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Abstract: Self-exchange reactions between high-spin iron complexes 'eb2i@idazoline (Hbim) have been
investigated by the dynamic NMR line-broadening technique. Addition of the ferric compl&xHizeim)z]*

causes broadening of thle NMR resonances of the ferrous analogue!'[Fgbim)z]?*. This indicates electron
self-exchange withe- = (1.7 4+ 0.2) x 10* M~1 s71 at 298 K in MeCNe; (« = 0.1 M). Similar broadening

is observed when the deprotonated ferric compleX [Fibim)(H.bim),]2" is added to [F&H,bim)3]2". Because

these reactants differ by a proton and an electron, this is a net hydrogen atom exchange reaction. Kinetic and
thermodynamic results preclude stepwise mechanisms of sequential proton and then electron transfer, or electron
and then proton transfer. Concomitant electron and protont(&hsfer occurs with bimolecular rate constant

ky = (5.8+ 0.6) x 10* M~1s L This is a factor of 3 smaller thdq- under the same conditions. The H-atom
exchange reaction exhibits a primary kinetic isotope efkgatknp = 2.3 + 0.3 at 324 K, whereas no such

effect is detected in the electron exchange reaction. Proton self-exchange between the two ferric complexes,
[Fe'" (Hbim)(Hzbim),]2™ and [Fé' (Hobim)s]3*, has also been investigated and is found to be faster than both
the electron and H-atom transfer reactions. From kinetic analyses and the application of simple Marcus theory,
an order of intrinsic reaction barrietsr > 1.~ > Ay* is derived. The reorganization energies are discussed in
terms of their inner-sphere and outer-sphere components.

Introduction

Hydrogen atom transfer reactions are attracting a resurgenc
of attention because of their importance in biological, synthetic,
and industrial processéd he relation of M transfer to proton-
coupled electron transfer is of growing interest, especially in
biochemical contextsRates of H-atom transfer reactions have
classically been understood using the Polanyi equation, which
relates activation energy and enthalpic driving force (eg 1).

E.=a(AH) + 5 1)

Different classes of reactions are known to manifest different
Polanyi parameterst and 5. For example, oxygen radicals
abstract Ffrom substrates much faster than carbon radicals do
at the same driving force. These differences are typically
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ascribed to polar effects, which in turn are often explained as
different interactions of the radical’s singly occupied orbital (its

eSOMO).4 However, there are an increasing number of nonradical

reagents, including transition metal complexes, that have been
shown to mediate the net transfer of. HThe reactivity of a
number of the transition metal reagents correlate with the
reactivity of oxygen radicals, following eq®:8 These results

are prompting a reexamination of the conventional ideas about
radical reactivity.

The Marcus-Hush theory is a well-established model for
outer-sphere electron-transfer reactiéitss increasingly being
used as a starting point for the understanding of other procésses,
including dissociative electron transfgpyoton-coupled electron
transfer?ad proton transfet® atom transfet! hydride transfet2
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Chart 1 enzymatic proton-coupled electron-transfer reactiénghis
N 24 N a0 N 24 study aims to probe the relation between hydrogen atom transfer
AN, \} ﬁ“ QN?//Q —_ auka h—l and proton-coupled electron transfer, terms that often describe
Ni.,,,Fl “..»N\INH Nl.-,Fi...-ﬂN\INH N~~.F|“.-uNTN the same overall process with the same ground-state thermo-
N[ NN T\N'uNH N7 NN dynamics (M= H* + ).
HN ’5 HNSF HN)\f A . .
A HN HN$ Fe'(Hobim) and Fe' (Hzbim) differ by an electron, so

interconversion of these two species is an electron self-exchange
Fe'(Hzbim) Fe'll(Hybim) Fe'!(Hbim) reaction with rate constaht- (eq 2). Similarly,Fe (H2bim)
) . .. plusFée"(Hbim) is a proton self-exchange reactiok.{, eq
3
and others? A key parameter in Marcus theory is the intrinsic 3). Fe'(H.bim) and Fe" (Hbim) must exchange both an
barrier, (1/4), defined as the kinetic barrier in the absence of g|ectron and a proton to interconvert, so eq 4 is a proton-coupled

driving force AG = 0). Marcus noted that the PolanyigH  glectron transfer or a net hydrogen atom transfer reackigh (
and Bragnsted (H) equations are subsets of his thedtyf the

Polanyi quation is recast in free_ energy tertv&f = a(AG) [Fe”(szim)3]2+ + [Fe'” (szim)3]3+ —_
+ f], then in Marcus theory terminology = (1/4\ (ando. = ke~
0.5 + [AG/24]). The intrinsic barriers are often divided into [Fe" (H,bim),)*" + [Fe' (H,bim),]*" (2)
inner-sphere and outer-sphere reorganization energies. For
instance, the observation that proton-transfer barriers are muchygg!! (H,bim),** + [Fe" (Hbim)(H,bim),]*" ==
higher for carbon acids and metal hydrides than for nitrogen or Kyt
oxygen acids has been ascribed to greater inner-shell reorga- [Fe" (Hbim)(H,bim),]*" + [Fe" (H,bim),]** (3)
nization energie¥’ The lower reactivity of carbon versus oxygen
radicals toward hydrogen atom abstraction is probably due to [Fe" (H,bim),]*" + [Fe" (Hbim)(H,bim),]*" ==
differences in reorganization energies as well as polar effects. ki

Studies of self-exchange reactiergactions that involve [Fe" (Hbim)(H,bim),]*" + [Fe" (H,bim),]*" (4)
degenerate exchange of a particle or greape a way to directly
determine intrinsic barrier heights. Reported here are self- Hydrogen atom self-exchange has received limited attention.
exchange reactions involving iron bi-imidazoline complexes There are a few experimental rate constants for organic radicals
(Chart 1). Nelson and co-workers have described iron(ll) and (see below)’ and for metalloradicals plus metal hydride
iron(lll) complexes of these ligands, [~2,2-bi-imidazoline complexes?® There are related measurements of compropor-

(H2bim)3](ClO4,), [abbreviated=€' (Hobim)] and [Fé" (Hobim)s]- tionation reactions involving proton-coupled electron transfer
(ClOg)3 [Fe" (H2bim)], as well as an iron(lll) complex in which  (or H* transfer) whereAG® is small, most notably involving
one of the bi-imidazoline ligands is deprotonated,'[febim)- ruthenium-oxo complexed? Reported here is the first kinetic

(H2bim)z](ClO,)2 [FE" (Hbim)].15 We have recently shown that  analysis of net kself-exchange between metal-bound ligaffds.
Fe'' (Hbim) oxidizes hydrocarbons with weak-& bonds by Also described is a rare comparison of electron, proton, and
a mechanism best described as hydrogen atom abstrédtiars H-atom self-exchange rates in the same system, analyses of the
this species serves as a functional model for nonheme iron-intrinsic barriers using a Marcus-theory approach, and com-
containing enzymes that mediate the net transfer of hydrogenparisons with related transition metal and main group reactions.
atoms. More generally, the bi-imidazoline ligands used here are

crude models for histidine residues that are often involved in Experimental Section
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Endicott, J.Prog. Inorg. Chem.1983 30, 141. (d) Anderson, K. A (17) (a) Camaioni, D. M.; Autrey, S. T.; Salinas, T. B.; Franz, JJA.

Kirchner, K.; Dodgen, H. W.; Hunt, J. P.; Wherland,|8org. Chem1992 Am. Chem. Socl996 118,2013-2022. (b) See Table 4 and references
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Reagents were purchased from Aldrich and purified by 10 mM) in acetonitrile (0.1 Mn-BusNPF;), an Ag/AgNG;
standard proceduré&s unless otherwise noted. Acetonitrile reference electrode, a platinum disk working electrode, and a
(Burdick and Jackson, low-water brand) was stored in an argon-platinum wire auxiliary electrode. Ferrocene was used as an
pressurized stainless steel drum, and used as received via internal standard. Square-wave voltammetry was performed by
stainless steel dispensing system plumbed directly into the gloveR. LeSuer and W. Geiger at the University of Vermont. All
box. Piperidine andN-methylmorpholine were distilled from  measurements were carried out in a nitrogen-filled glove box
sodium. Ethylenediamine, tetrebutylammonium perchlorate,  at room temperature. Acidity constants were evaluated by
quinuclidine, 1,8-diazo-bicyclo[5.4.0.Jundec-7-ene (DBU) (Flu- quantification of the iron species present at varying concentra-
ka), silver perchlorate (Alfa), dithiooxamide, and bromoethane tions of added nitrogenous base using optical spectroscopy,
were used as received. Quinuclidinium perchlorate and H{DBU)- NMR spectroscopy, or cyclic voltammetry.

ClO, were prepared by addition of 70% perchloric acid to  ginetic measurements were made By and 24 NMR

ethereal solutions of the bases. Precipitates were washed withspectroscopies. Samples were freshly prepared in resealable (J-
diethyl ether and dried under reduced pressure in a steel vessek(oungxs brand) NMR tubes in the glove box and their

(Caption: Perchlorate salts are potentially explog). Degterium- concentrations checked by optical spectroscopy. Tubes were
enriched reagents were purchased from Cambridge Isotopegquilibrated in the NMR probe for 015 min before recording
Laboratories. Ethylenediamirgg(H,NCD,CD,NH;), methanol-  gpecira. At least 120 scans were acquired. Data sets of 16K

ds, methanol-@, and ethanotis were used a;\s received.  anq 32K were zero-filled before Fourier transforming. Signals
Dimethyl sulfoxide (DMSO)ds was dried over 4-A molecular ere fit to Lorenzian functions using the commercially available

sieves. Acetonitrile (MeCNijk was dried over calcium hydride _NUTS software (Acorn NMR), with residuals typically less than
followed by phosphorus pentoxide, and the cycle repeated until 1ot 1n the slow exchange regime, pseudo-first-order rate

the HO content wass2 mM as determined biH NMR using constants were obtained by subtracting the full widths at half-
(MesSi);0 as an internal standard. maximum (fwhm) in the absence of exchange from that of the

Syntheses of [FgH;bim);](CIO,), [abbreviated=¢ (Hzbim)], exchange-broadened signals at a given temperature. The natural
[Fe" (H2bim)s](ClO4)3[Fe" (H2bim)], and [Fé' (Hbim)(Hzbim),]- line widths of Fe' (Hbim) and Fe'l (Hzbim) were calibrated
(ClO4)2 [Fe'" (Hbim)] followed the published proceduréS.  in each experiment. Samples were checked for decomposition
Purity of the materials was checked by optical spectroscopy, after acquisition of kinetic data. Rate measurements were
pH and redox titrations, antH NMR (for diamagnetic impuri- jdentical within experimental error before and after sample

ties such as bbim). *H NMR spectra for the iron complexes  neating. Bimolecular rate constants and activation parameters
are described in Results. Elemental analyses were performedyere derived from linear least-squares analysis using Kaleida-
by Canadian Microanalytical Service (Delta, BC) and Atlantic - gyaph (Synergy Software). Errors are reported as two standard

Microlabs (Norcross, GA). Analytical data: Calcd foig8se- deviations about the meand( In the intermediate exchange
ClFeQNi, [Fe'(Hobim)]: C, 32.27; H, 4.48; N, 25.10.  (egime, rates were determined by simulation of the population-
Found: C, 32.35; H, 4.48; N, 24.82. Calcd fokgH3iCls- weighted NH signal. Dynamics simulations were performed
FeNiO1 [Fe' (Hobim)]: C, 28.10; H, 3.94; N, 21.85. Found:  ging the commercially available software package gNMR
C, 28.61; H, 4.05; N, 21.89. Calcd for §1,9Cl,FeNi,0g [Fe" - version 4.1 (Cherwell Scientific).

(Hbim)]: C, 32.32; H, 4.38; N, 25.14. Found: C, 32.43; H,
4.47; N, 24.85. 2,2Bi-imidazolineds (each methylene Cf)
was prepared by the reported procedthaising ethylenedi-
amined,, and this ligand was used to prepare the deuterated
iron complexes=€'' (H;bim)-d,4 and Fe'"' (H,bim)-d,4. Deute-
rium was incorporated into the amine positions by repeated ) . . .
dissolution in methanetOD and removal of solvent, enabling Nonhydrogen atoms were reﬂned an'|§otrop|cally'byafull-matnx
the preparations dte! (Dabim)-de, Fe'" (Dbim)-de, Fe: (Dsbim)- least-squares method. All intensities were integrated and
dso andFe! (D;bim)-dso. Fe'l (Dbim)-ds, Fell (Hbim)-dps, and subsequently scaled with thg Denzo-SMN pacl@é@dydrogeq

Fell (Dbim)-dys were directly synthesized from the iron(ll) atoms were located from difference maps and refined with a

analogues. Enrichment ranged from 80 to 98% as judged byriding model, except a_s noted. ] ]
1H and2H NMR. Red plates oFe€ (H.bim) were obtained by slow evaporation

Magnetic moments were determined by the Evans mé&thod of an aceton@-dichlorobenzene solution at room temperature

at 500 MHz and 298 K. CEEN and (MeSi),0 were used as gno_ler an atmosphere of nitrogen. Normalized structure factqrs
solvent and standard, respectively. The concentrations of internalindicated a center of symmetry favoring the centrosymmetric
and external standards were identical and close to that of theSPace groug2/c (no. 15) over Cc (no. 9). Disorder due to large
paramagnetic analyte. In none of the experiments did the signaliPrational motion at N(6) along a vector perpendicular to the
due to the internal standard broaden. The reported moments aré!ane of the ring was modeled by assigning two discrete sites
corrected for the diamagnetic susceptibilities of the sol#ent, [N(6) and N(6a)] along this vector and assigning 0.5 occupancy

ligands (104x 1076 cgs), CIQ~ (34 x 106 cgs), and F& to each site. Orange plateskd' (H bim) were grown by slow
(13 x 1076 cgs) or F&" (10 x 1076 cgs) ionsioh25 cooling of a hot ethanolic solution to room temperature. Disorder

at O(11) and O(12) was modeled by splitting these atoms into
two discrete sites with 0.5 occupancy. Green plate§ef -
(Hbim) were obtained over the coursé ® h by placing a
(22) Perrin, D. D.; Armarego, W. L. FPurification of Laboratory degassed solution dte' (Hzbim) in acetonitrile/diethyl ether

Crystallographic data for the X-ray structuresta (H,bim),
Fe'' (Hobim), andFe" (Hbim) can be found in Table 1; Table
2 lists selected bond lengths and angles. Diffraction data were
collected using a Nonius Kappa CCD with Makadiation.
Crystals were mounted on glass pins with epoxy or oil.

Cyclic voltammetry measurements were made using a BAS
CV-27. The cell consisted of analyte-containing solutior (5

Chemicals3rd ed.; Pergamon: New York, 1988. _ under an atmosphere of molecular oxygen. This technique of
Ch(;?) éa)l ilrl]gls-cﬁéh'v'l%% E;?é&fggfzi 169-173. (b) Live, D. H.; slow diffusion of G at room temperature was reproducible and

(24) Gerger, W.; Mayer, U.. Gutmann, Wionatsh. Chem1977, 108, the only one found to yield X-ray-quality crystals. All protons
417-422.

(25) O’Connor, C. JProg. Inorg. Chem1982 29, 203—283. (26) Otinowski, Z.; Minor, W Methods Enzymoll996 276, 307—326.



Table 1. X-Ray Diffraction Data

Barriers for Iron Complex Transfer Reactions
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complex [Fe'" (Hzbim)] [Fe'" (Hzbim)] [Fe" (Hbim)]
empirical formula QngoCleeQle C13H30C|3F8Q2N12 C]_gHggCleeQle
FW 669.29 768.74 668.28
crystal system monoclinic monoclinic orthorhombic
space group C2/c P2i/c Pca;

unit cell dimensions

(A, deg)

a=13.3079 (3)
b= 13.5922 (4)

a=17.5362 (15)
b= 14.1422 (10)

a=13.2140 (2)
b= 13.4070 (3)

c=16.1716 (4) c=12.580 (2) ¢=15.7310 (3)
f =108.5820 (2) £ =90.450 (4)
volume (A3) 2772.68 (12) 3119.8 (6) 2786.91 (9)
z 4 4 4
density (g/cr, calcd) 1.603 1.637 1.593
w (mm™2) 0.803 0.817 0.799
A (A 0.71070 0.71070 0.71070
crystal size (mm) 0.3& 0.23x 0.16 0.11x 0.05x 0.03 0.28x 0.19x 0.04
temperature (K) 300 (2) 161 (2) 298 (2)
6 range (deg) 2.6628.28 2.1720.90 2.16-30.50
index ranges —16 < h = 16, —-17=h=17, —17=h = 16,
—18=< k=18, —14< k=14, —19=< k=19,
—2l=<l=z21 -12=<1=<12 —22=<1=<22
reflections collected 47 314 27013 63 346
unique reflections 3147 3288 7807
Rint 0.032 0.085 0.048
parameters refined 195 433 371

final R, Ry (I > 201)
goodness of fit

0.0742, 0.2315
1.096

0.0635, 0.1845
1.154

0.0504, 0.1619
1.030

Table 2. Selected Bond Lengths (A) and Angles (deg)
Fe'(Hqbim)  Fe" (Hzbim)  Fe' (Hbim)

Fe-N(1) 2.172 (3) 2.090 (7) 2.121 (3)
Fe-N(3) 2.198 (4) 2.080 (7) 2.076 (3)
Fe-N(5) 2.167 (3) 2.085 (7) 2.121 (4)
Fe-N(7) 2.075 (7) 2.005 (4)
Fe-N(9) 2.079 (7) 2.151 (4)
Fe-N(11) 2.064 (7) 2.084 (3)
0 N(1)—Fe-N(3) 75.7 (1) 77.3(3) 77.0 (1)
0 N(5)—Fe-N(7) 76.4 (2% 77.2(3) 78.4 (2)
0 N(9)—Fe-N(11) 77.7(3) 76.5 (1)
0 N(1)—Fe—N(7) 165.3 (3) 167.4 (2)

ON@)-Fe-N(11) 171.4 (%) 163.1 (3) 164.4 (2)
ONGB)-Fe-N(©)  166.6 (1§ 167.3 (3) 164.3 (1)

aN(7) is in the same imidazoline ring as the deprotonated nitrogen,
N(8). > 00 N(5)—Fe—N(5A). ¢ 0 N(3)—Fe-N(3A). ¢ 0 N(1)—Fe-N(5).

were located from difference maps except those on C(7), C(8),
C(13), and N(12), which were placed with ideal geometries.

Figure 1. ORTEP drawing of the cation in [EgH,bim)s][CIO ], [Fe'-
Results (Hz2bim)].

1. Characterization. Syntheses, optical spectra, and solid-
state magnetic properties &' (Hzbim), Fe" (H;bim), and
Fe'' (Hbim) have been reported.Our measurements of mag-
netic moments by the Evans method confirm the high-spin
nature of all three compounds in acetonitrile solution at 298.2

K. T.he”e“ values of 5.8 a“‘_" 5.8g for Fe! (Hzbim) andFe“'_— disordered N(6). The two imidazoline rings of each ligand are
(Hbim) are close to the spin-only value of 5.8g for anS= bent toward each other to accommodate the iron: for instance,

5/2 ground state. Fdfe' (Hzbim), theues of 5.0 up is close to the N(1)-C(3)—C(6) versus N(2C(3)—C(6) anales are 116.7
the spin-only value fo6= 2, 4.90ug, as is common for high- | 4o \(/e)r—sug 126.(32 1° in the&?reé s),truétu)res.g '

spin ferrous complexes. | , I .
X-ray crystal structures of the three compounds support the th(lenl\tlr|1—|e gsrtcr)li,(;tgrﬁ; d?ggefrﬂégm)s igdgie(rlgﬁgg)té ec?c?l:]ngrion
high-spin assignments (Figures 3, Tables 1, 2). Each of the Many of these appear to be bifurcated hydrogen bonds, with

iron complexes is pseudo-octahedral, distorted by the narrow
bite angle of the bbim ligand: 76.0+ 0.4° for Fe' (H,bim), the hydrogen close to two perchlorate oxygen atétiisie mean

I i i
77.44 0.3 for Fell (Hzbim). The smaller bite angle for the (28) (a) Mikami, M. Konno, M.; Saito, YActa Crystallogr., Sect. B
ferrous complex is the result of its longer-7& bond lengths 198Q 36, 275-287. (b) Oliver, J. D.; Mullica, D. F.; Hutchinson, B. B.;

of 2.18+ 0.02 A, versus 2.08 0.02 A forFée' (Hzbim). These Milligan, W. O. Inorg. Chem.198Q 19, 165-169. (c) Boinnard, D.;

Cassoux, P.; Petrouleas, J.-M.; Tuchagues, Jnétg. Chem.199Q 29,
(27) Figgis, B. N.Introduction to Ligand FieldsWiley-Interscience: 4114-4122. (d) Lorente, M. A. M.; Dahan, F.; Sanakis, Y.; Petrouleas,

New York 1966; pp 267290. V.; Bousseksou, A.; Tuchagues, J.Hrorg. Chem1995 34,5346-5357.

bond lengths, and the 0.1 A difference between them, are typical
of octahedral high-spin iron complexes with nitrogen ligaffds.

In all the structures the bi-imidazoline ligands are essentially
planar with N—~-C—C—N torsion angles 0f<0.06’, with the
exception of the bi-imidazoline ligand &€' (H,bim) containing
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Figure 2. ORTEP drawing of the cation in [F¢H,bim)s][CIO]s [Fe" -
(Hobim)].

Figure 3. ORTEP drawing of the cation in [Fg¢Hbim)(H,bim),]-
[CIO4], [FE" (Hbim)].

N---O distance of 3.02 A [range: 2.89 (3.17 (3) A] and
NH---O angles of 117170 are typical of NH--O bonds and
bifurcated hydrogen bond& The hydrogen bond network of
Fe' (Hbim) (Figure 4) is different in that one NH group
hydrogen-bonds to the deprotonated nitrogen of another cation.
The distance between N(8) and N(12) of the adjacent hydrogen
bond donor is 2.673 (4) A witRIN—H---N = 162, indicating
a rather strong hydrogen boftiThe Fe-N bond lengths of
Fe'l (Hbim) range from 2.005 (4) to 2.151 (4) A, flanking the
Fe—N bond lengths inFée'' (H,bim), which average 2.08 A.
The shortest FeN bond [to N(7)] is to the deprotonated
imidazoline ring, as expected. The-F&e distance across the
NH---N interaction is 10.3 A.

The IH NMR spectrum ofFée' (H,bim) (Figure 5) is para-
magnetically shifted, with resonances)at0.7 (12 GH), 6 24.6
(12 CH), andd 46.1 (6 NH). The NH resonances were assigned
by their disappearance on exchange with methanol-OD. The

(29) The structural data are consistent with the solid-state infrared spectra
described in ref 15a. (a) Bifurcated H-bonds: Jeffrey, GAAIntroduction
to Hydrogen BondingDxford University Press: New York, 1997; pp-70
71.

(30) (a) Reference 29a. (b) Benedict, H.; Limbach, H. H.; Wehlan, M.;
Fehlhammer, W. P.; Golubev, N. S.; Janoschek].Rm. Chem. S0¢998
120,2939-2950. (c) Perrin, C. L.; Nielson, J. B\nnu. Re. Phys. Chem.
1997 48,511-544.

Roth et al.

Figure 4. Drawing of [Fé'(Hbim)(Hzbim),][CIO,], [Fe" (Hbim)],
showing hydrogen bonds as dashed lines between imidazoline NH
groups and perchlorate counterions or the deprotonated imidazoline.

Fe'"Hybim in d3-MeCN, p = 0.1M

+ FeMHybim
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Figure 5. Line-broadening of-€' (H:bim) with addedFe" (H,bim).
Only the broadening of thé 24.6 resonance is shown.

signals fit well to Lorenzian functions with fwhm of 30 H2 (
24.6), 105 Hz ¢ 10.8), and ca. 75 Hz)(46.1). The line widths
correspond to effectivé, relaxation times at 298 K of 11, 3,
and ca. 4 ms, respectively. The spectrum is independent of
magnetic field strength from 200 to 500 MHz. Increasing the
temperature from 278 to 374 K causes the signals to shift toward
the diamagnetic region and broaden. The inverse relation
between temperature and shift is characteristic of Curie para-
magnets, whereas the increase in line width with temperature,
although not unusual, has a more complex natlrghe 2H

NMR spectra of Fe!' (Hobim)-do4 and Fe' (Dobim)-dso are
significantly sharper than the proton spectrum, with Lorenzian
signals at 10.5 (14 Hz),0 24.7 (13 Hz), and 45.8 (62 Hz).
Deuterium spectra of paramagnets can be as much as 42 times
sharper than analogous proton spectra (the square of the ratio
of nuclear gyromagnetic constants of H and D), but the full
effect is rarely observed and the spectral resolution is partially
balanced by the 6.5-fold decrease in chemical shift dispersion
in the 2H spectrun?!? In the 13C NMR, three signals were
discerned ab 465.8 CHy, t, 1Jc—n ~ 138 Hz),0 —76.8 C=N,

s, fwhm~ 100 Hz), andd —242 (CH,, broad fwhm~ 310

Hz). Heteronuclear magnetic quantum coherence experiments
showed a cross-peak between @ resonance at 465.8 and
the'H resonance af 24.6 ¢H), but rapid relaxation apparently
precluded observation of other signals.

The observation of only two methylene resonances is
inconsistent with a static structure of effectiidg symmetry,
as seen in the solid state and as expected for octahedrat M(L
L)3 compounds. Such structures are chiral, so each @élp
is a diastereotopic pair. A spectrum indicativelafsymmetry

is found for the analogous cobalt(lll) ion, [Cofbim)s]*, which

(31) (a) LaMar, G. N.; Horrocks, W. D., Jr.; Holm, R. MR of
Paramagnetic Molecules: Principles and Applicatipdgademic Press:
New York, 1973. (b) Bertini, I.; Luchinat, CNMR of Paramagnetic
Molecules in Biological SystemBenjamin/Cummings: Menlo Park, CA,
1986.
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is diamagnetic (low-spin®l32 Fe' (H,bim) must be undergoing 0.1 M and~1 mM iron gave [K, values in agreement with the
a fluxional process that equilibrates two pairs of hydrogens. electrochemical resulE€" (Hbim) can itself be deprotonated,
Lowering the temperature to 260 K did not cause decoalescencewith tight isosbestic points observed upon addition of excess
of the ITH NMR spectrum. Because all of the peak shapes are quinuclidine indicating alg, of 20.5. Back-titration with HCIQ
Lorenzian, the fluxional process is fast with respect to the NMR also shows clean isosbestic points. The doubly deprotonated
time scale. Most likely, the fluxional process is racemization complex, abbreviate&e' (bim), appears to be stabléix =
of the iron center via dissociation of one arm of a bi-imidazoline 630 nm,e = 1.1 x 10* M~1 cm™! in MeCN). Fée'" (bim)
ligand. [Fé (bipy)s]?" undergoes such racemization, but on a generated by deprotonation®€" (Hbim) is spectroscopically
much slower time scalé(, = 18 min) because the iron is low- identical to that produced by the reactionFa' (H,bim) with
spin33 The related cobalt(ll) complex [Cogdim)s]?" has a O in the presence of excess piperidine or quinuclidine. Attempts
proton spectrum similar to that d¥e' (Hobim), as does the  to further characterize this species By NMR and?H NMR
nickel derivative [Ni(Hbim)s]2" at 343 K, but at ambient  were unsuccessful because of its low solubility (ca. 3 mgHL
temperatures one of the signals for the nickel complex has and very broad signals. Although not isolable in analytically
decoalesceé? This is consistent with thermally activated site  pure form,Fe!" (bim) can be reasonably assigned as [Fe(Hpim)
exchange and the lower lability of Ni versus high-spin F&. (H2bim)](ClO4) or [Fe(bim)(Hbim),](ClO4).
Complete dissociation of the bi-imidazoline ligand frdre' - The conversion ofFe!(Hzbim) to Fe' (Hbim) involves
(Hzbim) is not fast with respect to the NMR time scale, removal of an electronEP for Fé' (H,bim)] and a proton
evidenced by the fact that resonances for added free ligand ardthe pK, of Fe'' (Hbim)]. Using a well-established thermo-
observed in solutions containing30 mM Fe'' (Hpbim). The chemical cycle?® these values give the enthalpy for removal of
ligand CH resonance { 3.7), although broader and slightly —He from F€' (H,bim) as 764 2 kcal mofL.6 This is the N-H
shifted in the presence &' (Hzbim), does not vary linearly ~ bond strength inF€' (H;bim). To convert from free energy
with added ironF€' (H,bim) does rapidly incorporate uncom- measurementsEf, K,) to an enthalpy, it is assumed that the
plexed Hbim-dg, an NMR tube reaction being90% complete entropy difference betweeRe' (Hobim) and Fe' (Hbim) is
within 10 min. Studies of the ligand exchange were hampered negligible3® Conversion of-€' (H;bim) to Fe'' (Hbim) can also
by the low solubility (2 mM) of the free ligand in acetonitrile.  be accomplished by initial deprotonation to'[Bebim)(Hzbim),]-
NMR signals for the ferric complexes are substantially ClO, (abbreviated Fé' (Hbim)]), followed by oxidation. Be-
broader than those of the ferrous complex. THespectrum of cause the thermochemistry BE' (Hzbim) — Fée'' (Hbim) is
Fe'' (Hobim) consists of signals at 37 (6 NH, ~1200 Hz) independent of the pathway, the properties of the deprotonated
and o 130-140 (24 G4, ~3300 Hz). The?H NMR of Fen- ferrous complex €' (Hbim)] are constrained by eq 5 (the
(D2bim)-dsp is about 20 times sharper, reveali®@6.5 (6 ND, factors of 1.37 and 23.1 converKpandE° values toAG® in
~55 Hz) and a complex multiplet centered @140 for the kcal/mol at 298 K).
aliphatic signals?H NMR is particularly useful for the depro- 0 ) " ]
tonated complesge!! (Dbim)-dye, with resonances at44.5 (5 1.3ApK[Fe (Hbim)] — pK[Fe™ (H,bim)]} =

ND, 121 Hz),0 84.3 (4 O, 108 Hz),0 164.7 (8 M, 246 Hz), 23.4 E°[Fe"'/” (H,bim)] — E°[Fe"'“' (Hbim)]} (5)
and o 204—211 (overlapping signals 807 206 Hz), leaving
four deuterons undetected. In theé NMR, only resonances at Measurement of theky, of F€'' (H,bim) is complicated by
0 40 (5 NH, ~2400 Hz) and) 80 (4 (H, ~2000 Hz) are barely ~ the formation of dark blue solids upon deprotonation by
discernible. stoichiometric DBU or excesiN-methylmorpholine, tria-

2. Ground-State EnergeticsCyclic voltammograms dfe'' - butylamine, piperidine, or quinuclidine. Formation of dark
(Hzbim) andFé" (Hzbim) (in MeCN with 0.1 Mn-Bus;NPFs) precipitates in the pale red solution occurs several seconds after
show a single redox couple a0.31+ 0.05 V versus FeGg’"® mixing. Dilution of the sample did not result in dissolution of

(internally referenced). The ratio of the anodic to cathodic the precipitate. However, addition of anhydrous triflic acid under
currents i@/ic) is close to one, indicating chemical reversibility. an N, atmosphere regeneratded! (H,bim), suggesting the
The current ratio and peak-to-peak separation (120 mV) were insoluble solids contairFe" (Hbim)]. Presumablyffe' (Hbim)]
independent of scan rate from 50 to 200 mV,sand the latter aggregates with strong NHN hydrogen bond interactions such
was similar to that of Cgre in the same solution. as those observed in the solid-state structureégdf(Hbim). A
The acidity constantKy) of Fe'' (H,bim) was determined  lower limit of 23.5 for the K, of Fe'(Hzbim) was estimated
electrochemically by oxidizingre" (Hzbim) in the presence of by addition of excess piperidine to samplesef (Hobim) until
variable amounts oN-methylmorpholiné* Addition of base change was detected optically or By NMR. Electrochemical
resulted in a diminution of the return (cathodic) current, which reduction ofFe"" (Hbim) is also not straightforward, possibly
was the same irrespective of scan rate. This indicates that thebecause of precipitation oFg' (Hbim)] on the electrode. The
protic equilibrium Fe' (Hzbim) + N-methylmorpholine is electrode fouling evident in cyclic voltammograms is somewhat
established on the time scale of the return sweep. Theless of a problem when using square wave voltammetry. The

dependence ofyic on base concentration gaveKgFe' - square wave technique indicates tirat" (Hbim) is roughly
(Hzbim)] = 17.5+ 0.535 These measurements were confirmed 0.5 V harder to reduce tha®e" (Hobim), and thate® [Fe" -
by optical spectra of the clean conversionFa!" (H;bim) to (Hbim)] &~ —0.8 V versus Cgre™°. The redox potential implies,
Fe'' (Hbim) on addition ofN-methylmorpholine, which was  via eq 5, that g Fe' (Hbim)] ~ 26, consistent with the lower
reversed on addition of HCID These measurements @at= bound from direct measurements.
(32) Roth, J. P.; Mayer, J. M. Unpublished results. (36) (a) Parker, V. D.; Handoo, K. L.; Roness, F.; Tilset, MAm. Chem.
(33) Milder, S. J.; Gold, J. S.; Kliger, D. S. Am. Chem. Sod.986 Soc.1991 113,7493-7498. For related cycles and their application, see
108, 8295-8296. (b) Bordwell, F. G., et alJ. Am. Chem. Sod.991, 113 9790. (b) ibid.,
(34) Following the procedure described in Baldwin, M. J.; Pecoraro, V. 1996 118 8777. (c) ibid., 1081910823. (d) Parker, V. D. ibid1992
L. J. Am. Chem. S0od.996 118 11325-11326. 114, 7458 &1993 115 1201. (e) Tilset, M.; Parker, V. D. ibid.989 111,

(35) pKa values for nitrogen bases: lzutsu, Kcid—Base Dissociation 6711 and ibid.199Q 112 2843. (g) Skagestad V.; Tilset, M. ibid993
Constants in Dipolar Aprotic Seénts, IUPAC Chemical Data Series (No.  115,5077-5083. (i) Wayner, D. D. M.; Lusztyk, E.; PagB.; Ingold, K.
35); Blackwell Scientific: London, 1990. U.; Mulder, P.; Laarhoven, L. J. J.; Aldrich, H. S. ibiti9o95 117, 8737.
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Figure 6. First-order plot forke- (squares) ané- (circles) in MeCN
solution at 298 K.

3. Self-Exchange RatesRate constants were determined
using dynamic NMR method¥. Addition of Fe'' (H,bim) to
solutions ofFé' (H,bim) in acetonitrile causes broadening of

the resonances for the ferrous complex (Figure 5). The increase

in line width, Av, is proportional to the concentration B&" -
(H2bim) for both of the G4 resonances (Figure 6). The amount
of broadening is independent of the concentrationFef -
(H2bim) and of the spectrometer frequency from 200 to 500
MHz. The broadening caused by the presenceaf(H.bim)

increases with temperature. These observations indicate tha

Fe'' (H,bim) andFée' (Hobim) undergo chemical exchange on
the 'H NMR time scale. Because these species differ by one
electron, this is an electron self-exchange process.

There is no change in chemical shift of the aliphatic signals
on addition ofF€"" (H,bim), indicating that the reaction is in
the slow-exchange limitkgps < A in Hz). In this limit, the
broadening is simply related to the rate constant by €phere
Av is the observed increase in fwhm,is the lifetime of a
nucleus, andgps is the rate of exchange from this sitgys is
the product of the second-order rate conskaibr the chemical
reaction times the concentration of the broadening agent X, in
this case~€"' (H,bim).

T =7 = K= X] ©)

The slope of the plot ofrfAv versus Fée'' (Hobim)] (Figure
6) gives a bimolecular rate constagt = (1.7 + 0.2) x 10*
M~1stat298 K in MeCNés (u = 0.1 M), corresponding to
a free energy barrieAG* (298 K) = 11.7 & 0.2 kcal mot™.
Activation parameters from rate constants over a-2885 K
range (Figure 7) ardaH* = 4.1 + 0.3 kcal mot! andASF =
—254+ 1 cal K mol~L. The rate is unchanged upon deuteration
of the NH groupsffe!' (Dbim)-ds + Fe'' (Dobim)-dg]. Solution
ionic strength was maintained either by maintaining constant
[Felotar Or by addition of n-BusNCIO4. The rate constants
increase approximately two-fold on increasing the ionic strength
from 0.1 to 0.4 M. In DMSOdg, ke = (6.94+ 1.0) x 10* M1
slat 298 K ¢« = 0.1 M), a factor of 4 greater than the rate
constant in MeCNds.

Addition of F€'' (Hbim) to solutions ofFe' (H,bim) causes
qualitatively similar changes in th#H NMR spectra. Again,
the amount of broadening is proportional to the amount of iron-
(1) complex added and is the same for the two aliphatic

(37) (a) Sandstimm, J. Dynamic NMR Spectroscoppcademic Press:
New York, 1982. (b) Gather, H.NMR Spectroscopy: Basic Principles,
Concepts, and Applications in Chemistynd ed.; Wiley: New York, 1992.
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Figure 7. Temperature dependencelgf (circles) andky- (squares)
in MeCN solution.

resonances dfe' (Hobim). As in the previous case, broadening
is independent of the concentrationfed' (Hobim) and of the
spectrometer frequency (200 to 500 MHz), and the broadening
increases with temperature. Because these two complexes differ
by a proton and an electron, this is formally a hydrogen atom
self-exchange reaction (see below). The rate conskant=
(5.8+ 0.6) x 16 M~1s71 is three times slower thag- under
identical conditions (298 Ky = 0.1 M); AG* (298 K) = 12.3
+ 0.2 kcal mot™. Eyring analysis (284333 K) givesAH* =
4.44 0.7 kcal mot? andASF = —26 & 2 cal K mol1. The
ame rate constants are obtained usiglgHbim)-d,, andFe' -
Hbim)-d,4 and measuring the change irbQine widths. In
DMSO-ds, ki = (1.9 4+ 0.2) x 10* M1 s71 at 298 K, three
times faster than the rate in MeCi; and approximately four
times slower tharke~ in the same solvent. A primary kinetic
isotope effeckyn/knp Of 2.3 £ 0.3 was measured at 324 K for
the reaction ofFe'! (D;bim)-dg and Fe'' (Dbim)-ds. The same
kinetic isotope effect was observed in MeGRl-containing
1—-2% ethanolds, added to ensure high deuterium enrichments.
In addition, kyn/knp at 298 K measured using theDdabeled
reactants agreed with measurements on the protio analogues,
within experimental error.

The possibility was considered that sonk@" (Hobim)
present as an impurity in th&€" (Hbim) was producing
spurious broadening of tHee (Hobim). Given thatk.- is only
a factor of 3 faster thaky, ca. 30% of theé=€'"' (Hbim) would
have to be protonated to account for the broadening observed.
N-Methylmorpholine (K, = 15.6%) added to samples at
concentrations up to 2.3 M caused no changes in the formal H
exchange rates or in the measured isotope effect, although the
base would have significantly reduced the concentration of any
residualFe"! (H,bim).

The preceding discussion illustrates that although NMR line
widths are easily measured, their interpretation needs to be made
with care. The results described above are not due to impurities
because reproducible rates were obtained between different
batches of solvent and iron complexes, with different water
concentrations in the solvent, whetti@'' (Hbim) was isolated
or generated in situ with £ and whether the measurements
were done byH or 2H NMR. No difference in reactivity was
observed between protio MeCRH NMR) and MeCNes (*H
NMR), nor did pretreatment of the solvent with copper(ll)
sulfate as an amine scavenger have an observable effect on the
kinetics. Saturation transfer experiments were attempted with
the goal of directly demonstrating chemical exchange. Unfor-
tunately, even the deuterat&@"' (Hbim)-d,4 has too short a
relaxation time to allow measurable magnetization transfer. A
number of reagents have been found to broaden Hhsignals
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Table 3. Kinetic Data for Iron-Bi-imidazoline Self-Exchange Reactidbns

reaction k(M-1s™) AH* AS AG* wP (AN (UBoue!  (1/4Winne®
electron transfer (eq 2) 1.2(0.2)x 100 4.1&03F —25(t1)¢ 11.7¢0.2) 2.1 9.6 4.5 5.1
hydrogen atom transfer (eq 4) 580.6)x 10° 4.4&0.7f —-26(2)f 12.3&0.2) 14 10.9 ~0 10.9
proton transfer (eq 3) ~2 x 1069 9(x1) ~2 ~7

2Values at 298 K, in MeCNk, u = 0.1 M, in kcal mof* (AH¥, AG*, w;, andA) or cal K-* mol~! (AS). ® From egs 8-10. ¢ From eq 7.9 From
eq 11. From an Eyring plot over 298355 K. f From an Eyring plot over 284333 K. 9 Measured values range fromx110°to 4 x 10° M~1s1,

of Fe!' (Hzbim), including 4-nitrophenol (§a = 20.7), 2-ami-  Scheme 1. Thermodynamic and Kinetic Values
noethanol (17.5), tri-butylamine (18.1), piperidine (18.9), o

quinuclidine (19.5), and DBU (24.3§.Even at low concentra- ’ —‘ HN{L} “3+
J‘%\N H* transfer <—"/ %

X

H HN
N X
tions of these reagenfs<10 mM, relative to Fe' (H,bim)] = N, i

Z
-—2 )

. N NH
40 mM}, substantial broadening is observed{BD Hz). This /‘N’FT\N/ NH ko -2x 105 M s ,\rF K?INH
is most likely a result of the reagent binding to iron, as more HNJ\?N - p*;(* 175405 HNJ\‘?N —
broadening is caused by the sterically unencumbered 2-amino- HN-/ e HN

ethanol versus the more crowded piperidinenthutylamine,

and quinuclidine. The broadening does not simply correlate with LF transfer o transfer
thermodynamic acidity or basicity. The coordinating acid ¢_ 4y Koo = 5.8 x 103 M5 ko= 1.7 x 10° M7Is"!
4-nitrophenol (K, = 20.7) causes broadening, whereas triflic D(N-H) = 76 + 2 E=-0314005V
acid, [H-DBUICIQOy (24.3), and 2,4,6-trert-butylphenol &28)
do not2° For the reaction betwedte' (H,bim) andFe" (Hbim),
coordination is not the cause of broadening because the doubly HN . HN o0
deprotonated specieBe" (bim), a more potent base and {%N _‘ PNANT
nucleophile, does not broaden thél Gignals ofFe! (Hobim). N, F_n»‘"“%}“ Nov N NH

Line widths for the NH signals were found to be more o \N\'_,NH pKa=26 ' e\N\’_JNH
susceptible to impurities, so exchange rates were derived from HN):S& HNJ:r\ﬁ

line broadening of the B signals except in the case of proton

self-exchange (see below). Different sampleg-ef (Hbim) ) .
showed approximately 40% variation in fwhm for theiNites, consistent with values for related systems. Self-exchange rates

substantially larger than the ca. 5% variation in thé €ignals. for Fe(pheng?*’** and Fe(bipyy**** are 350 and 220 times
In the electron transfer experiments, rate constants derived fromfaster, with values at 298 K dfs = (6.0 + 0.6) x 10° and
NH broadening agreed with those derived from thel C (3.7 0.8) x 10° M~!s™! (AG%e- = 8.2+ 0.8 and 8.5+ 1.8
resonances within a factor of 2. In the H-atom transfer reactions, kcal mol?), AH*e- = 2.1+ 1.0 and 2.1+ 3.0 kcal mot™, and
the NH signals broaden and shift as a function of reactant AS'e = —21 + 3 and —22 £ 10 cal K'* mol %% These
concentrations and magnetic field strength, indicating chemical measurements were done similarly in acetonitriletHyNMR
exchange in the intermediate rather than slow-exchange regimeline broadening, although at slightly lower ionic strength (48
Estimates of the rate constants for proton (ant) Belf- and 68 mM, respectively). The lower barriers for Fe(plerd"
exchange (eq 3) were obtained by line-shape analyses of theand Fe(bipy¥*** exchange are due to these ions being low-
population, weighted N or ND signals. Simulation of the  spin, thus undergoing less inner-sphere reorganization on
exchange-broadened spectra for the reactidretf(Hbim) to electron transfer. For the low-spin complexes!/ffe-N dis-
Fe'l (H,bim) indicated a second-order rate constant~ 2 x tances differ by<0.01 A3 versus~0.1 A for Fe(Hpbim)z2+/3*
10°M~1s 1 (MeCN-ds, 298 K,u = 0.1 M; values ranged from  (see above). Self-exchange between the high-spin aquo ions
1x 10Pto 4 x 10° M~1s™1). This corresponds to a free energy  Fe(H0)s2"3* in aqueous solutionu(= 0.55 M, 294.6 K) is
barrier AG* (298 K) = 9 + 1 kcal mol™™. Inspection by?H more than a thousand times slower than for Fbii)?*/3",
NMR (30.7 MHz) using the perdeuterated ferric complexes with ke = 3.3 M1 571 (AG*s = 17 kcal mot?), AH* = 9.3
indicatedkp+ ~ 3 x 10° M~ s7* (MeCN, 298 K,u = 0.1 M). kcal molt, andASF = —25 cal KX mol~142 This in part reflects
The breadth of the NMR resonances precludes accurate meathe 0.17 A change in FeO distance on electron transfér.
surements of rate parameters or the kinetic isotope effect. These AGH
data suggest that under similar conditions, the proton transfer
between iron bi-imidazoline complexes is more facile than both
electron and hydrogen atom transfer.
Kinetic and thermodynamic data for the iron bi-imidazoline
complexes are summarized in Scheme 1 and Table 3.

o for self-exchange is the sum of the work needed to
bring the reagents togethew, plus the intrinsic barrier (1/4)-

(eq 7). The intrinsic barrier is in turn divided into inner-sphere
(vibrational,A¢j) and outer-sphere (solvelit o) reorganization
energies. The work term; is the electrostatic repulsion of the
ions being brought together aid-, is the solvent reorganiza-
Discussion tion due to the movement of charge on electron transfer. For
roughly spherical reagents such as considered here, these can
be calculated reasonably accurately according to edsl8 Z;

andZ, are the charges of the iori3s andD, are the static and

1. Electron Self-Exchange.The kinetic data for electron
transfer betweeifre' (Hobim) and Fe"' (Hobim) (Table 3) are

(38) pKa values from ref 35 or Bernasconi, C. F.; Leyes, A. E.; Ragains,

M. L.; Shi, Y.; Wang, H.; Wulff, W. D.J. Am. Chem. Sod998 120, (40) Chan, M. S.; Wahl, A. CJ. Phys. Chem1978 82, 2542-2549;
8632-8639. bipy = 2,2-bipyridine and pher= 1,10-phenanthroline.

(39) Estimated using the equatioligiMeCN) = 7.10+ 1.17K4DMSO) (41) (a) Fujiwara, T.; lwamoto, E.; Yamamoto, Morg. Chem.1984
(a) Maran, F.; Celadon, D.; Severin, M. G.; Vianello,JEAm. Chem. Soc. 23, 115-117. (b) Johansson, L.; Molund, M.; Oskarrson,ldorg. Chim.
1991, 113,9320-9329. (b) Bordwell, F. GAcc. Chem. Resl988 21, Acta1978 31,117-123.

456-463. (c) Bordwell, F. G.; Zhang, X.-Ml. Phys. Org. Chen1.995 8, (42) Silverman, J.; Dodson, R. W. Phys. Chem1952 56, 846—-852.

529-535. (43) Reference 7d, p 337.
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optical dielectric constants of the solvéfit;; andr, are the Scheme 2.Possible Mechanisms for Net Hydrogen Atom
ionic radii of the reactants, and, the collision distance. The  Transfer

Debye-Huckel approximation is an accepted treatment reactions . Hydrogen atom transfer or proton-coupled electron transfer:

atu = 0.1 M despite deviations from ideal behav#®Equation concerted transfer of H* and ¢ without the presence of an intermediate.
9 gives the inverse of the Debye screening facfrwith

Boltzmann’s constankg) in kcal K71, x in mol dni3, and the

factor 167 to convert dmto A3. The terme?, defined by eq 10

whereeg, is the elementary charghla is Avogadro’s constant,

ande, is the permittivity of vacuum, is equal to 332.1 kcal A

mol %,
+ _ Fe''(Hbim) Fe'(H,bim)
AG e Wr + (1/4')2’6ﬁ - Wr + (1/4)a’9’,| + AF,O) (7) FeH(szim) Fem(Hbim)
2
W= € lezf (8) b. and ¢. Stepwise transfer of (b) an electron followed by a proton,
r D 12 or (¢) a proton followed by an electron. These pathways involve
formation of FeH(Hbim) + Fem(szim) as an intermediate.
- 8r¢€’
f =1+ Mo —7#— 9) electron frr:ri(s}’;r
102 D kBT transfer
S
2
e N
2 0 A
e =— 10
o (10)
Fe!l(Hbim)
Ae 0= ez(i - lj(i +oL iz) (12) Fe''tHobim)| {aG* = 115
' Do D 2r1 2r2 ry kcal mol!
For electron exchange betweefe (Hzbim) and Fe' - Felll(Hbim) Fell(H,bim)
(H2bim), the crystal structures suggest values,of 4.9 A, r» Fell(H,bim) Felll(Hbim)

=5.0 A, andri, = 10 A. Equations 811 then givew, = 2.1
kcal mol~tin MeCN and 1.7 kcal moft in DMSO, andie o= :
17.9 kcal mof! (MeCN) and 14.8 kcal mol (DMSO).

Although DMSO is a more polar solvent than acetonitrile, its < }

greater optical dielectric constant allows the higher-frequency path c: proton transfer followed by electron transfer

solvent modes to respond more easily to charge transfer, causin% o ) )

it to have the lower energy of solvent reorganization. This model PY initial electron transfer fronfre! (Hzbim) to Fe!' (Hbim) to
predicts tha\G*e will be 1.2 kcal mot™ lower in DMSO than  give Fe!' (Hbim) andFe" (Hzbim), followed by proton transfer

in MeCN, roughly consistent with the 0.8 kcal mbHifference  to give the products (path, moving left to right at the bottom
observed. The observed positive salt effect is expected for the©f Scheme 2). The third possibility is initial proton transfer from
encounter of similarly charged species. The, calculated from  F€' (Hzbim) to Fe' (Hbim), followed by electron transfer (path

eq 7, is 20.5 kcal mot. Inner-sphere reorganization can in G right to left at the bottom of Scheme 2). Pathandc are
principle be calculated from bond length changes and force different, but they yield the same intermediates from the same
constantd, but the latter are not available for these bi- Starting materials. They are the reverse of each other, the same
imidazoline complexes. Iron hexammine complexes should be Pathway with the arrows reversed. Therefore, by the principle
good models for Fe(#him)s2+/3+, as both involve high-spin ions of microscopic reversibility, pathb and c must occur at the

and ~0.1 A changes in FeN bond lengths upon electron ~Same rate. They have the sa&*.

transfer; our value ol is somewhat larger than the ab initc ~ The intermediate state of pathsindc, Fel' (Hobim) + Fe''-
estimate of 14 kcal mol for Fe(NHy)e2+/3+.46 (Hbim), is ~11.5 kcal mof! above the ground state on the

2. Mechanism of Hydrogen Atom Self-ExchangeThe basis of the values in Scheme 1. This is almost as large as the

NMR experiments show that there is chemical exchange Observed barrier for net H-atom self-exchang&'y = 12.3
betweerFe! (H.bim) andFe" (Hbim), but they do not indicate ~ kcal mol™%, which argues against a stepwise pathway. More
the mechanism by which exchange takes place. There could peduantitatively, Marcus theory can be used to calculate the barrier
concerted movement of a proton and an electron without the for the electron transfer step in pathsindc (eq 12;w; from
presence of an intermediate. This pathway can be called proton-€ds 8-10). The value oAG" is corrected for electrostatic effects
coupled electron transfer or hydrogen atom transfer. It is (AG” ~ 11 kcal mof*)’ and the intrinsic barrierig) is

pathwaya in Scheme 2. Alternatively, exchange could occur assumed to be the same as that determined abovEefor
(Hzbim) + Fé'(Hzbim), 38 kcal mot™.

path b: electron transfer followed by proton transfer

(44) MeCN: Ds= 37.5 andD, = 1.7999. DMSO:Ds = 46.7 andD, =
2.1824 as quoted in Reimers, J. R.; Hall, L.E.Am. Chem. Sod.999

121,3730-3744. £ e AG®'\2

(45) (@) Brown, G. M.; Sutin, NJ. Am. Chem. Sod.979 101, 883— AGe =w, + 7(1 + 71 ) 12)
892. (b) Nielson, R. M.; Wherland, 3. Am. Chem. So4985 107, 1505~ e
1510.

(46) (a) Zhou, Z.; Khan, S. U. Ml. Phys. Chenl989 93, 5292-5295. The barrier to the uphill electron transfer is calculated to be

(b) Calculations on Fe(tacsf)**: Gao, Y.-D.; Lipkowitz, K. B.; Schultz, 1 1 hi
F. A. J. Am. Chem. Soc995 117, 11932-8. (c) For a discussion on 17 kcal mot™, almost 5 kcal mat® higher than the observed

AM. . £ i '
underestimation ofc; see: Formosinho, S. J.; Arnaut, L. G.; Fausto, R. AG"w The uphill electron transfer should be ca. 4000 times
Prog. React. Kinet1998 23, 1-90. slower tharke-, but only a factor of 3 is observed. Thus electron
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transfer is not kinetically competent to interconviegt (H,bim)
andFée'" (Hbim), ruling out paths andc.

J. Am. Chem. Soc., Vol. 122, No. 23, 3d06

reducingknn/knp according to classical argumeritsand allows
close approach of the complexes, which has been suggested to

Therefore reaction 4 must occur by concerted transfer of an reduce the tunneling componéiSmall primary kinetic isotope
electron and a proton, effectively a neutral hydrogen atom effects have also been reported f(_)r thermodynamically _degfener-
transfer. The data do not reveal the microscopic details of this ate proton transfefS.These are believed to result when diffusion

step? such as the synchronicity of electron and proton move-

ments, but they do rule out the intermediacyF&" (Hobim)
+ Fé'(Hbim). The 11.5 kcal mot! free energy cost to make

or solvent reorganization (or both) are partially rate limiting.
Recent findings suggest that proton transfer may be nonadiabatic
and involve extensive tunneling of H and D even when small

this intermediate pair is the thermodynamic bias for one-step isotope effects are observedlt is possible that a similar
H-atom transfer over a stepwise path. This bias is a result of Situation obtains during Hransfer, that the reaction coordinate

the mutual influence of the electron and proton, tFkat!-
(H2bim) is a~0.5 V stronger oxidant than its deprotonated form
Fe'' (Hbim) or (equivalently) thafFe" (H,bim) is ca. 18 more
acidic thanFe" (Hzbim). The energetic bias in this system is

involves primarily low-frequency modes and the hydrogen
transfer occurs by tunneling.

3. Intrinsic Barriers for Hydrogen Atom Transfer. Fol-
lowing eq 7, the intrinsic barrier for H-atom transfer frétd'! -

apparently enough to overcome the suggested general preferencgH,bim) to Fe'' (Hbim) (eq 4) is given byl = 4(AG* —
for stepwise over concerted mechanisms (derived for the impactw;) = 44 kcal mof. TheA, for hydrogen atom transfer reactions

of conformational changes on long-range electron tranéfer).
The primary isotope effediyp/knp = 2.3+ 0.3 at 51°C (324

(Arr0) should be very small, as this term reflects the solvent
reorganization upon movement of charge, and no charge is

K) is smaller than would be expected from a simple classical transferred in an atom transfer process. In support of this, rate

model of symmetrical linear hydrogen exchari§étill, this is
larger than the very small isotope effégf/kop = 1.24 at 21
°C reported for 2,4,6-triert-butylphenol/2,4,6-triert-butylphe-
noxyl radical exchandg@ (and the small isotope effects reported

constants for hydrogen atom transfer from cyclohexane to
cumyloxyl radical have been shown to be independent of solvent
(<£10%) over a large range of dielectric constants, from,CCl
and GHs to MeCN and MeCG@H.5° Schwarz and Endicott have

for electron transfer reactions involving iron aquo and cobalt similarly concluded that, = 0 for halogen atom transfer (inner-

amine complexé&§). Much larger isotope effects have been
observed for CH- HCI/DCl in the gas phase (84 1.1 at 39.3
°C)**and PhCH + PhCHyYPhCD; (7.7 at 155°C);52 the latter

sphere electron transfer) reactions of "o complexe$?
Therefore the intrinsic barrier consists primarily of inner-shell
reorganizationly = A i. This predicts that the difference in

is greater than the classical value of 4 at this temperature the rates of reaction in MeCN and DMSO should be predomi-
(ignoring secondary isotope effects). Quite large isotope effectsnantly due to the difference in work terms. Taking the closest
have also been observed for a variety of related metal-mediatedcontact distancer{, = 10 A) in the NH--N bonded network

reactions. Meyer and co-workers have repokgdkop values

in the range 1650 for a number of proton-coupled electron-
transfer reactions of rutheniuroxo complexes (some described
as hydrogen atom transfe$)The driving force dependence
of large H transfer isotope effects has recently been discu¥sed.
Isotope effects up te~100 have been seen in a number of

of FE'" (Hbim) as a model for the H-atom transfer reaction
coordinatew; is estimated to be 1.4 kcal mdlin MeCN and

1.1 kcal mof! in DMSO. The 0.3 kcal mott difference in
calculated work terms is in reasonable agreement with the 0.7
kcal mol! difference in the observed free-energy barriers.

We suggest thaty o = 0 may prove to be a general criterion

enzymatic reactions and model systems that involve H-atom tg distinguish atom transfer from other mechanistic pathways.
transfer®® It is not clear why the very large effects are seen in \when at least one of the reagents is unchargeds 0 so the
some systems but not others. Perhaps the small steric demandondition A+, = 0 predicts that barriers will be roughly

of the bi-imidazoline Iigands allows a nonlinear transition state, independent of solvent. This potentia”y provides an experi_

(47) Hoffman, B. M.; Ratner, M. AJ. Am. Chem. So&987, 109,6237—
6243.

(48) Melander, L.; Saunders, W. Reaction Rates of Isotopic Molecules
Wiley-Interscience: New York, 1980.

(49) Arick, M. R.; Weissman, S. . Am. Chem. S0d.968 90, 1654.

(50) (a) Buhks, E.; Bixon, M.; Jortner, J. Phys. Chenil981, 85, 3763~
3766. (b) Guarr, T.; Buhks, E.; McLendon, G. Am. Chem. Sod.983
105, 3763-3767. (c) Friedman, H. L.; Newton, M. D. Electroanal. Chem.
1986 204,21—29.

(51) (a) Klein, F. S.; Persky, A.; Weston, R. E., JrChem. Physl964
41, 1799-1803. (b) Garrett, B. C.; Truhlar, D. G.; Wagner, A. F.; Dunning,
T. H., Jr.J. Chem. Phys1983 78, 4400-4413 and references therein.

(52) Jackson, R. A.; O'Neill, D. WJ. Chem. Soc., Chem. Comm{f69
1210-1211.

(53) (a) References 2c, 5c, 19a. (b) Binstead, R. A.; Moyer, B. A;;
Samuels, G. J.; Meyer, T. J. ibi@981, 103,2897-289. (c) Binstead, R.
A.; Stultz, L. K.; Meyer, T. JInorg. Chem1995 34,546-551. (d) Seok,
W. K.; Dobson, J. C.; Meyer, T. J. ihid988 27, 3—5. (e) For examples
that involve H transfer (another form of proton-coupled electron transfer),
see: Roeker, L.; Meyer, T. J. Am. Chem. Sod.986 108 4066-4073
and ibid 1987 109 746-754. (f) For a recent example with an osmium
hydrazido complex, see Huynh, M. H. V.; Meyer, T. J.; White, PJS.
Am. Chem. Sod999 121, 4530-1.

(54) (a) References 19b and 53f. (b) Rodkin, M. A.; Abramo, G. P;
Darula, K. E.; Ramage, D. L.; Santora, B. P.; Norton, JORyanometallics
1999 18,1106-1109. (c) Eisenberg, D. C.; Lawrie, C. J. C.; Moody, A.
E.; Norton, J. RJ. Am. Chem. S0d.99], 113,4888-4895.

mental distinction between hydrogen atom transfer and other
types of proton-coupled electron transfer. For instance, large
values ofl,, are anticipated for proton-coupled electron-transfer
reactions in which the electron moves in one direction and the
proton in anothet.In this view, H-atom transfer is a subset of
a broader class of proton-coupled electron-transfer reactions.
At first glance, Fe'(Hzbim) is an unlikely reagent to do
hydrogen atom transfer, as the proton that is transferred is three
bonds removed from the metal center that accepts the electron.
The analysis above ignores the likely formation of a hydrogen
bond betweerFe' (Hzbim) and Fe"' (Hbim). Bi-imidazoline
complexes are capable of forming strong hydrogen bonds, as
evidenced by the solid-state structureFa" (Hbim) and the
apparent aggregation oF¢'(Hbim)] in dilute solution. The
Fe'' (Hbim) structure may be a good model for the precursor

(56) (a) Kreevoy, M. M.; Ostow, D.; Truhlar, D. G.; Garrett, Bl. Phys.
Chem.1986 90, 3766-3774 and references therein. (b) Reference 19b.
(57) Perrin, C. L.; Dwyer, T. J.; Baine, B. Am. Chem. S0d.994 116,
4044-4049. Also see 8d and references therein.

(58) Peters, K. S.; Cashin, A.; Timbers,?Am. Chem. So200Q 122,
107-113.

(59) (a) Avila, D. V.; Brown, C. E.; Ingold, K. U.; Lusztyk, J. Am.

(55) (a) Reference 2g and references therein. (b) Lewis, E. R.; Johansen,Chem. Soc1993 115 466-470. (b) Recent confirmation and extension:

E.; Holman, T. R. ibid1999 121, 1395-1396. (c) Mahapatra, S.; Halfen,
J. A.; Tolman, W. B.J. Am. Chem. Sod996 118 11575-11586 and
references therein.

Weber, M.; Fischer, HJ. Am. Chem. So0d.999 121, 7381-7388.
(60) Schwarz, C. L.; Endicott, J. Fhorg. Chem1995 34,4572-4580
and refs. therein.
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Table 4. Kinetic Data for Hydrogen Atom Self-Exchange Reactions-XH—X

X 4+ HX k2 barrieP BDEP ref
H + H; (gas phase) [& 109 E=7 104 65
Cl + HCI (gas phase) [k 109 E=55 103 51
OH + H,0 (gas phase) [ 107 E=4.2 119 66
CHgz + CHy (gas phase) [ 1072)d E=14 105 65
t-BuO + t-BuzCOH (-BuOQt-Bu) ~3 x 10¢ E=26,AG'=11 103 67
t-BuOCO + s-BUOOH (-CsH12) 5x 17 E=45/AG'=14 8% 68
0- OH
+ (CCly) 2 x 10 AGH=14 810 49
D D
H
ﬁ + ﬁ ~4 x 10 AGF=13 ~35M 69
Ar” R Ar” R
CgH17S + CsH13SH (nonane) 3k 10 E=5AG =11 87 70
CeHsCHy* + 3-DCsH4CH;s (toluene) ~4 x 1075 E=20,AG" =23 90 52
Fell(Hbim) + Fé' (H,bim) (MeCN) 6x 108 E=5AG =12 76 j
CpCr(CO)¥ + CpCr(CO}H (benzene) ca. £¢ AGF=15 62 18d
Tp*Mo(CO)sH + Tp*Mo(CO)s* (THF) <6x 1073 AGF = 20 59 18¢c
CpW(CO}H + CpW(CO) (benzene) > 108 AG =<9 72 18b

2Rates at 298 K, in units of M s™%; gas-phase rates in square bracke (Arrhenius activation energy\G*, and H-X bond dissociation
energies (BDE) in kcal mol. ¢ Reference 719 Extrapolated from data for 45800 K.e©Reference 72.Barrier for t-BuQ,” + 1-indanyl
hydroperoxide9 Reference 73"Bond strength for MeSH, from ref 71.' Reference 74.This work.k Reference 75.Tp* = hydrotris(3,5-
dimethylpyrazolyl)borate; bond strength from ref T&Reference 83.

complex in the H-atom transfer reactioand for the proton 4) show that the barriers do not correlate with BDEs. For
self-exchange reaction (eq 3). Both the work term and the instance, toluene/benzyl radical exchange is more th&n 10
intrinsic barrier could be influenced by a hydrogen b&hdt slower than alcohol/alkoxyl radical exchange, even though the
this stage it is unclear how important hydrogen bond formation PhCH—H bond is 15 kcal mol* weaker than RGH. Param-
is to the energetics of the self-exchange reactions discussed hereeters other than the bond strength are clearly also important. A
Hydrogen bonding could have quite different influences on number of semiempirical approaches has been put forward to
“normal” hydrogen atom abstractions by main group radicals, explain hydrogen atom transfer reactionsA + B, including
where the singly occupied abstracting orbital does not form curve-crossing models based on singleiplet splittings, ionic
hydrogen bond& versusFe' (Hbim) where the hydrogen-  surfaces, and antibonding between A antl Bhe H-atom self-
accepting orbital is essentially a nitrogen lone pair. exchange rate constants in Table 4 follow the same trend as
Early papers by Marcus, based on simple empirical bond proton transfers, in that reactions involving-® or N—H bonds
energy-bond order calculations, suggested that activation are much faster than those involving—@& bonds. Perhaps
barriers for atom transfer self-exchange reactions should beH-atom transfer should be viewed as electron-coupled proton
roughly 5-10% of the bond dissociation energy (BDEF3This transfer, rather than as proton-coupled electron transfer.
has been variously interpreted as Fag AH* + RT)80 or as the (66) Dubey, M. K.; Mohrschladt, R.; Donahue, N. M.; Anderson, J. G.
AG* for self-exchangé® For dissociative electron transfer e J. Phys. Chem. A997,101, 1494-1500.
+RX R+ X (a somewhat different process), Sawes (e Gt ™ W ol M R Samlora 83 603
successful extension of Marcus theory gives* = (1/4)(BDE 627.
+ 1) atAG® = 0.2 and this has been extended to proton-transfer  (69) Wagner, P. J.; Zhang, Y.; Puchalski, A. E.Phys. Chem1993
reactions® The barriers for reaction 4 are smaller than the 97-(713)32%11_1%?,7&%‘? égfﬁgirs‘f:rﬁ ;\;‘_egi"kutrey, S.T.: Ferris, K.F.: Franz.
prediction of the Sa\ant equation ¥25% BDE) but fit the J. A J. Phys. Cheml992 96, 7037-7043.
Marcus prediction reasonably well. ThAG*- — w;) of 10.9 (71) Berkowitz, J.; Ellison, G. B.; Gutman, D. Phys. Chen994 98,
kcal moltis 14% of the N-H bond strength and thg, of 4.6 2744-2765. _ o . .
keal mol is 6% of the bond strength. But in general, self- Alf(a7szs)i,%?llés.,5|éc'io.\;. éh'gcﬁri’:;:caégégeggfoﬂf ,“:’I’_‘:'alug%?g”ég?ad'ca's
exchange barriers do not parallel bond strenttiénetic data (73) Lucanini, M.; Pedrielle, P.; Franco Pedulli, G.: Cabiddu, S.; Fattuoni,

for a range of hydrogen atom self-exchange reactions (TableC. J. Org. Chem1996 61, 9259-9263.

(74) Bierbaum, V.; DePuy, C.; Davico, G.; Eillison, Bt. J. Mass
(61) Kresge®< Kreevoy (Kreevoy, M. M.; Oh, S.-WJ. Am. Chem. Spectrom. lon Phys1996 156, 109-131.

Soc. 1973 95, 4805-4810), Norton'°ad and others (refs 10, 29, and (75) Reference 18d reports= 910 M1 s71 for (CsMes)Cr(CO) +

Robinson, B. H. in ref 10b, pp 121152) have touched on hydrogen bonding H—Cr(CO)(PPh)Cp for whichAH® = —2.5 kcal/mol, so the self-exchange

andw; in the context of proton transfer. Ref 62 discusses how hydrogen rate in this system is estimated as ca&2 W01 s1. The rate for Cp(CQ)

bonding can inhibit phenol/phenoxyl reactions. Cr + H—Cr(COXCp (mentioned in ref 18a) could be faster if steric effects
(62) Folti, M.; Ingold, K. U.; Lusztyk, JJ. Am. Chem. S0d.994 116, are important.

9440-7. (76) Skagestad, V.; Tilset, M. Am. Chem. S04993 115 5077-5083.
(63) For a recent analysis of the strengths and weaknesses of the BEBO (77) (a) Pross, A.; Yamataka, H.; NagaseJSPhys. Org. Chen991

model, see Blowers, P.; Masel, R.JL.. Phys. Chem. A998 102,9957— 4, 135-140 (emphasizes singtetriplet gaps). (b) Donahue, N. M.; Clarke,

9964. J. S.; Anderson, J. Q. Phys. Chem. A998,102,3923-3933 (emphasizes

(64) (a) See the discussion of self-exchange reactions of carbon radicalsionic states). (c) Zavitsas, A. A.; Chatgilialoglu, LAm. Chem. So2995
in ref 17a. (b) It should be noted that barriers for halogen atom ahd X 117, 7, 10645-10654 (emphasizes-AB antibonding). (d) A variant and

exchange often fall in the order< Br < CI, which is the order of M-X extension of the Zavitsas and Chatgilialoglu model is described ineBe
BDEs: (c) Schwarz, C. L.; Bullock, R. M.; Creutz, @. Am Chem. Soc. T.; Dombi, J.Int. J. Chem. Kinet198Q 12, 123-139 and 183-214. (e) For
1991 113,1225-1236 and references therein. an overview of the curve-crossing model, including both singiéplet

(65) Kerr, J. A.; Moss, S. JCRC Handbook of Bimolecular and and ionic contributions, see Shaik, S.; Shurki,Axgew. Chem., Int. Ed.
Termolecular Gas Reaction€RC Press: Boca Raton, FL, 1981; Vol. 1,  Engl. 1999 38, 586-625. (f) Reference 64c uses a curve-crossing model
p 9 and p 187. with an ionic surface to discuss™Xself-exchange between metal centers.
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Table 5. Rates for Electron, Proton, and H-Atom Self-Exchange Reaétions

X ke (X + X7)2 kyt (X~ + HX)2 ke (X + HX)2 ref
Fe'" (Hbim) 1.7 x 10* (CDsCN) ~2 x 10° (CDsCN) 5.8x 10° (CDsCN) this work
CpCr(COy unavailable 1.8« 10* (CDsCN) ca. 16 (C¢Dg)° 79
Tp*Mo(CO)s© 8.6 x 10 (THF—dg)" 3.5 (THFdg)¢ <9 x 1073 (THF—dg)® 18c
CpW(CO) 3 x 107 (CDsCN) 6.5x 10? (CDsCN) >10P (CgDs) 18b

aRates at 298 K (unless otherwise noted), in units of Br'L. ® Reference 75¢ Tp* = hydrotris(3,5-dimethylpyrazolyl)boraté At 303 K. ¢ At
239 K.

Fe'' (Hbim) has previously been shown to abstract a hydro- systems in Table 5 show fairly close rates for electron and

gen atom from organic molecules with weak-8 bonds? The H-atom transfer. This is consistent with the suggestion above
rate of abstraction from 9,10-dihydroanthracene roughly cor- that the larger inner-sphere reorganization energy associated with
relates with the rates of abstractions btBuCO and s-BuOO, X—H bond cleavage is partially offset by absence of solvent
following the Polanyi relation (eq 1). But only “similar” radicals  reorganization for the transfer of a neutral H

fall on the same Polanyi line, ariee"' (Hbim) and the oxygen In the present workky+ is larger thanky and ke-. This

radicals do not appear similar. This study shows that one key contrasts with the available data on reactions of carbonylmetal-
similarity among the three reagents is their H-atom self- lates!92d18b.Proton transfer between nitrogen atoms is typically
exchange rates, lég- = 3.6 + 0.9 (Table 4). Such variationis  fast because little reorganization is involved, whereas significant

reasonable given the tightness of the Polanyi correl&fiémhat geometrical changes occur upon deprotonation of most metal
the different reagents have similar self-exchange rates may provehydrides. In addition, proton transfer frafe"' (H,bim) to Fe'' -
to be a necessary condition for a Polanyi correlation. (Hbim) is likely facilitated by initial formation of a NH-N

4. Comparisons of Intrinsic Barriers for Electron, Proton, hydrogen bond, similar to the solid state structureFef! -
and Hydrogen Atom Transfer. All three self-exchange reac-  (Hbim). Metal hydrides and carbonylmetallates do not engage
tions in the iron bi-imidazoline system are quite facke~( 10° in significant hydrogen bonding.
M~1 s1). The intrinsic barriersAG* — w,, are (kcal mot?): Kristjansddtir and Norton have shown that the proton-transfer

(/AU ~ 7 < (U4Me = 9.6 < (1/4) = 10.9. It is perhaps  self-exchange rates for CoM(C$p) + CpM(CO)- (M = Cr,
surprising that the kinetics of electron and H-atom transfer are Mo, W) can be used to predict rates of cross-reactions CpM-
so similar: the rate constants differ only by a factor of 3, and (CO)H + CpM'(CO);- using the Marcus cross-relation and
the differences iMAG* and (1/4). are only 0.6 and 1.3 kcal — assumingiag = 1 (eq 13)!% The cross-relation follows from
mol~1. Both reactions require the inner-sphere reorganization eq 12 and the additivity postulate that the intrinsic barrier for a
involved in the F& redox couple. H-atom transfer requires, cross-reaction is the average of the self-exchange barriers (eq
in addition, cleavage of anNH bond. Presumably this is the  14). Whether the additivity postulate and cross-relation will
primary contributor toly; being ca. 23 kcal mot larger than apply to hydrogen atom transfer (or proton-coupled electron
Aeji. But this larger inner-sphere term is largely balanced by transfer) and under what conditions is a topic of ongoing
the absence of outer-sphere reorganization for the atom transferresearch. There is at least one case where eq 13 has been applied
The kinetic similarity of electron and hydrogen atom transfer

is apparently due tde , being close to the additionaly:; Ky = m (13)
associated with hydrogen movement. It should be noted that

halogen atom self-exchange reactioigsich as the ) :1(1 + Agp) (14)
“classical” inner-sphere reactigrCoX[Lns](H20)} 2" + {Co- AB T QVIAA T BB

[Lng](H20)2} 27 —can be as much as 4fimes faster than outer- ) _
sphere electron transfer reactions of the similar compounds !0 & proton-coupled electron-transfer reaction, the interconver-
{CO[L][(H20),]2+3+} .78 sion of (H0)sCrOC** and (HO)sCrOOH™ by outer-sphere

To our knowledge, there are only three systems, K¢ electron-transfer reagents in aqueous solm.very slqw
H, for which the intrinsic barriers fore Ht, and H transfer self-exchange rate ot6 x 10®M~! s was derived, but it is
are all known (Table 5), the others being organometallic metal Not clear whether the proton-coupled process is described by
hydride complexes. The iron system is unique because of thethis rate constant. Application of the Marcus cross-relatlon to
involvement of an N-H bond and the separation of this bond 9as-phase hydrogen atom transfer has also been disciissed.
from the redox-active metal center. The iron system is thus
closer to biochemical proton-coupled electron-transfer reactions.
Inspection of the kinetic data in Table 5 reveals no trend or  Self-exchange ratesntrinsic barriers-have been measured

Conclusions

relation between the intrinsic barriers to,&1*, and H transfer. for electron, hydrogen atom, and proton transfer between iron
The relative rates in the iron system &e > ke > ky, covering bi-imidazoline complexes. Following a Marcus theory approach,
a range on the order of 40For Tp*Mo(CO) compounds, the  the intrinsic barrier is a direct measure of the propensity to
range is>10° and the order ike > ky+ > ky. The CpW- undergo reaction in the absence of driving force. Previous

(CO); system has yet a third pattern, wkk andky- both large studies of hydrogen atom self-exchange reactions are few, and
(=10%), and more than Fdarger tharky+. The contrast between  few of these are relevant to the plethora of H-ateon proton-

the two metal hydride systems is remarkable, given their formal coupled electron transferreactions of biological importance.
similarity. Perhaps the Tp*Mo(C@fomplexes are anomalous Here the reactive sites are metal-bound ligands, potentially
because of the steric demands of the Tp* ligand and its models for the active sites of metalloenzymes that mediate H
destabilization of seven-coordinate structures. The other threetransfer.

(78) Endicott, J.; Kumar, K.; Ramasami, T.; Rotzinger, FPRg. Inorg. (80) (a) References 10a, d. (b) A rare example of arr M~ interaction
Chem.1983 30, 141. See also ref 60. is reported in: Brammer, L.; McCann, M. C.; Bullock, R. M.; McMullan,
(79) Edidin, R. T.; Sullivan, J. M.; Norton, J. B. Am. Chem. So&987, R. K.; Sherwood, POrganometallics1992 11, 2339-2341.

109, 3945-3953. (81) (a) References 8al, 66, and 77b and references therein.
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H*, 7, and H" self-exchange reactions of high-spin iron bi- reactions of oxygen radicals because these reagents have similar
imidazoline complexes are all facile, with (in kcal mbht 298 intrinsic barriers for H-atom abstraction. This is a new perspec-
K): AGHy+ ~ 9 < AG'e = 11.7 < AG¥y = 12.3. The fact tive on the Polanyi correlation. Further work is in progress to
that the redox metal is three bonds removed from the proton- test these ideas, and to test the applicability of the Marcus cross
accepting site does not appear to hinder nettridnsfers? relation and additivity postulate (eqs 13, 14) to hydrogen atom
Potentially H™ and H transfer are facilitated by formation of a  transfer reactions.
hydrogen bond in the precursor complex. The similarity of
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