoL* at 630 nm. Cobalt(lll) hydride can also be formed by reaction
involving the application of high-pressure pulse-radiolysis of hydrogen atoms with Cat:. Although this reaction dominates
techniques to various reactions (i.e., oxidation by radicals, atlower pH (~4) where reaction 5 competes favorably with reaction
oxidative addition, homolysis and heterolysis of metal 4 to increase the H atom yield, the CoLconcentration and pH
carbon bonds. intramolecular electron-transfer processescondltlons were chosen to minimize this effect in the present
etc.y suggestéd that a systematic study of the effect of experiments. The experimental conditions are shown in Table 1
pressure on t'he reaction .of CblNlth protons and weak acids H,0 2 MeV electrons & g *OH, He, Hy, H,0, @)
should provide useful information on the nature of the

transition state. We found that the studied reactions are all.oH + (CH,),COH—

accelerated by pressure, with the largest effect being observed H,O + 0.96¢CH,)(CH),COH + 0.04(CH),CO» (3)
for the weakest acids. The observed pressure effects are used
to draw mechanistic conclusions concerning the formation € ,q+ CoL?" —CoL" (4

of the hydride complexes.
. . € gt H' —He ®)
Experimental Section

The complexac-[CoL(H,0)](ClO,4), was prepared as previously Results and Discussion

describe@'® and characterized by UWis and IR spectroscopies The second-order rate constants for the reaction of'ColL
and elemental analysis. Althoughese[CoL(H:0),(CIO), has  with proton donors in this study and oth&tsre given in
been isolated and characterizeahly rac-[CoL(H;0)](CIO,), was Table 1 and are plotted in the form of légs pKa in Figure
used in this study since the equilibration at high pH{is rather - 4 "riqre 1 indicates similar correlations reported previotisly.
rapid. Warning: The perchlorate salts used in this study may be Whereas the strong acidHindergoes a diffusion-controlled

explosve and potentially hazardous. " ith Col*. th i tants d ith i
Electron-pulse-radiolysis transient-absorption experiments were reaction wi oL, the rate constants decrease with increas-

carried out with the 2 MeV Van de Graaff accelerator at Brookhaven N9 p|_<a of the donor ?C'dg indicating that the proton-transfer
National Laboratory using a PC-controlled, CAMAC-based data Step is rate determining in those reactions. TKgqf Col-
acquisition and control systeth. The experiments at normal  (H)?* was previously determined to be 12.6.

pressure were done using an all-quartz pulse-radiolysis cell consist- All the studied reactions are accelerated by pressure, and
ing of a 50 mL reservoir with an outlet which drains into a 20 mm a few typical examples of plots of lkf{s versus pressure
long, 10 mm high, 5 mm deep rectangular optical cell where the are shown in Figure 2. The activation volume‘s\/() for
sample is irradiated (through the short dimension) and probed by reaction 1 determined from the slope ¢ AV#/RT) of such

light passing through the long dimension (2.0 and 6.1 cm path piots are summarized in Table 1, along with relevant data
lengths). Irradiated solutions are dralned from thg cell a_fter Use o1 the K. values of the respective acids, the observed
(one or more shots), so the solution in the reservoir remains fresh second-order rate constants at ambient conditions, and the

until it is used. For each pressure-dependence experiment, a samplé . . . L .
was placed in a quartz pillbox cell inside a thermostated, four- reaction volumes associated with the ionization of the a¢ids.

window high-pressure vessgl.One window of the vessel was The reaction of Cot with H™ at pH 4-5 (in the presence
modified as described elsewh&téo enable a sufficient electron ~ Of t-BUOH only) has an observed rate constant of 40°
pulse to penetrate the sample solution. Since the electron beamt0 3 x 1P s™* and shows almost no pressure dependence as
penetrates only the first millimeter of the pillbox cell, the solution indicated in Table 1. Above pH 6, the reaction of Cokith
in the irradiated volume was refreshed between kinetic measure-H™ is too slow to interfere with the reactions of interest.
ments by stirring with the aid of a magnetic bar inside the pillbox AVF remains quite small, negative, and constant for all
cell, within the high-pressure vessel. acids (proton donors) withif, values below 8.5 (see Figure
Typical solutions for pulse radiolysis contained a known amount 3)_sjgnificantly larger negative values are found for weaker
of acid HA, 1 mMra_c-CoLH, and 0.5 Mtert-butyl alcohol, which acids (K. > 9.5), especially those containing OH groups
served as aOH radical scavenger (eqs 2and 3). HENaOH o 6100 donors. In earlier studies a correlation between

was added to adjust the pH. Solutions were bubbled with Ar for . . o
. . . the rate of protonation and the acid strength was noted: in
20 min and, in the case of the pressure experiments, transferred to

Y M—1c1
a pillbox cell using a syringe. Thac-CoL2" complex reacts rapidly ge”e“'?“ ratel constants of abovec 110" M™% s™* were _foundl
with radiolytically produced e, (4.4 x 101 M~1 5%, egs 2 and for acids with K, values below 7, whereas acids with

4) to produce intensely absorbing Colimax = 630 nm,e = 1.1 considerably higher K, values showed much lower rate
x 10* M~1cm-1).48 Therac-ColL2+ complex also reacts wittert- constants, down to ca. ¥ 10° M~1 s7! (see Figure 1 and
butyl alcohol radicals produced by the scavengingQifl; however, Table 1).

the reaction is much slower (14 10° M~! s~1)4 and therefore Figure 4, which shows the relationship between the

does not interfere with the reaction of interest. Protonation rate gbserved activation volumAV* for reaction 1 versus the
constants were determined by monitoring the first-order decays of reportedAV®°,, for ionization of HA# reveals two distinct

subsets within the data. For reactions with rate constants in

(9) van Eldik, R.; Meyerstein, DAcc. Chem. Re00Q 33, 207-214

. V M-1 o1 i i
(10) Goedken, V. L.; Kjeldahl, N. K.; Busch, D. H. Coord. Chem1977, excess of 1x 10" M™* s™* (largest circles), there is no
7, 89.
(11) Schwarz, H. A.; Creutz, Gnorg. Chem.1983 22, 707-713. (14) Christensen, J. J.; Hansen, L. D.; Izatt, R. Wandbook of proton
(12) Spitzer, M.; Geig, F.; van Eldik, R.Rev. Sci. Instrum.1988 59, ionization heats and related thermodynamic quantjt@sntribution
2092. from the Center for Thermochemical Studies, Brigham Young
(13) Wishart, J. F.; van Eldik, RRev. Sci. Instrum.1992 63, 3224. University, Provo, UT, No. 85; Wiley: New York, 1976.
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Table 1. Rate Constants and Volumes of Activation for Protonation of Cbl Various Acids (HA)

AVCion,2 K, AVF e
HA pKa  cmPmolt M-1st condition® pHe  cmPmolt
H3O" 1.75 3.1x 10°d HCIO4# 4.07 -1
HCIO® 4.25 -2
HCIO4® 4.57 -3
HCIO4# 4.95 -1
CH3COOH 45 —-12 0.75x 108¢ 0.1 M NaClQ, 1 mM CH;COOH and 11 mM CHCOONa 5.92 —-4.0
1.1x 108f
cacodylic acid 6.17 -13.3 2.5x 10’ (pH 6.3)  4.15 mM cacodylic actd 6.07 —-2.8
HPOy™ 6.5 —26 0.98x 108¢ 0.1 M NaClQ, 0.5 mM HPO;~ and 0.5 mM HP@*~ 6.7 —-4.0
0.8 x 108f
0.1 MNaClQ, 2 mM H,PO;~ @ 6.06 —2.8
0.3 M HPQ? ¢ 9.34 —5.1
Hobis-tris-propane 6.75 10.5 40 mM bis-tris-propane 6.89 —-2.1
barbital 8.02 —-12.5 5.3x 10’ (pH 7.0) 4 mM barbitdl 8.20 —-3.7
HTRIS 8.07 4.3 1.0< 10°(pH 6.7) 20 mM TRIS, 20 mM HTRIS 8.02 —-3.7
30 MM HTRIS 7.36 —-3.2
60 mM HTRIS 7.36 -15
HTAPS 8.33 0.5 1% 1P (pH7.0) 40 mM TAPS, 40 mM HTAPS 8.33 —5.3
2-CIPhOH 8.55 —-11 7.1x 10" (pH 7.3) 2.4 mM 2-CIPhOR 8.2 —-7.9
0.89 mM 2-CIPhOH 7.18 —-7.9
1.25 mM 2-CIPhOH 7.8 —6.9
4-CIPhOH 1.1x 107 (pH 8.0)
4-OHPhS@Q~ 9.06 —18.4 4.4x 10’ (pH 8.0) 0.1 MNaClQ, 1 mM 4-OHPhSG@" 8.30 —8.5
1 mM 4-OHPhSGQ™ 8.37 -9.9
Hbis-tris-propane 9.1 -3.1 80 mM bis-tris-proparte 9.08 —-6.9
NH4* 9.3 7 6x 10° (pH 7) 27 mM NH, ¢ 7.56 —4.6
6.8 x 104
0.2 M NHg*"¢ 8.0 —-35
H3BOs 9.3 —23.7 0.7x 10°d 0.1M NaClQ,, 0.63 M HsBOzand 0.01 M HBOs~ 5.6 —15.5
0.15 M HBO;3, 0.15 M HBOs™ 9.4 —-14.7
PhOH 10.0 —-17 34x 10°F (pH7.9) 17.2 mM PhOH 5.4 —-12.3
9.9 mM PhOH 8.45 —14.8
HCGOs™ 10.3 —27.8 2.5x 10°f 8 MM HCG;™ © 9.68 —19.0
HPO2Z~ 12.25 —24 1x 10°d 0.1 M NaClQ, 0.095M PQ3~ and 0.094 M HPGF~ 11.2 —-17.2
0.095 M PQ%~, 0.095 M HPQ?~ 11.2 -16.4
0.3 M HPQ?2 ¢ 10.6 —11.0

aReference 15° [ColL2"] = 1 mM, 0.5 Mtert-butyl alcohol, pH forAVF measurements.The typical experimental error i60.5 cn® mol~! except in
the case of HA= H30", for which the error ist1 cn? mol~1. 4 Reference 4¢ The total amount of HA and Ais shown. The pH was adjusted by adding
NaOH or HCIQ. f Reference 3.
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Figure 1. log k for the reaction of Cot: with HA versus the corresponding
pKa The point at the lower right corner corresponds to the reaction of CoL
with H,O. The data were taken from this study and refs 3 and 4.

correlation ofAV¥ with AV°,, and theAV* values tend to
cluster between-2 and—5 cn® mol~1, with the substituted

Figure 2. Dependence of Irkops On pressure: @) 1 mM CoL* and

zenesulfonateAVF = —8.5+ 0.5 cn® mol~L.

HPO2~, AVF = —16.4+ 0.6 cn? mol~L, (#) CoL* and 4-hydroxyben-

are characterized by smaller absolite* values due to an
“early” transition state. In cases where the rate constants for
reaction 1 are less thant 10" Mt s71, the AV* values

phenols being a bit more negative. These faster reactionshecome more negative and correlate well with 15é°j,
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- S B A I UL ML LI BULRRE ¢ intercept of the plot oAV* vs AV°, viz.,, AVF = —6 £ 1

cm?® mol™* at AV°,, = 0, can be accounted for in terms of
an intrinsic volume collapse in the transition state associated
with the formation of the CeHA bond and the formal partial
oxidation of the metal center to Co(lll). An incipient proton-
transfer process from an acid to form a metal hydride has
been viewed as a change in hydrogen bonding from
A—H---M to A---H—M.1520 A number of structural, spec-
troscopic, and thermodynamic studies of species containing
such hydrogen bonds have been publisttetf.For example,
both inter- and intramolecular ;R—H---Co hydrogen-
bonded species of the anion [Co(GD]~ (L' = CO, PR)

with amines having different acidities have been studied as
geometrical models for the reaction pathway to the formation
of the hydride species HCo(C&D).*> The structural change

§ in RgN—H---Co(CO}L' associated with changes in the
PK, acidity of the amines and the basicity of the metal center is
Figure 3. AV for the reaction of Colt with HA versus the K of HA. clearly correlated with the proton-transfer pathway. This
—— T T T associative pathway is consistent with our findings.

H Bis-tris-propane The overall negative values observed fov* can result
from a number of contributions:

(a) Bond formation between @o" and H (free acid) or
HA/XOH will be accompanied by a volume collapse. This
may not be very large since the vacant coordination site on
CdL" may already be closely associated with the proton
donor in a precursor species.

(b) Bond formation is accompanied by charge transfer to
formally oxidize Co(l) to Co(lll) and reduce Hto H™. The
oxidation of Co(l) to Co(lll) could be accompanied by a
significant volume collapse if it involves shortening of the
Co—L bond length and binding of an additional solvent
molecule on forming an octahedral Co(lll) complex. Struc-

tural data for these complexes suggest that no major change
-20 -10 , 0 10 in the Co-N bond length occurs as a function of the
AV®,,,, cm” mol oxidation state of the metal cenf&rThe overall charge on
Figure 4. AV* for the reaction of Colt with HA versus theAV°j, of the complex does not change during this process, so no major
HA. The size of each marker is correlated to the magnitude of the changes in electrostriction are expected to contribute toward
protonation rate constants given in Table 1. The slope of the plotted line is the AV* value.
0.44.

(c) In the case of the reaction of &d with HA/XOH,
values. For reactions with slower rate constants, the apparenbond formation between Ao and H" will be accompanied
slope of the plot ofAV* vs AV°,, is 0.44, which indicates by (partial) release of AXO~. Such bond breakage reactions
that the transition state reflects about half the volume changeare usually accompanied by a significant decrease in volume
associated with the ionization of the acid. In this respect it due to an increase in electrostriction as a result of charge
is interesting to note that in an earlier patb@plot of logk) creation. This volume collapse is clearly reflected by the
versus logKeg) for the reaction with different acids, G@nd
CO, gave a slope of 0.5, which was interpreted as evidence(15) Brammer, L.; Rivas, J. C. M.; Spilling, C. D. Organomet. Chem

. .. . 200Q 609, 36 and references therein.
for an ideal associative (8) reaction. In terms of the volume  (16) zhao, D.: Ladipo, F. T.; Braddock-Wilking, J.; Brammer, L.; Shar-
data reported here, this would mean that HA bond dissocia- wood, P.Organometallics1996 15, 1441.
tion of the weak acid molecule bound to the metal center (7 lsé‘;;'ggéféf{ ffﬁﬁga}g'%ré’aéggiﬁeé?éihi W.Organomet. Chem
proceeds approximately halfway at the transition state along(18) Canty, A. J.; van Koten, GAcc. Chem. Red.995 28, 406.

i i i . (19) Shubina, E. S.; Krylov, A. N.; Belkova, N. V.; Epstein, L. M.; Borisov,
the reaction coordinate in terms of volume changes: A P Mahaev. V. D.J. Organomet. Chermi00% 493 275,
(20) Epstein, L. M.; Shubina, E. S.; Krylov, A. N.; Kreindlin, A. Z,;
Co +H-A—[CO-—-H A JF = Cd"—(H) + A~ Rybinskaya, M. 1.J. Organomet. Cheni993 447, 277.
(21) Peris, E.; Crabtree, R. H. Chem. Soc., Chem. Comm@@95 2179.
. . . 22) Brammer, L.; Rivas, J. C. M.; Zhao, Dhorg. Chem1998 37, 5512.
Thus, the acid strength/reactivity seems to control the Iocat|on§23g Brammer. L.. Zhao, Dofganometa||icslg%4 13 1545.

of the transition state along the reaction coordinate and (24) Braga, D.; Grepioni, F.; Tedesco, E.; Biradha, K.; Desiraju, G. R.

. Organometallics1996 15, 2692.
therefore the value oAV* in terms of volume changes (25) Fujita, E.. van Eldik, Rinorg. Chem.1998 37, 360-362 and

required to reach the transition state. Furthermore, the references therein.
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values ofAV°,, associated with such reactions. In the case the K, value (9.3). Again the\\V* values were found to be

of a protonated amine as proton donor, i.eNR™, release independent of the pH, which indicates that the increased
of the proton is not accompanied by charge creation and dissociation of the weak acid due to the negatix&;,, does
AV°ion is small and positive as a result of an intrinsic volume not affect the observed pressure dependence. This means that

increase due to NH bond cleavage. In these cases Mé B(OH); and B(OH)~ must have similar abilities to donate
values are very similar to that observed for free. H protons to the Co(l) complex.
(d) Protonation of the Cb* complex can be visualized The observed rate constant does depend on the ammonium

as an oxidative addition reaction, which is known to be o concentration when a high enough concentration is used
accompanied by significantly nega’uv@\/" values. For 5 exceed the rate constant for the background reaction under
instance, oxidative addition of GHto variousf-diketonate  g,cy conditions. The pressure dependence results in a small
complexes of Rh(l) exhibits\V* values between-9 and ~ jpnqoiyte value forAVF, which is in line with the smal
—25 cnf mol™ in various solvents, depending on the positive value calculated foAV°j, associated with the

sto!v?t|onal Contrtlb;thtr]h rtiSUIt'ng I_rom ggiiﬂges n c%g Iigtro- deprotonation of Ni", and the correlation betweexV* and
striction associated wi € oxidative addition process. AV for the slower reactions referred to above.

The large difference ihV* for the reactions with BPO,~ h 4 vol ¢ activation for hvdride f ,
and HPQ? requires further consideration. The rate constants € repor_te ' VOIUMES 0 actl_vatlon or hydride formation
via proton binding to the investigated Co(l) complex clearly

for these reactions are ca.tldhd 160 M—* s™%, respectively, _ :
demonstrate that fast reactions observed for the stronger acids

i.e., a difference of a factor of $0This must be related to k X e
the occurrence of an “early” transition state for the faster are accompanied by a small volume collapse in the transition

reaction with HPO,~ as compared to a “late” transition state state as a result of the binding of HA to the Co(l) complex.
for the slower reaction with HP@ . The values ofAV®,, In the case of the slower reactions observed for the weaker

are very similar and very negative for both these ions. This acids, the significantly larger volume collapse is ascribed to
means that in the first case the transition state is not the partial cleavage of the-HA bond in the transition state
controlled by the breakage of the-® bond (ie., no  [CO---H"---A*7]*, which will be accompanied by an
significant increase in electrostriction due to charge creation), increase in electrostriction due to charge creation. The latter
whereas in the second case the transition state involveseffect does not play a role in proton binding by the stronger
Signiﬁcant O-H bond C|ea\/age accompanied by Charge acids. Thus, the volumes of activation allow us to comment
creation, i.e., [Co---F---OPQ2]*. The observedV* in the on the intimate nature of the hydride formation reactions and
latter case is significantly more negative and reflects the underline the importance of CdHA bond formation during
ionization occurring during the protonation process. this process.

In the case of the reactions with PhOH and B(@H)V*
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