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The synthesis, structural and spectroscopic characterization of monosemiquinone and monocatechol complexes
of chromium(lil) are described. Compounds of the general form [Q@N", where N, represents a tetradentate

or bis-bidentate nitrogenous ligand or ligands and Q represents a reduced form of an orthoquinone, have been
prepared by two different routes from'€rand Ct starting materials. The complex [Cr(tren)(3,6-DTBSQ)]-

(PFs)2, where tren is tris(2-aminoethyl)amine and 3,6-DTBSQ is 3,&dibutylorthosemiquinone, crystallizes

in the monoclinic space growR2;/c with a = 11.9560(2) Ab = 17.0715(4) Ac = 17.1805(4) AB = 90.167(13,

V = 3506.6(1) B, Z= 4, withR= 0.056 ancR,, = 0.070. Alternating GC bond distances within the quinoidal

ligand confirm its semiquinone character. Variable temperature magnetic susceptibility data collected on solid
samples of both [Cr(tren)(3,6-DTBSQ)](R)Ek and [Cr(tren)(3,6-DTBCat)](Pf in the range 5350 K exhibit
temperature-independent values of 2485.1 ug and 3.85+ 0.1ug, respectively. These data are consistent with

a simple C¥ —catechol formulation$ = 3/,) in the case of [Cr(tren)(3,6-DTBCat)](BFand strong antiferro-
magnetic coupling|(| > 350 cnt?!) between the Ct and the semiquinone radical in [Cr(tren)(3,6-DTBSQ)]-

(PFs)2. The absorption spectrum of the semiquinone complex exhibits a number of sharp, relatively intense
transitions in fluid solution. Group theoretical arguments coupled with a qualitative ligand-field analysis including

the effects of Heisenberg spin exchange suggest that several of the observed transitions are a consequence of
exchange interactions in both the ground- and excited-state manifolds of the compound. The effect of electron
exchange on excited-state dynamics has also been probed through static emission as well as time-resolved emission
and absorption spectroscopies. It is suggested that the introduction of exchange coupling and subsequent change
in the molecule’s electronic structure may contribute to an increase of nearly 4 orders of magnitude in the rate
of radiative decayk(), and a factor of ca. 7Gn the rate of nonradiative decal,f).

Introduction be somewhat specialized. However, interest in exchange
coupling is now expanding from its origins in fundamental
lectronic structure research to encompass a variety of disci-
lines ranging from biology to materials science. For example,
the present flurry of activity aimed at developing true molecular-
Based materials has fueled a resurgence in research efforts aimed
'at understanding the electronic structure of more complex
systems. Characterization of “molecular magnéts?$ spin
(farustration effectd/=20 and the development of organic-based

The study of electron exchange interactions in transition metal N
complexes has historically represented an active area of researcla
in inorganic chemistry-® Most of the earlier work on electron
exchange focused on establishing correlations between the natur
and magnitude of electron exchange with molecular structure
identification of orbital exchange pathways, &t@hese efforts
have brought the field of magnetochemistry to a point where
researchers are able to understand and predict with reasonabl
certainty the magnetic properties of S|_mple, C.OUpIed SyStems'(ll) Magnetic Molecular MaterialsGatteschi, D., Kahn, O., Miller, J. S.,
Although the relevance of exchange interactions to areas of Palacio, F., Eds.; Kluwer Academic Publishers: Dordrecht, The
chemistry both within and outside of the inorganic community Netherlands, 1991; Vol. 198.

h [w ncl he field is still consider manv t (12) Molecular Inorganic Magnetic Materiajd<ahn, O., Pei, Y., Journaux,
as aways been cledtthe field is still considered by anyto Y., Eds.; Wiley and Sons: New York, 1992.

(13) Sessoli, R.; Tsai, H. L.; Schake, A. R.; Wang, S. Y.; Vincent, J. B;

(1) O’Conner, C. JResearch Frontiers in Magnetochemist§/Conner, Folting, K.; Gatteschi, D.; Christou, G.; Hendrickson, D. N.Am.
C. J., Ed.; World Scientific Publishing Co. Pte. Ltd.: Singapore, 1993. Chem. Soc1993 115 1804.
(2) Griffith, J. S.Struct. Bonding (Berlin)L972 10, 87. (14) Goldberg, D. P.; Caneschi, A.; Lippard, SJJAm. Chem. So4993
(3) Carlin, R. L.Coord. Chem. Re 1987, 79, 215. 115 9299.
(4) Hodgson, D. JJ. Mol. Catal.1984 23, 219. (15) Miller, J. S.; Epstein, A. JAngew. Chem., Int. Ed. Engl994 33,
(5) Bencini, A.; Gatteschi, DEPR of Exchange-Coupled Systems 385.
Springer-Verlag: Berlin, 1990. (16) Stumpf, H. O.; Ouahab, L.; Pei, Y.; Bergerat, P.; Kahn,JOAm.
(6) Properties of Magnetically Condensed Systeratfield, W. E., Ed.; Chem. Socl1994 116, 3866.
John Wiley and Sons: New York, 1976. (17) McCusker, J. K.; Christmas, C. A.; Hagen, P. M.; Chadha, R. K,;
(7) Tsukerblat, B. S.; Belinskii, M. |.; Fainzil'berg, V. Ba. Sci. Re., Harvey, D. F.; Hendrickson, D. N.. Am. Chem. Sod991, 113 6114.
Sect. B.1987, 9, 337. (18) Libby, E.; McCusker, J. K.; Schmitt, E. A.; Folting, K.; Hendrickson,
(8) O'Conner, C. JProg. Inorg. Chem1982 29, 203. D. N.; Christou, G.norg. Chem.1991, 30, 3486.
(9) Kahn, O.Molecular MagnetismVCH Publishers: New York, 1993. (19) Christmas, C. A.; Tsai, H. L.; Pardi, L.; Kesselman, J. M.; Gantzel,
(10) For example, the antiferromagnetic part of the exchange interaction P. K.; Chadha, R. K.; Gatteschi, D.; Harvey, D. F.; Hendrickson, D.
matrix in a Tanabe exchange formalism can be mathematically related N. J. Am. Chem. S0d.993 115 12483.
to a one-electron transfer integral between the coupled magnetic (20) McCusker, J. K.; Jang, H. G.; Wang, S.; Christou, G.; Hendrickson,
orbitals. See ref 29 for further details. D. N. Inorg. Chem.1992 31, 1874.
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ferromagnet®~25 have generated considerable optimism for the transition metal-quinone dyad complex put forth as a paradigm
eventual realization of a new generation of magnetic materials for the study of the effect of exchange interactions on the
based on molecular rather than bulk properties. From a photophysics of metal complexes. The study of transition
biological perspective, the occurrence of polynuclear metal metal-quinone complexes in general has developed over the
clusters at the active sites of metalloproteins demands anlast two decades into a rich field in terms of both their synthetic
understanding of exchange effects for the characterization of and physical chemistrieg-3° For the purposes of our work,
the electronic structures of these types of proteins, as well asthe advantage of using a redox-active ligand such as a quinone
assessing their possible role in chemical reactikfity® lies in the ability to effectively turn exchange coupling on or
Although electron exchange is almost always thought of in off in a given system (e.qg., a radical semiquinone reduced to a
the context of ground-state configurations, this is not a condition diamagnetic catechol) without making gross changes in the
for the presence of an exchange interaction. We can enumerateverall composition of the molecule. Complexes of chromium-
three general criteria for the presence of intramolecular electron(ll) are of particular interest due to the wealth of information
exchange: (1) each constituent involved in the exchange available concerning the photophysics of this ion in the absence
interaction must possess unpaired electrons; (2) there must exisof electron exchang®:41 Although the literature is replete with
some degree of spatial overlap, either directly or via the examples of compounds containing two or more quinoidal
intermediacy of a bridging atom or atoms, between the magnetic ligands bound to various metal centers, there are relatively few
orbitals on the paramagnetic sites; and (3) there must be aexamples of metalmonosemiquinone/catechol complefgs!®
reasonable energetic match among all the orbitals involved in Following the lead of Benelli et até we present here the first
the exchange pathway. These conditions can hold true for structurally characterized example of a chromitmonosemi-
excited states as well as ground states. Thus, the presence afuinone complex in addition to a new, high-yield, and general
exchange coupling can potentially have as profound an effect synthetic route into this class of compounds. We furthermore
on excited-state electronic structure as it has on the ground statedescribe the magnetic and optical characteristics of these
Such a change in electronic structure should influence the molecules, including a qualitative ligand-field analysis of their
excited-state properties of molecules. Indeed, the basic effectselectronic structures. Finally, the role of exchange coupling
of electron exchange on the static optical spectroscopy of metalon the photoinduced dynamics of these compounds is explored
complexes have been described in detail by McCarthy and through the use of static and time-resolved emission and
Gudel2® Much of the detailed spectroscopic work in this area absorption spectroscopies. The results of these experiments
has in the past focused on doped lattices rather than discretesuggest a profound effect on both radiative and nonradiative
molecular systems; an exception to this is the extensive work decay dynamics due to the presence of electron exchange in
that has been carried out on the exchange-coupled ligand-fieldboth the ground- and excited-state manifolds of these com-
states of [C¥O(O,CCHg)s(H20)3]Cl1.3%31 More recently, So- pounds.
lomon and co-workers have presented analyses in the context ) )
of their valence bond configuration interaction (VBCI) mdéét Experimental Section
which reveal splittings in charge-transfer excited states arising  General. All reagents and materials from commercial sources were
from exchange interactions that are a factor of 10 or more greaterused as received. Solvents were purchased from either Aldrich
than that found in the ground state. Other workers have reportedChemical Co. or Fisher Scientific. The ligand tris(2-aminoethyl)amine
electronic spectra of coupled molecular systems, but analyses(tren) was purchased from Aldrich and vacuum distilled prior to use.
of these spectra have been limitéwith the notable exception  [Cr(tren)CBCl was synthesized following a previously reported
of a detailed experimental and theoretical study of exchange Method”” All synthetic procedures involving Crand 3,6-ditert-
effects on the spectroscopy of thé's® core by Brown et a5 butylcatechol were performed under an inert atmosphere using standard

N - f Schlenk techniques. Elemental analyses and mass spectra were obtained
In terms of t'me resolved .spectr(.)scoplc studies, therg has beer{hrough the Analytical Facilities, University of California at Berkeley.
virtually nothing reported in the literature on how the introduc-

. . ) ) . MS measurements used standard ESMS conditions, and all spectra
tion of electron exchange manifests itself in the photoinduced agreeq with appropriate simulations.

dynamicsof metal cgmplexeé‘? this is .the focus of our gffqrts. 3,6-Di-tert-butylorthobenzoquinone (3,6-DTBQ) (1). This com-
This paper describes the synthesis and characterization of gpound was prepared by a modification of a previously reported
method® Toluene was added to a thick-walled Schlenk tube containing

(21) Dougherty, D. APure Appl. Chem1994 62, 3866. orthocatechol (2.00 g, 18.2 mmol); to this solution was added a catalytic
(22) Murray, M. M.; Kaszynski, P.; Kaisaki, D. A.; Chang, W.; Dougherty,  amount of Ti(Cat). Isobutylene (2.03 g, 36.4 mmol) was condensed
D. A. J. Am. Chem. S0d.994 116 8152. into the Schlenk tube, and the reaction vessel was heated in a wax

(23) Rajca, A.Chem. Re. 1994 94, 871.
(24) lwamura, H.; Koga, NChem. Res1993 26.
(25) Inoue, K.; lwamura, HJ. Am. Chem. Sod.994 116, 3173.

bath at 140°C for 3 h. Following removal of solvent, the 3,6-irt-

(26) Bominaar, E. L.; Achim, C.; Borshch, S. A.; Girerd, J. J.;ridk, E. (37) Pierpont, C. G.; Buchanan, R. Moord. Chem. Re 1981, 38, 45.
Inorg. Chem.1997, 36, 3689. (38) Pierpont, C. G.; Larsen, S. K.; Boone, S.FRire Appl. Chem1988

(27) Girerd, J. JJ. Chem. Phys1983 79, 1766. 60, 1331.

(28) Bersuker, 1. B.; Barshch, S. Adv. Chem. Phys1992 81, 703. (39) Pierpont, C. G.; Lange, C. WProg. Inorg. Chem1994 41, 331.

(29) McCarthy, P. J.; Gael, H. U.Coord. Chem. Re 1988 88, 69. (40) Endicott, J. F.; Ramasami, T.; Tamilarasan, R.; Lessard, R. B.; Ryu,

(30) Gidel, H. U.J. Chem. Phys1985 82, 2510. C. K.; Brubaker, G. RCoord. Chem. Re 1987, 77, 1.

(31) Schlenk, K. J.; Gdel, H. U.Inorg. Chem.1982 21, 2253. (41) Forster, L. SChem. Re. 1990 90, 331.

(32) Tuczek, F.; Solomon, E. Inorg. Chem.1993 32, 2850. (42) Benelli, C.; Dei, A.; Gatteschi, D.; Pardi, lnorg. Chem.199Q 29,

(33) Tuczek, F.; Solomon, E. 0. Am. Chem. S0d.994 116 6916. 34009.

(34) The spectra of a variety of oxo- and hydroxo-bridged metal dimers (43) Benelli, C.; Dei, A.; Gatteschi, D.; Pardi, lnorg. Chem.1989 28,
have been reported by several workers, but no interpretations beyond 1476.
reference to the review of McCarthy and @l (ref 29) were generally (44) Dei, A.; Gatteschi, D.; Pardi, Unorg. Chem.1993 32, 1389.

given. (45) Dei, A.; Gatteschi, Dlnorg. Chim. Actal992 200, 813.
(35) Brown, C. A.; Remar, G. J.; Musselman, R. L.; Solomon, drg. (46) Benelli, C.; Dei, A.; Gatteschi, D.; @el, H. U.; Pardi, LInorg. Chem.
Chem.1995 34, 688. 1989 28, 3089.

(36) Time-resolved emission spectroscopy has been used by several worker¢47) Zipp, S. G.; Madan, S. Kinorg. Chem.1976 15, 587.
to help distinguish inequivalent sites in solid matrixes at low (48) Belostotskaya, I. S.; Komissarova, N. L.; Dzhuaryan, E. V.; Ershov,
temperatures. See ref 29 for more details. V. V. Isv. Akad. Nauk SSSH984 1610.
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butylorthocatechol (3,6-DTBCat) product was separated from the
catalyst using a Kugelio. The quinone (3,6-DTBQ) was formed by
addition of AgO to an ether solution of the catechol and purified by
elution on a silica column using a GEl,/hexanes gradient. Evapora-
tion of the eluent followed by sublimation yielded a green, micro-
crystalline product. Yield: 3.74 g (94%)H NMR (CDCl, ): 1.21

(s, 9 H), 6.14 (s, 1H). Anal. Calcd fori@H200,: C, 76.36; H, 9.09.
Found: C, 76.01; H, 9.00.

[Cr(tren)(3,6-DTBCat)](PFe) (2). In aninert atmosphere box, 3,6-
DTBQ (0.100 g, 0.450 mmol) was reduced to 3,6-DTBCat by addition
of an excess of Na metal to a solution of the quinone in 10 mL of
THF. This solution was removed from the box and added using a
syringe to a solution of 0.137 g (0.450 mmol) of [Cr(trer)Cl
dissolved in 50 mL of degassed 1:1 (v/v) EtOHEH The flask was
fitted with a reflux condenser, and the reaction mixture was heated at
reflux for 2 days. The solution was cooled to room temperature and
the volume of solvent mixture reduced using a rotary evaporator. A
saturated aqueous solution of WM was added, and the desired
product was extracted into ethyl acetate{25 mL). The volume of

the ethyl acetate solution was reduced, and the product was precipitated

by addition of hexanes to yield a light green solid. This product was
collected by filtration and recrystallized from GEl,. Yield: 0.208 g
(82%). Anal. Calcd for CrggO.N4H3sPFs: C, 42.63; H, 6.75; N, 9.95.
Found: C, 42.53; H, 6.99; N, 9.53. MS (ES)vz418 (M — PR,
100).

[Cr(tren)(3,6-DTBSQ)](PF¢)2 (3). This compound can be prepared
either by oxidation o or via reaction of the parent quinone with Cr-
(tren)Cb.

Route A. A solution of 2 was made by dissolving 0.100 g (0.177
mmol) in 20 mL of acetonitrile. To this solution was added 0.066 g
(0.26 mmol) of AgPE. Following removal of silver metal by filtration,
the solution was titrated with an aqueous solution of,8kHand filtered
to remove the last traces of Agis AgCl. A saturated aqueous solution
of NH,PF; was added, and the product was extracted into ethyl acetate
(3 x 50 mL). Following removal of solvent, the crude product was
recrystallized by diffusion of ether into a THF solution to give yellow-
green crystals. Yield: 0.093 g (74%).

Route B. This route is a modification of the method of Benelli et
al#¢ CrCl, was prepared by addition of concentrated HCI (0.075 mL,
0.90 mmol) to a degassed solution of Cr metal (excess) in water. The
solution was heated for 12 h to produce a light blue solution and was

added to a degassed aqueous solution of tren (0.065 g, 0.45 mmol in

25 mL of H0O), resulting in a deep blue solution. This was then added
using a syringe to a degassed solution of 3,6-DTBQ (0.100 g, 0.450
mmol) in absolute ethanol. The solution was stirredZch atroom
temperature, and the ethanol was removed by rotary evaporation. A
saturated aqueous solution of WM was added, and the product was
extracted into ethyl acetate (83 40 mL). Hexanes were added to
precipitate the product, leaving an impurity of Cr(3,6-DTB5®@)
solution. The product was recrystallized by diffusion of ether into a
THF solution. Yield: 0.057 g (18%). Physical data on both samples
showed the compounds to be identical. &fBNsH3sP:F 12 C, 33.90;

H, 5.37; N, 7.91. Found: C, 33.69; H, 5.28; N, 7.79. MS (EB)z

564 (M — PR]™, 6) 209 (M — 2PR]?", 94).

X-ray Crystallography. A single-crystal X-ray structure determi-
nation of [Cr(tren)(3,6-DTBSQ)](R#. was carried out at the ChexRay
facility of the Department of Chemistry, University of California at
Berkeley. A dichroic (green/brown) prismatic crystal of [Cr(tren)(3,6-
DTBSQ)](PF)2 was obtained by diffusion of ether into a THF solution
of the compound. One crystal having approximate dimensions of 0.30
x 0.18 x 0.14 mm was mounted on a glass fiber. Diffraction data
were collected on a Siemens SMART diffractometer with graphite-
monochromated Mo K radiation. Data were collected at107 °C.
Pertinent details regarding the structure determination are listed in Table
1, and positional parameters are given in Table 2. The unit cell

Wheeler and McCusker

Table 1. Crystallographic Data for [Cr(tren)(3,6-DTBSQ)]-
(PFe)2* THF

empirical formula CrBF12C2aN4O3H .6
formula wt 780.57
cryst color, habit dichroic (green/brown), prism
cryst syst monoclinic
space group P2;/c (No. 14)
temp €C) —-107+1
A (Mo Ka) (A) 0.710 69
cell dimens
a(h) 11.9560(2)
b (R) 17.0715(4)
c(A) 17.1805(4)
p (deg) 90.167(1)
V (A3 3506.6(1)
A 4
o (g cnTd) 1.482
u (cmt) 5.13
goodness of fit§)?2 1.72
Re 0.056
Ry¢ 0.070

23S = [JW(Fo| — [Fe)m — ]2 PR = [|Fo| — [Fell/Z|Fol. © Ra
= [IW(Fol — IFel)? 2 wWIFol?"2

Table 2. Atomic Positional Parameters and Equivalent Isotropic
Thermal Parameters for [Cr(tren)(3,6-DTBSQ)J¢RH HF

atom xla yib Zc Beq (A2
cr(1) 0.08441(9)  0.07134(6) 0.22759(6)  2.58(2)
o) 0.2021(4) 0.1412(2)  0.1934(2)  2.7(1)
0(2) 0.1851(4) —0.0052(3)  0.1886(2)  2.66(10)
N(1)  —0.0284(5) 0.1530(3)  0.2666(3)  4.0(1)
N(2) 0.1485(5) 0.0826(3)  0.3402(3)  3.4(1)
N(3) 0.0054(5) 0.0909(3)  0.1219(3)  3.0(1)
N(4) —0.0323(4) —0.0083(3) 0.2669(3)  2.6(1)
c) 0.2911(5) 0.1055(4)  0.1664(3)  2.9(1)
c@2) 0.2794(5) 0.0215(4)  0.1631(3)  2.3(1)
c@3) 0.3665(5) —0.0278(5)  0.1316(3)  3.2(2)
C(4) 0.4601(6) 0.0121(5)  0.1122(4)  4.1(2)
c(5) 0.4733(7) 0.0951(5)  0.1179(4)  4.3(2)
c(6) 0.3912(6) 0.1445(4)  0.1429(3)  2.8(2)
c(7) 0.4007(7) 0.2341(5)  0.1442(4)  4.0(2)
c(8) 0.3140(10)  0.2687(5)  0.0901(5)  5.5(2)
c(9) 0.3823(7) 0.2640(5)  0.2279(4)  5.4(2)
C(10)  0.5154(9) 0.2603(6)  0.1189(5)  6.0(3)
(11)  0.3486(6) —0.1154(4)  0.1209(4)  3.4(2)
C(12)  0.4529(7) —0.1548(5)  0.0907(4)  4.5(2)
C(13)  0.3168(7) —0.1550(5)  0.1986(4)  4.6(2)
(14)  0.2557(8) —0.1281(4)  0.0626(4)  5.0(2)
(15)  0.0293(8) 0.1980(5)  0.3291(5)  5.8(2)
C(16)  0.0982(8) 0.1517(6)  0.3781(4)  5.6(2)
C(17) —0.0566(7) 0.2026(4)  0.1986(4)  4.6(2)
C(18) —0.0820(8) 0.1518(5)  0.1284(4)  5.3(2)

was applied using the program XPRER{x = 0.981,Tmin = 0.627)%°
The structure was solved by direct methods and expanded using Fourier
technigues. All non-hydrogen atoms except for the Bions and
the THF solvate were refined anisotropically while the rest were refined
isotropically. Hydrogen atoms were included at calculated positions
but not refined. The final cycle of least-squares refinement was based
on 3006 observed reflections and 447 variable parameters, resulting in
unweighted and weighteR factors of 0.056 and 0.070, respectively.
The anions were disordered around the FR{1)-F(2) and F(7}
P(2)-F(8) axes, respectively. The disorder in the four equatorial
fluorine atoms of each anion was modeled by creating two sets of four
fluorine atoms and refining on their occupancy. The major set of each
was refined with anisotropic displacement parameters while the minor
set remained isotropic. The relative occupancies between the major

parameters were obtained by a least-squares refinement using theyng minor sets of fluorines were 0.875/0.125 and 0.855/0.145 for P(1)

measured positions of 6029 reflections wlith 100 in the range 3.00

< 26 < 45.00. Intensity data for the structure was corrected for
Lorentz and polarization effects. No decay correction was applied.
An empirical absorption correction based on comparison of redundant
and equivalent data and an ellipsoidal model of the absorption surface

and P(2), respectively.

(49) XPREP ¢ 5.03) Part of the SHELXTL Crystal Structure Determination
Package 5.03 ed.; Siemens Industrial Automation, Inc.: Madison,
WI, 1995.
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The THF solvate was also disordered. Three of the atoms (O(3), optical parametric oscillator-based nanosecond laser spectrometer, the
C(21), and C(22)) were refined with anisotropic displacement param- details of which are described elsewhgte.
eters while the two carbons distal from the oxygen were modeled as
pairs of half-occupancy carbon atoms. The THF solvate thus appearsResults and Discussion
to occupy two sites with the oxygen locked and the rest of the molecule
free to “wag”.

Physical Measurements. Cyclic Voltammetry. Electrochemical

Synthesis of Cr-Quinone Dyads. The desirability of having
a chemical system consisting of only two interacting paramag-
measurements were carried out inside an Ar-filled glovebox using a netic pomponents for' the initial StUdy.Of exchange effects on
BAS 100A electrochemical analyzer. Solutions of the compounds were photoinduced dynamics led us to the _Idea of a rﬁaqainong
dissolved in distilled CHCN containing NBuPFs (ca. 0.1 M) as the ~ dyad. The nature of the counterligand(s) was relatively
supporting electrolyte. A standard three-electrode setup was used withunimportant, provided that they could not engage in exchange
a platinum working electrode, Pt wire counter electrode, and a Ag/ interactions or, ideally, in redox chemistry. A thorough search
AgNO; electrode as reference. Reported potentials versus SCE wereof the literature yielded only two examples of this motif for
calculated on the basis of a comparison with ferrocene measured undemhromium(|||)_ Benelli et aftt reported the synthesis and partial
identical condition$? On the basis of the large peak-to-peak separation characterization of [Cr(CTH)(3,5-DTBSQJPF):Cl and [Cr-
obtained on the ferrocene s_tandatdEg > 90 mV), an IR_ c_ompensation (CTH)(TCCat)](PE), where 3,5-DTBSQ is 3,5-dert-butyl-
was applied that resulted in a more reasonable splitting&yf = 65 orthosemiquinone, TCCat is 3,4,5,6-tetrachloroorthocatechol,
mV for ferrocene; this same correction was applied to data collected _ 4 ~r11is 577 12 14 14-hexamethyl-1,4,8,11-tetraazacyclo-
on the chromium complexes. It should be noted that while the IR decane. a tet’ra’déntaylte ,macrocycle This’ s’y’stem seemed to be

compensation brougtE, values much closer to the theoretical limit . .
of 59 mV, the values foiEy, were not significantly affected. No @ reasonable starting point for our research, and we were able

dependence of the data on scan rate over a range-e5@DmV s to reproduce the results reported by these auttRaoaite B).
was noted. Their synthetic route involves a redox reaction between'a Cr
Variable-Temperature Magnetic Susceptibility. Magnetic sus-  Starting material (Cr(CTH)G) and the parent quinone. The

ceptibility data were collected using a Quantum Design MPMS SQUID approach is similar to that used for forming tris-semiquinone
magnetometer interfaced to an IBM PC. A finely ground sample of complexes, e.g., €plus 3 equiv of quinone to yield a Cr(Sg)
each compound was packed into a cylindrical Kel-F sample container complex3455 An advantage of this synthetic strategy is the
with an inner diameter of approximately 4 mm. Data were collected |ability of the Ct' synthon toward loss of the chloride ligands.
in an applied field of 10.00 kG. Following each temperature change, However, chromatographic work revealed that in our hands
the system was kept at the new temperature for an additional 10 min geyerg| other products are also formed in this reaction. One
before measurements were made to ensure thermal equilibration of they, o+ |\ o positively identified was Cr(3,6-DTBSQdentified
sample. The data presented represent an average of three separatoen the basis of a comparison with an authentic sample. This
measurements of the sample’s magnetization taken at each temperature. . - . :
Data were corrected for diamagnetism using Pascal’s conStamis result, in addition to _the fact that bo_th semiquinone and catechol
reported herein as effective magnetic moments. complexe_s are obta_uned by Benelli et al. from the same gene_ral
Static Absorption and Emission Spectra. All spectroscopic data Scheme, ',S lllu§tratlve.of the complex redox chemistry that is
were obtained on samples dissolved in spectral- or HPLC-grade OCCUIring in this reaction.
solvents. Electronic absorption spectra were recorded using a Perkin- We therefore developed an alternative route into this class
Elmer Lambda 9 dual-beam spectrometer. Spectra were collected withof molecules Route A). Due to the possibility of dimer
a resolution of 0.23 nm at a scan rate of 250 nm/min. formation in the case of the 3,5-thft-butylorthoquinoné?56
Emission spectra were collected using an Instruments SA/Jobin we have focused on compounds of the 3,6 isomer in which
Yvon-Spex Fluoromax photon-counting fluorimeter equipped with a sterics prevent the oxygen donors of the quinoid from bridging
Xe arc lamp excitation source and a Hamamatsu R928P photomultiplier between two metal centers. The counterligand tren was selected
tube operating at-900 V dc. Data were obtained on thoroughly  for the prototype due to the fact that it forms a single isomer
deoxygenated solutions of each complex having an optical density of \yhen bound to a metal, as opposed to CTH which can exist in
ca. 0.1 (1 cm path length) at the excitation Wavele_ngth. Background both meso and racemic forms. The synthesis of [Cr(tren)(3,6-
measurements on t_he solvent blanks revealed no signals qther than th‘bTBCat)I* (and, subsequently, [Cr(tren)(3,6-DTBS&)] pro-
expected Raman lines of the neat solvent. The resolution of each ceeds cleanl d in hiah vield f hele . ial
spectrum is estimated to k€2 nm on the basis of the RLD of the " y andin high yieid irom the'Tstarting m_aterla
emission monochromator and the slit setting of the instrument. SpectraWith little formation of side products. The well-known inertness
were corrected for instrument response using a NIST standard of Of Cr'! toward substitution necessitates a longer reaction time
spectral irradiance (Optronic Laboratories, Inc., OL220M tungsten than the Ct route, but the improvement in overall yield testifies
quartz lamp). All subsequent data manipulations were carried out using to the cleanliness of the reaction despite the added reflux time.
the corrected spectra. In converting wavelength to energy units, the The reaction to make the catechol complex must be carried out
correction of Parker and Rees was appfitd.ow-temperature data  in an inert atmosphere, as the sodium salt of the catechol ligand
were collected using a Janis SVT-100 optical cryostat. Temperature readily oxidizes to the quinone upon dissolution in the presence
control was achieved using heating filaments and two matched diodes ¢ oxygen. Once bound to the metal, the catechol complex is

placed approximately equidistant above and below the sample region. . o
The heaters and the diodes were coupled to two LakeShore model 321rnUCh more stable with respect to oxidation and can be kept as

automated temperature control units. Temperature stability was better"’_1 solid folr I_ong p(?crlgds of tlnr]]e IW'thOUt e\llldence olf decompostlj-l
than-0.2 K; the absolute accuracy is estimated to be on the order of 0N Solutions of the catecholate complex are also reasonably

+1 K. stable, although they will oxidize to the semiquinone form after

Time-Resolved Emission and Absorption SpectroscopyTime- several hours in air. The semiquinone complex is very stable

resolved emission and absorption data were collected using a Nd:YAG/

(53) Damrauer, N. H.; Boussie, T. R.; Devenney, M.; McCusker, J.K.
Am. Chem. Sod 997, 119, 8253.

(50) Barrett, W. C.; Johnson, H. W.; Sawyer, D.Anal. Chem1984 56, (54) Pierpont, C. G.; Downs, H. H.; Rukavina, T. &.Am. Chem. Soc.
1890. 1974 96, 5573.
(51) Theory and Applications of Molecular Paramagnetiddoudreaux, (55) Vleck, A. J.Inorg. Chem.1986 25, 522.

E. A., Mulay, L. N., Eds.; John Wiley and Sons: New York, 1976. (56) Buchanan, R. M.; Fitzgerald, B. J.; Pierpont, Cliarg. Chem1979
(52) Parker, C. A.; Rees, W. Rnalyst (London}L96Q 85, 587. 18, 9.
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Cl12
Figure 2. Drawing of the cation of [Cr(tren)(3,6-DTBSQ)](BEfrom
L L L L — L a single-crystal X-ray structure determination. See Table 1 for crystal-
700 600 500 400 300 200 100 0 lographic details and Tables 3 and 4 for structural details.
mV vs. SCE
+

Figure 1. Cyclic voltammogram of [Cr(tren)(3,6-DTBSQ)](Bk in [Cr(tren)(3,6-DTBSQY}" #e: [Cr(tren)(3,6-DTBCat)]
degassed acetonitrile. - (1a)
in both solution and the solid state, with no evidence of E,,=+0.288V

decomposition in either case upon long-term exposure to air.

It should be pointed out that, although we will focus only on  [Cr(tren)(3,6-DTBSQY}" —<. [Cr(tren)(3,6-DTBQ)T(+
the tren/3,6-ditert-butylorthoquinone-based complexes in this 1b)
report, our synthetic strategy provides a very general entry into
this class of compounds: we have shown it to work for several
different parent quinones (e.g., 3,6-DTBQ, 3,5-DTBQ, and
TCQ) as well as a range af-donor (e.g., tren, trien, CTH,  is not surprising due to the fact that the fully oxidized quinone
ethylenediamine) and-donorfr-acceptor ligands (e.g., 2;2 i a very poor ligand. Formation of this species following
bipyridine)5” We have also tried the approach of Benelli et al. 0xidation of the semiquinone complex will likely result in ligand
using these other ligands and have found that the redox routeloss, hence an irreversible wave in the cyclic voltammogram.
works almost as well as the &reaction for all of these other Reductive scans out t8-2.0 V failed to show any signal
systems with the exception of CTH. At present, the reason for attributable to the C/Cr' couple. Again, this is consistent
our difficulties with reactions involving the CTH counterligand With what has been observed in other Cr-catecholate com-

E,=+11V

are not clear. plexe$! and testifies to the stability of the oxidation state of
Electrochemistry. The clean, one-electron redox chemistry the metal when bound to the quinoidal ligand.

implied by the success dRoute A is evident in the electro- X-ray Structure of [Cr(tren)(3,6-DTBSQ)]I(PF¢)2. [Cr-

chemistry exhibited by these dyads. In Figure 1 is shown a (tren)(3,6-DTBSQ)](PF). crystallizes as a THF solvate in the

cyclic voltammogram of [Cr(tren)(3,6-DTBSQ)](BE in de- monoclinic space grou@2;/c. Crystallographic details are

gassed CECN. The one-electron wave &10.288 V (vs SCE) given in Table 1, with positional parameters and selected bond
is analytically reversible with a peak-to-peak separation of 59 distances and angles given in Tables 2, 3, and 4, respectively.
mV, while an irreversible wave is observed 4.1 V (not ~ An ORTEP drawing of the cation is shown in Figure 2. It can
shown). We assign both of these processes as being associate®e seen that, as expected, the molecule has a relatively simple
with the quinoidal ligand. These assignments are based bothstructure. The environment about the metal ion is a distorted
on the chemically reversible redox behavior suggesteRdayte octahedron with four aliphatic nitrogens from the tren and two
A and on the similarity of our data to those obtained for related 0Xygen donors from the orthosemiquinone. Bond angles in the
monoquinone complexes such as [Co(trien)(3,5-DTBC&H)] coordination sphere deviate slightly from the expectet&@l

and [Cr(CTH)(3,5-DTBCat)j,“6 as well as tris complexes such 187, due mainly to the reduced bite angle of the tetradentate
as Cr(3,5-DTBSQ)59° The reversible wave at 0.288 V is ligand in spanning all four coordination sites. The-Gf bond
therefore ascribed to cycling between the semiquinone anddistances are unremarkable with an average of 2076015
catechol forms of the compound (eq 1a), while the irreversible A, similar to those observed for related complexes such as [Cr-
oxidation at+1.1 V is assigned as an oxidation from semi- (enk]**.?? The Cr-O distances are somewhat more dissimilar

quinone to quinone (eq 1b). The irreversibility of this process t0 €ach other at 1.937(4) A (Cr(3jD(1)) and 1.901(4) A (Cr-
(2)—0(2)). However, the overall symmetry of the ligand field

(57) Wheeler, D. E.; McCusker, J. K. Unpublished resuits. can be approximated quite reasonablyCas o

(58) Wicklund, P. A.; Brown, D. Glnorg. Chem.1976 15, 396. The geometric details associated with the semiquinone are
(59) gﬁfergvlg-?ging"’gg' D. C.; Cooper, S. R.; Raymond, Kirdrg. the most interesting aspect of the structure. It has been found
(60) Buﬁhénan R. M. Pierpont, C. G.Am. Chem. S0d98q 102 4951. that, for orthoquinone-type ligands bound to first-row metals,

(61) Other monosemiquinone metal systems such as [Co(trien)-
(3,5-DTBSQ)F" show electrochemical behavior associated with (62) Whuler, A.; Brouty, C.; Spinat, P.; Herpin, Rcta Crystallogr., Sect.
oxidation of the ligand. B 1977, 33, 2877.
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Table 3. Selected Bond Lengths (A) for [Cr(tren)(3,6-DTBSQ)]- Chart 1
(PRy)» THF v
Cr(1)-0(1) 1.937(4) Cr(1y0(2) 1.901(4)
Cr(1)-N(1) 2.055(6) Cr(1¥N(2) 2.089(5)
Cr(1)-N(3) 2.072(5) Cr(1)}N(4) 2.064(5)
O(1)-C(1) 1.312(8) O(2¥C(2) 1.293(7)
N(1)—C(15) 1.487(9) N(1-C(17) 1.482(9) M
N(1)—C(19) 1.52(1) N(2)-C(16) 1.476(10) ol l z
N(3)—C(18 1.478(9 N(4)¥C(20 1.483(9
CB—C((Z)) 1.442€12>) CEgC((G)) 1.429((9; / W
C(2)-C(3) 1.445(9) C(3}C(4) 1.353(10)
C(3-C(11) 1.52(1) C(4¥C(5) 1.43(1)
C(5)-C(6) 1.36(1) C(6}-C(7) 1.53(1) X
C(7)-C(8) 1.51(1) C(7¥C(9) 1.541(9)
C(7)~C(10) 1.51(1) canc@az - 1.51(1) (10) and 1.36(1) A, respectively, whereas G{€)2), C(2)~
ggggggg i'i‘z‘f’l()lo) g&ggggg 12%8; C(3), C(4)-C(5), and C(13-C(6) are all approximately 1.435
C(19)-C(20) 1:53(1) ' + 0.010 A. Secondary structural confirmation of the intermedi-

ate reduction level of the ligand comes from the @ bond
Table 4. Selected Bond Angles (deg) for [Cr(tren)(3,6-DTBSQ)]- distances: C(H0O(1) and C(2)-O(2) distances of 1.312(8) and

(PF) THF 1.293(7) A are much shorter than the 1.35 A expected of a
8(1):2“1):3(2) g%-;’(g) g(i}g(?:m(é) gg-g(g) catechd®® and in the range of that found for other first-row metal
Oglg_c:glg_N% 175"_9((2)) Oggcﬁglg_NElg 177'.9((2)) semiquinone complexé8:95°6° The shorter C(2)0(2) dis-
0(2-Cr(1)-N(2)  99.1(2) O(2rCr(1-N@3)  95.1(2) tance relative to C(£O(1) suggests more double-bond char-
O(2)—Cr(1)—-N(4) 95.3(2) N(1}-Cr(1)-N(2) 82.8(2) acter in the C(2)0O(2) bond.

“gg:gﬁg:mg 18&%(22)) Ng)}—ggg:“% gg:g% A stereoview of the packing diagram for [Cr(tren)(3,6-
N(3)-Cr(1)-N@4)  95.0(2) DTBSQ)](PF)2 (minus the anions and the THF solvate) is

shown in Figure 3. From this figure, it can be seen that all of
- ) ) ) the cations line up with the intramoleculaaxis (see Chart 1)
_the_ bond lengths W'th'.n the fing of the quinone provu;lg astrong parallel to thea-axis of the unit cell. We believe this fortuitous
indication as to the oxidation state of the liga#idSpecifically, alignment gives rise to the dichroism observed for these crystals

if the quinone exists in the catecholate form, all of the@© . ; .
bond distances should be nearly identical due to the aromaticand Is a direct consequence of the exchange coupling present

nature of that species. The semiquinone form, however, should" the molecule (vide infra).

exhibit alternating short and long-€C bonds because of the Ground-State Characterization: Magnetic Susceptibility.
more localized nature of the double bonds within the ring. Given The effect of electron exchange within the ground-state con-
this, we find that the intraligand bond distances in [Cr(tren)- figuration of this class of molecules can be probed by variable-
(3,6-DTBSQ)f" are clearly consistent with a semiquinone temperature magnetic susceptibility measurements. Electron
formulation: C(3)-C(4) and C(5)-C(6) are found to be 1.353- exchange in these low-symmetry complexes can be described

B R
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Figure 3. Stereoview of the packing diagram of [Cr(tren)(3,6-DTBSQ){RFThe Pk anions and THF solvate have been omitted for clarity.
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using a simple Heisenberg exchange Hamiltonian of the form molecular orbitals formed due to significant, direct overlap
ineq 2, between magnetic orbitals on the metal and the ligand. We
believe that, despite the indeterminately large magnitude of the

H=—-2%S-§ (2) exchange integral in this complex, it is still appropriate to think

) ] ) ] of the constituents of these dyads in terms of a coupling of two
whereS ands; are spin operators on tfién andjth spin centers  gpin centers having distinct oxidation states. Our reasoning for

(e.g., the C¥ ion and the semiquinone radical) adgdis the ~  thjs arises from several considerations. First, although temper-
electron exchange integral that gauges the magnitude of theayre dependence is not observed in these dyads, Cr(3,6-
electronic coupling between the spin centers. DTBSQ} exhibits a pronounced temperature dependence in its

~ Plots of the effective magnetic moment versus temperature effective magnetic moment that can be easily modeled by a spin
in the range 5350 K for solid samples of [Cr(tren)(3,6-  Hamiltonian of the form given in eq¥. Second, the fact that
DTBCat)](PF) and [Cr(tren)(3,6-DTBSQ)](R# are given in the reduction potential of the semiquinone ligand in thi8 Cr
Figure 4. The value ofierr = 3.85+ 0.1ug for [Cr(tren)(3,6-  complex is very similar to that found for [Co(trien)(3,5-
DTBCat)](PF) is in excellent agreement with the spin-only pTBSQ)R+, a compound containing a diamagnetic metal center,
value of 3.87ug expected for ars = ¥ ion and is consistent  gyggests that the nature of the LUMOs in the two complexes
with the CH! —catechol formulation of the compound. The slight 5 comparable and, more importantly, are likely to be ligand-
positive slope observed in the data with increasing temperaturepased, Third, as will be described below, certain features in
is likely due to temperature-independent paramagnetism (?IP).  the optical spectrum of this compound are characteristic of

The effective moment data for [Cr(tren)(3,6-DTBSQ) {2falso ligand-field transitions of Ct. Such electronic states would
exhibit temperature-independent behavior. However, the valuepg essentially nonexistent if the 'Crion were involved in a
Of uert = 2.854 0.1ug is characteristic of &= 1 state fspin-only highly covalent interaction with the semiquinone ligand. Fi-

= 2.83 ) and indicates the presence of a strong antiferro- pajly, we have recently completed a density functional theory
magpnetic interaction between the unpaired electrons on the Cr analysis of the ground-state electronic structure of [Cr(tren)-
(S= %) and the semiquinone ligan& & /). In fact, the (3 6'DTBSQ)P+ which further supports a Heisenberg spin-
interaction is so strong that there is no evidence for any thermal coupled description. These results are described in detail
population of the excite& = 2 state in this compound even at  g|gewherés

350 K; these results are similar to those reported by Benelli et glactronic Absorption Spectra. We can begin to gain

al. for the room-temperature effective moment of [Cr(CTH)- jnsight into how exchange coupling is affecting the excited-
(3,5-DTBSQ)}(PF)sCl.* Such a lack of temperature depen-  giate manifold of the (r—semiquinone complex by comparing
dence in the effective magnetic moment precludes us from gnq contrasting the electronic absorption spectra of the semi-
quantifying the magnitude of the exchange coupling in this qinone and catechol species. An overlay of the absorption
complex. However, assuming that we could detect a population specira  of  [Cr(tren)(3,6-DTBCat)J(RF and [Cr(tren)-

of ca. 7% of theS = 2 state at 350 K we can place a very (3,6-DTBSQ)](PR)2 in 4:1 EtOH/MeOH at room temperature

conservative lower limit of-350 cm™ on the value of based s jjjystrated in Figure 5. To interpret these spectra, we have
on eq 2. defined ourC,, coordinate system as indicated in Chart 1. It
. should be noted that this coordinate system, dictated by the
Looogooo. 0006000000008 0 o location of theC; axis through the C(1)C(2) bond (as opposed

to along a bond axis), corresponds taré rotation of the
coordinate system typically used for deriving tBgcorrelation
tables. We have therefore rederived the— C,, correlation

B AAAAAA, for the relevant basis sets and term states of fweufiguration
 papb ALAAAAAA A Abbhyaa based on our coordinate system; these are listed in Tables 5
[ and 6, respectively.

Assignment of the visible portion of the spectrum of [Cr-
(tren)(3,6-DTBCat)f is straightforward. The broad absorption
centered at 600 NN {—soonm= 80 M1 cm™1) can be attributed
to the spin-allowed“@,, “B;, “By) < 4A; transition (Tog —
4A,q parentage). A second, higher energy spin-allowed transi-
tion is commonly observed in the ligand-field spectra of' Cr
s However, this absorption, derived from the octahedFal, —

1 |- 4Ao4 transition, is largely obscured in [Cr(tren)(3,6-DTBCat)]

s save for a very weak shoulder near 450 nm due to the broad,
more intense band centered near 380 nm that tails out into the
visible. Finally, no feature assignable to tRa{, 2A;) — A,

- intraconfigurational transition is observed in the red, consistent
0 ‘ ‘ . ’ ' . with the small value o€ expected for this spin-forbidden band.

Effective Magnetic Moment
(-]
1

0 >0 100 %0 200 0 30 Several absorptions are present in the ultraviolet: one (or
Temperature (X) two) at ca. 340 nm, and a third much higher in energy (not

Figure 4. Plot of effective magnetic moment versus temperature for
[Cr(tren)(3,6-DTBCat)](PF) (circles) and [Cr(tren)(3,6-DTBSQ)](Bk (63) TIP, although providing a constant, temperature-independent offset
(triangles). in the molar susceptibility, will manifest itself asT&’2 dependence
of Meft.
One issue that should be addressed is whether the electronid®4) A 7% population of = 2 at 350 K would give a moment of 3.0,

. . a difference well within the detection limits of our experiment.
structure of this compound should be thought of in terms of an (65) Rodriguez, J. H., Wheeler, D. E., McCusker, J. K. Submitted for

exchange-coupled €r-semiquinone dyad, or in terms of publication.



Chromium-Quinone Dyads Inorganic Chemistry, Vol. 37, No. 9, 1992303

6000 3000
— 4:1 Ethanol/Methanol
— — Acetonitrile
------ THF
5000 |- 2500 - —-- DMSO
=~ 4000 |- o
c = 2000 /.
5] <
= 2 ,
> 2 L
Z 3000 |- 2 1500 ¥
2 |V <
5| =
- [=}
< 2000 - S 1000
a)
1000 500

| | J
0
30000 25000 20000 15000 10000

Wavelength (nm)

-1
Energy (cm ')

Figure 5. Room-temperature absorption spectra of (a) [Cr(tren)(3,6- E'?gret 6{: Rpom-tgmperalturet absorption spectra of [Cr(tren)(3,6-
DTBCat)](PR) and (b) [Cr(tren)(3,6-DTBSQ)J(RY: in 4:1 EtOH/ at))(Pk) in various solvents.
MeOH. The discontinuity near 12 000 cfis an instrumental artifact

due to a detector change in the spectrometer. the ultraviolet absorptions. LMCT bands in related"Fe
) ) ) semiquinone complexes, for example, exhibit pronounced
Table 5. Basis Set Transformations M, Symmetry for the Axis solvatochromism, undergoing a blue shift in polar relative to
System in Chart 1 nonpolar solvent$? On the basis of this comparison, our
Cartesian axes ligand orbitals observations provide a compelling argument for assigning all
Iv—b Thomo — b1 of the ultraviolet transitions as intraligand in nature. However,
Iy—b, it is not always the case that charge-transfer bands are
F—a solvatochromié? so caution must be exercised in dismissing
Cr d-orbitals assignment of a band as charge-transfer solely on the basis of
nyT this type of negative result.
Twe— b The data in Figure 6 reveal changes in the molar extinction
Ty,— b, coefficient of all of the ultraviolet bands with changes in solvent,
[2—a although no obvious trends with solvent dielecficipole
Dey—a moment, etc. are apparent. There are no significant changes in
Table 6. Correlation Table fromOy to Cz, Symmetry for the Axis the spectral bandwidth of these absorptions across the solvent
System in Chart 1 series, suggesting that the changes in molar extinction are
o c reflective of true variations in the oscillator strengths of the
h 2v . . . . . .
absorptions. This observation is seemingly at odds with the
Azg _ A1 lack of solvatochromism. If the magnitudes of the transition
Eg - Al + A1 . . .
Ti - A, + By +B, dipoles are indeed strongly coupled to the solvent, it is not clear
Tag — A,+ B+ B, to us why the molar extinction coefficient of the transitions
would change with solvent but not their energies. Further
shown). The failure to observe either the'@er' or Cr''/CrV studies of the spectroscopy of this compound are currently

couples in the electrochemistry of this compound suggests thatunderway.

charge-transfer bands (LMCT or MLCT) would likely be found The absorption spectrum of [Cr(tren)(3,6-DTBSQ)J{Bks

in the ultraviolet region of the spectrum. Thus, the transitions considerably more complex than that of its catecholate analogue.
blue of 400 nm might be due to spin-allowed CT bands, or In fact, to our knowledge no other metalemiquinone complex
ligand-centered (r> 7* or = — &*) transitions of the catechol.  shows as rich an absorption spectrum as is seen fr Gor
Unfortunately, distinguishing between these possibilities a priori the present, we will forego any discussion of the features in the
is difficult. We therefore carried out a variable solvent study ultraviolet due to their already ambiguous nature in the absence
to look for solvatochromic shifts in the absorption features. The of electron exchange. One can identify three other principal
causes underlying solvatochromism are well-known. Charge- regions in the spectrum of the semiquinone complex: (1) the
transfer bands are particularly susceptible to solvatochromic red-green region, characterized by a pair of sharp, closely
effects due to the highly polar nature of the Fran€ondon spaced, and moderately intense absorptions around 665 nm, as
state. Spectra collected in THF, DMSO, and i, as well
as the 4:1 EtOH/MeOH data, are shown in Figure 6. It can be (66) Lever, A. B. PInorganic Electronic Spectroscopgnd ed.; Elsevier:
seen that none of the principal absorption features exhibit any New York, 1984. ‘ _
significant solvatochromic shift across this solvent series. This (67) The dielectric constant quoted in common references for a given
. . . . . s solvent is usually the bulk, continuum dielectric. This may or may
is to be expected for the ligand-field absorptions in the visible, not be an accurate reflection of the effective dielectric of the first
but we were surprised not to observe a solvent effect on any of solvation shell about a given chromophore.
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Figure 7. Results of a ligand-field theory analysis of a'Crquinone dyad. The first column indicates several of the lowest-lying ligand-field

states present in & dnetal ion inO, symmetry. The second column represents the splitting upon lowering the symmekyaod is appropriate

for [Cr(tren)(3,6-DTBCat)} in the coordinate system depicted in Chart 1. The third column represents splittiagwhen the unpaired spins of

the metal couple to &= 1/, spin of bh symmetry (i.e., [Cr(tren)(3,6-DTBS@)]). The relative ordering of the spin-coupled states for the &9

diagram assumes antiferromagnetic coupling in the excited states; the ordering of the orbital terms is arbitrary. Other states that are present such
as the*T14 and?T,q have been omitted for clarity, but may also be contributing to the absorption spectrum.

well several weaker, sharp features between 500 and 650 nmijllustrated in Chart 1 has;tsymmetry inC,,; the ground term
(2) the near IR, consisting of three bands centered near 950state for the ligand is therefof®;. The symmetry effects of
nm; and (3) the blue region, consisting of several rather intenseelectron exchange can be determined via a direct product
features in the range 466175 nm. We shall discuss each of analysis of the coupled terms, i.e., ## of the semiquinone
these regions in turn. and the various term states of th€''Gon. This is illustrated
Region 1. Our principal focus is on region 1, where the most in Figure 7, along with the term states of the''Grcatechol
pronounced feature is the pair of absorptions centered at ca.complex inC,, symmetry and their parent terms @,. The
665 nm. These bands occur in the same wavelength range thagpin states indicated for the &+SQ dyad reflect the two
one would expect for the spin-forbidden intraconfigurational possible vectorial combinations of tH&= 1/, semiquinone
(*A1, ?Aq) < “A; transition®® The narrow bandwidth of ca.  radical with the spin of the @ term to which it is coupled.
200 cmt for each of the two banél$ suggests transitions  On the basis of the magnetic data presented in Figure 4, the
between nested potential surfaces, but the oscillator strengthsground state of [Cr(tren)(3,6-DTBSGJ] is 3B1, with the B,
are 3-4 orders of magnitude more intense than that expected state lying>700 cnt higher in energy. This diagram, although
for a spin-forbidden ligand-field transition. Similar features qualitative, serves to underscore the enormous change in
were observed by Benelli et &.in the spectra of both [Cr-  gjecironic structure that accompanies the introduction of electron

(CTH)(3,5-DTBSQ)f" and [Cr(CTH)(TCSQN"™. In fact, this  gychange into both the ground- and excited-state configurations
transition seems to be characteristic of the' €6Q dyad of the molecule.

motif: all of the other complexes of this type that we have While the intraconfigurational transition(s) are formally spin-

repared exhibit this same spectroscopic tag. . .
P Apgroup theoretical analysis?of the eIer:tronigc structure of this for_b|dden n t3he catgzcholate Comple?(’ they are replaced by two
class of molecules including the effects of electron exchange splntall_owed B — By absorptlc_)ns in the exchange-coupled
provides a reasonable qualitative explanation of this feature. semiguinone complex. er assign the two b3ands near 665 nm
As indicated in Table 5, the HOMO of the semiquinone ligand " [Cr(tren)(3,6-DTBSQN" as these twéB, — B transitions
on the basis of several factors. First, the intraconfigurational
(68) The energy of the parefE, state is relatively insensitive to ligand- ~ nature of the transition remains largely unchanged under the
field strength. Thus, théE; — “Ayg transition is usually observed  influence of spin exchange. With the exception of the spin-

within a narrow range of wavelengths for most'Cecomplexes. mmetrv allowedn f the transition. manv of the charac-
(69) This band was fitted to two Gaussians using Peakfit (4.01 ed.; Jandel sy etry allowedness of the transition, many of the charac

Scientific Software, Inc., 1995) in order to estimate the magnitude of teristic features of the transition (e.g., spectral bandwidth) should
the splitting between the two transitions. not be significantly affected. Second, the weak dependence of
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the2A; term state energy on ligand-field strength suggests that extinction coefficient of nearly 6000 M cm™! suggests a
the absorption maximum for the semiquinone complex will be charge-transfer band, e.g.3&ILCT < 3B; transition. Such
close to what would be observed in the catecholate species.an assignment is supported by the observation of a similar band
Given this, the 725 nm emission maximum of the catecholate in [Co(tren)(3,6-DTBSQ}".5" In addition, Benelli et aff
(vide infra) infers a Stokes shift very typical ¢E-based reported the spectra of both [Cr(CTH)(TCS®Q)and [Cr(CTH)-
emission often observed in complexes of'Ct A third point (3,5-DTBSQ)F". A feature similar to that observed in [Cr-
is the observed dichroism of single crystals of the compound. (tren)(3,6-DTBSQY" is shifted to the red in the tetrachloro
As the packing diagram in Figure 3 illustrates, all of the cations complex relative to the alkyl-substituted semiquinone. Given
in the unit cell align with their molecula€, axes parallel to the more positive reduction potential of the tetrachlorosemi-
thea-axis of the crystal. ThéB; < 3B, transition isz-polarized. quinone, a bathochromic shift of a MLCT band is to be expected
Thus, looking down the appropriate axis of the crystal the for the TCSQ complex. However, the fact that this band in all
compound should appear green (i.e., both the blue and redof the CH' complexes mentioned above is so narrow makes
absorptions will be present), whereas viewing along either of such an assignment somewhat troubling. The potential energy
the other two axes should cause the 665 nm bands to extinguistsurface associated with the MLCT state should be displaced
and impart an orange-brown color to the crystal. The polariza- relative to the ground state given its formal composition as a
tion characteristics of these bands are currently being quantified Cr'V —catechol species, thus giving rise to a broad absorption
by single-crystal polarized absorption spectroscopy and will be band. This notion, coupled with the lack of any significant
described in a separate rep@ttFinally, on the basis of Figure  solvatochroisni} therefore casts some doubt on the validity of
7, the small splitting between these bands of ca. 150cm a CT assignment.
corresponds in our present model to the low-symmetry ligand- One possibility is that the band at 460 nm is another
field (LSLF) distortion that ostensibly lifts the degeneracy of exchange-enhanced ligand-field band, perhaps associated with
the2Ey term upon reduction from®;, to C,,. The magnitude of  the ?T,4 octahedral term (see caption, Figure 7). We note that
the LSLF splitting seen in this compound is similar to what the higher-energy features in the spectrum (les 450 nm)
has been previously reported for other low-symmetry! Cr respond somewhat more to changes in solvent than do any of
complexe$! and is qualitatively consistent with the degree of the other bands in the spectrum, suggesting that either they are
ligand-field disparity between the nitrogen- and oxygen-based charge-transfer in character or they are possibly obscuring a
donors about the metal core. broader band that is solvatochromic. If intensity stealing is in
A 3B; < 3B, transition has an expected extinction coefficient part responsible for the large oscillator strengths of the
of ca. 16 M1 cm™. This assignment therefore accounts for exchange-enhanced absorptions, then the increased intensity of
several orders of magnitude in increased intensity relative to athe 460 nm band relative to the 665 nm bands could be a simple
2A; — “A; transition, but still leaves a disparity of approximately consequence of their relative proximity to charge-transfer
an order of magnitude in the experimental spectrum. We agreetransitions in the blue and near-ultraviolet regions of the
with the assessment of Benelli et al. that the ligand-field bands spectrum. As with other bands in the spectrum, definitive
in these complexes likely have significant charge-transfer assignments for these features will be afforded by the single-
character due to admixture with nearby CT state(s). Some crystal work currently underwasy.
degree of mixture between charge-transfer and ligand-field states Excited-State Spectroscopy.Insight into the effect exchange
in the electronic manifolds of these complexes is reasonable tocoupling has on excited-state properties can be gained from static
expect given the magnitude of the electron exchange interactionemission as well as time-resolved emission and absorption
present. Whether the charge-transfer state or states involvedspectroscopies. Again, we choose as our baseline the photo-
in the intensity stealing correspond to the intense band at 460physics of the catecholate complex. In Figure 8 is shown the
nm will be discussed below. However, we emphasize that static emission spectrum of [Cr(tren)(3,6-DTBCat)[{Ph a
inclusion of exchange effects accounts for ca. 75% of the 4:1 EtOH/MeOH glass at 90 K. The spectrum shows a strong
experimentally observed increase in intensity for this transition band at 725 nm, with several weaker satellites tailing off into
and is therefore the major factor contributing to this spectral the red. Assigning the nature of the emissive state df Cr
feature. complexes can sometimes be ambiguous, particularly for low-
Several other weaker, sharp features are observed to the highsymmetry molecules in which the lowest-energy state is not
energy side of the 665 nm set. On the basis of their spectral necessarily ofE parentagé! For example, a strongly tetragonal
positions and bandwidths, we tentatively ascribe these bandsligand field can cause a low-symmetry component of 3fig

to formerly spin-forbidden transitions derived from tfigq state ¢EQ, in accord with Forster's nomenclatdfeto drop
octahedral term. However, this assignment will also be re- below the?E state in energy. Alternatively, a sufficiently weak
examined in the singal-crystal work alluded to above. ligand field can result in théT, state being lowest in energy,

Region 2. The near-infrared portion of the spectrum exhibits thereby giving rise to prompt fluorescence as opposed to the
three broad absorptions. These bands are uncharacteristic ofonger-lived phosphorescence characteristic ofAg = 1
the metal ion, as the lowest energy ligand-field states #N transition. Several factors must therefore be taken into account
coordination in Ct are invariably found to occur in the visible.  before an assignment can be made with reasonable certainty.
These features therefore likely arise from intraligand transitions  In the case of [Cr(tren)(3,6-DTBCat)] however, the spec-
of the semiquinone or are charge-transfer in nature. On thetrum exhibits many characteristics typical of clasdkg;based
basis of the observation of similar bands in the spectrum of emission. Most obvious is the narrow spectral bandwidth,
[Zn(CTH)(3,5-DTBSQ)T,*® a compound for which no charge- indicative of an intraconfigurational transition and relatively little
transfer bands are likely, we assign these bands*as— n displacement between the excited- and ground-state potential
intraligand transitions of the coordinated 3,6-DTBSQ. energy surfaces. This fact coupled with the observed lifetime
Region 3. The most intense feature in the visible spectrum (vide infra) clearly rules out &T, — %A, type of fluorescence
of [Cr(tren)(3,6-DTBSQN" is found at 460 nm. The molar

(71) Variable solvent studies have been carried out on this complex as well,
(70) Wheeler, D. E.; Zink, J. I.; McCusker, J. K. Unpublished results. but no significant spectral shifting is observed.
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; feai . Figure 9. Time-resolved emission decay for [Cr(tren)(3,6-DTBCat)]-
Figure 8. Emission spectrum of [Cr(tren)(3,6-DTBCat)]@ a 4:1 . oo e
Elt%uI:/MeOH Igsliss :{)90 }l(J [Crtren)( 2l (PFs) at 760 nm following excitation at 425 nm. The smooth solid line

is a fit to a single-exponential decay wikg,s = 1.98 & 0.05 x 10*

as an assignment. The two remaining possibilities for spin- st
forbidden transitions are 11 or 2E parentage. Emission from  [Cr(tren)(3,6-DTBCat)] can be accounted for by a nephelaux-
low-symmetry components of ti& state have been assigned etic effect due to the catechol acting as-acceptor. Overlap
for severaltrans-CrN4F, systems, e.g., [Cr(phei}]™.72 In between the d-orbitals of the metal and the emyptwprbital(s)
these complexes, the strong tetragonal ligand field gives rise toof the catechol will result in partial delocalization of the
a state inversion in which th#Q component of théT; state d-electrons onto the ligand. The concomitant reduction in
drops below the octahedral-bagédstate. Although the ligand-  electron-electron repulsion will lower the energy of tH&
field symmetry of [Cr(tren)(3,6-DTBCat}]is low, the differ- statet! thereby causing a red shift in the emission maximum.
ences in ligand-field strength along the various bond axes do Similar effects have been observed in other compounds contain-
not qualify as the type of strong tetragonal distortion in which ing z-acceptor ligands: emission from [Cr(G¥), for ex-
state inversion has been observed in other systems. In additionample, is observed near 800 rifn.
the spectra of complexes for which state inversion has been The second point concerns the structure observed in the
proposed are generally broad due to the ligand-field-dependentemission spectrum. With théA; — 4A; assignment given
nature of the?EQ state?’374the sharpness of the spectrum in above, it is tempting to ascribe the most intense peak at 725
Figure 8 is inconsistent with this type of an assignment. Finally, nm to the electronic origin, and the low-energy bands to a
the overall spectral profile shown in Figure 8 is very similar to Vvibronic progression of this-60 transition. However, examina-
those of several other closely related complexes such as [Cr-tion of the spacings of these bands does not support such an
(enp(H20),]3* for which 2E — 4A, assignments have been assignment: the difference in energy between the 725 nm band
made’® We therefore ascribe emission in [Cr(tren)(3,6-DTB- and the first sideband is 240 cfywhereas the second sideband
Cat)[" as arising from one (or both) of tH#&; state(s) derived is 390 cnt?! from the first band. This is inconsistent with a
from the lowest-energy octahedfal state as shown in Figure — simple progression of a single vibrational mode, but may reflect
7. a superposition of progressions along several modes. Since the

Two other aspects concerning the emission spectrum of [Cr- precise origin of these features is not germane to the present
(tren)(3,6-DTBCat)} should be mentioned. The first is that discussion of exchange effects, we will not pursue this point
the emission maximum of 725 nm is significantly red-shifted further at this time’?

from the range 666700 nm typically observed fotE-based In addition to static emission spectra, we have also carried
emission in Cf complexes. For example, [Cr(edx)]" emits out time-resolved emission studies of [Cr(tren)(3,6-DTBCat)]

at 685 nmt and other closely related compounds such as [Cr- A representative decay trace is illustrated in Figure 9. The
(enk(H20)]3*,75 cis-[Cr(NHs)4(H20):]3*,76 andcis-[Cr(cyclam)- observed lifetime of 5Qus is consistent with excited-state
(H20),]3" 77 all exhibit emission maxima in the 668595 nm lifetimes observed for similar compounds, e.gs-[Cr(en)-

range in alcoholic solution at 77 K. The observed red shift in (H20)2]*" (Tobs= 6245),”® cis-[Cr(enk(OH)]* (Tops= 34us),”®
and cis-[Cr(cyclam)(HO)]3" (zops = 74 us)’” The fit to a

(72) Glerup, J.; Monsted, O.; Sdffier, C. E.Inorg. Chem1976 15, 1399. single-exponential decay is quite good, indicating that any
(73) fé’éé"gf’féfz‘ Forster, L. S.; Glover, S. G.; Kirk, A.Iorg. Chem.  enyironmental inhomogeneities associated with the glass matrix
(74) Ghaith ‘A M. Eorster. L. S.: Rund. J. Vhorg. Chem.1987, 26, are having little or no effect on the observed lifetime.
2493.
(75) Forster, L. S.; Rund, J. V.; Fucaloro, A. F.; Lin, S.HPhys. Chem. (78) Ghaith, A.; Forster, L. S.; Rund, J. Yhorg. Chim. Actal986 16,
1984 88, 5017. 11.
(76) Fucaloro, A. F.; Forster, L. S.; Rund, J. V.; Lin, S.HPhys. Chem. (79) We are currently engaged in variable-temperature emission studies to
1983 87, 1796. further elucidate the details of the excited-state properties of this system

(77) Forster, L. S.; Monsted, Q. Phys. Chem1986 90, 513. and will be reporting the results of this work elsewhere.
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We attempted to carry out analogous measurements on [Cr-structurally characterized example of d'Gmonosemiquinone
(tren)(3,6-DTBSQNRT in order to assess the effect of exchange complex. Magnetic susceptibility data confirm the expected
interactions on excited-state decay kinetics. On the basis of presence of a strong anitferromagnetic exchange interaction
the change in extinction coefficient of the formafifx; — 2A; between the metal and the semiquinone ligand, and a qualitative
absorption upon introduction of excited-state exchange (Figuresligand-field theory analysis of the electronic structures of both
5b and 7), we can anticipate an increase in the rate of radiativethe semiquinone and catecholate complexes that includes the
decay from this lowest energy ligand-field state of approximately effects of electronic exchange enables us to account for some
3—4 orders of magnitude for [Cr(tren)(3,6-DTBS®)Felative of the remarkable optical properties of the exchange-coupled
to the catecholate. However, we were unable to observe anysemiquinone complex.
emission from [Cr(tren)(3,6-DTBS@)] in 4:1 EtOH/MeOH Much of our current research efforts are now focusing on
at 90 K in the range 506850 nm, nor at 77 K when probed the excited-state dynamics of these complexes, and some initial
out to 1400 nm. Furthermore, no emission was observed fromresults from these studies have been presented in this paper.
a single crystal of this complex at 10 K following excitation at While the catecholate complex exhibits emissive properties

480 nm?’® The radiative quantum yield from a state®;, is characteristic of classi@g-based Ct excited-state decay, the
given by semiquinone analogue does not emit even as a single crystal at
10 K. This lack of emission in [Cr(tren)(3,6-DTBSG)]
z(kr)i coupled with the pronounced increase in the compound’s
[ = 3) absorption cross section is indicative of substantial changes in
Z(kr)i + Z(knr)i both radiative and nonradiative excited-state decay processes

upon oxidation of the catecholate complex. It is tempting to

where Y (k)i and Y (k)i are the sums of all radiative and attribute these changes in excited-state decay dynamics to the
nonradiative rates of decay from stateandkops = Tops T = introduction of electron exchange into the ground- and excited-
[D(k)i + Y(kani]- Given that our detection threshold for state electronic manifolds of the complex. Given the marked
emission corresponds to a quantum yield of the order of+0 perturbation in electronic structure that electron exchange
1074, we can infer that the nonradiative rate constant for decay induces (see Figure 7), a correspondingly large change in the
from the lowest-energy ligand-field state of [Cr(tren)(3,6- dynamics of excited-state relaxation would not be surprising.
DTBSQ)F+ must have increased by a factor of at least 10 However, the presence of low-lying, ligand-based absorptive
relative to [Cr(tren)(3,6-DTBCatj]in order to account for the  features in the spectrum of [Cr(tren)(3,6-DTBSO)jecessitates
lack of emission. that caution be exercised before such a correlation is made. The

Since time-resolved emission cannot be used to study [Cr- lack of emission in this particular complex could simply be a
(tren)(3,6-DTBSQN*, we sought to use time-resolved absorp- manifestation of Kasha’s rule, with the inferred increas&in
tion spectroscopy to try and elucidate details about excited- being a reflection of rapid depopulation of th&; state(s) in
state dynamics in the semiquinone complex. However, excitation favor of these lower energy ligand-localized states. A key
at a number of different absorption wavelengths of a solution challenge, then, is distinguishing between this possibility and
of [Cr(tren)(3,6-DTBSQY" at room temperature failed to the effects of electron exchange that we wish to explore. One
produce any transient signals in the 4000 nm probe region.  virtue of the present system is its inherent synthetic flexibility,
We believe this is indicative of a sub-nanosecond lifetime for making it possible to manipulate the electronic structures of
the excited state(s) of this complex at room temperature. Suchthese compounds with relative ease. Such compositional
a result would be wholly consistent with the lack of emission variations coupled with low-temperature and short time scale
from this compound at lower temperatures, considering that the measurements (e.g., femtosecond time-resolved absorption
rate of nonradiative decay will most likely increase with spectroscopy) should allow for differentiating between changes
increasing temperature. We are currently engaged in both low-in excited-state dynamics due to low-lying ligand-localized
temperature nanosecond as well as femtosecond absorptiorelectronic states and effects due to electron exchange interac-
experiments on this compound in order to detail its excited- tions.
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