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Abstract: Complexes of the stoichiometry Col'N3(SR) were prepared by the reaction of CoCI{SR) (SR = O-cthylcysteinate)
with potassium hydrotris(3,5-dimethyl-I-pyrazolyl)borate. K(HB(3,5-M¢,pz);). or by the reaction of CoBr(HB(3.5-
Me,pz)s) with NaSR (SR = p-nitrobenzenethiolate or pentafluorophenylthiolate). These complexes are synthetic approxima-
tions to a proposed active site in the cobalt(11)-substituted blue copper proteins. The complexes were characterized by electron-
ic spectral, NMR, and XPS techniques. The complex pentafluorophenylthiolato(hydrotris(3,5-dimethyl- |-pyrazolyl)borato)-
cobalt(11) was also characterized by single-crystal X-ray diffraction methods. The complex crystallizes in the monoclinic space
group Ca43-P2,/n with four molecules in a unit cell of dimensions @ = 15.46 (1) A, b = 7.841 (8) A, ¢ =22.20(2) A, and 8
=91.89(2)° (=162 °C). Least-squares refinement of the 106 variables has led to a value of the conventional R index (on F)
of 0.106 for 827 independent reflections having F,2 > 3a(F,2). The geometry about the cobalt(l1) ion, which is coordinated
to three nitrogen atoms and one sulfur atom, is distorted tetrahedral, with N-Co-N angles ranging from 89.3 (7) to 94.1 (7)°
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and with N-Co-S angles ranging from 107.7 (6) to 138.3 (6)°. The Co-N distances range from 1.97 (2) to 2.01 (2) A, and the

Co-S distance is 2.26 (1) A

In the preceding article! we discussed the synthesis and
properties of certain active site approximations to the type 1
blue copper proteins.2 We presented our chemical, structural,
and spectral results on a series of Cu!N3(SR) and Cu!'N3(SR)
complexes in which the three-nitrogen donor ligand was the
anionic hydrotris(3,5-dimethyl-1-pyrazolyl)borate, HB-
(3,5-Mespz);~ (A). Valuable information on the nature of the

H

i

type | binding site(s) has been obtained from electronic
spectral, proton nuclear magnetic resonance,* CD/MCD,?*
and magnetic susceptibility® studies of type | proteins in which
Co(I1) has been substituted for Cu(II). Since there are no low
molecular weight compounds that approximate the proposed
active site configuration of the Co(l1)-substituted proteins, and
since there is little information connecting the properties of
Co(1l) and Cu(II) ions in such environments, we have ex-
panded our studies of the type 1 binding site approximations!-®
by synthesizing and characterizing compounds of the formu-
lation Co''(HB(3,5-Mespz)3)(SR) (B). We report here the
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synthesis and spectral properties of three such complexes and
the crystal structure of one of them.

0002-7863/79/1501-4193801.00/0

Experimental Section

All chemicals were reagent grade and used as received, unless
otherwise noted. The compound potassium hydrotris(3,5-dimethyl-
[-pyrazolyl)borate, KHB(3,5-Meypz)3, was prepared according to
the literature procedure.” The solvents tetrahydrofuran (THF).
hexane, and diethyl ether were distilled from sodium-potassium alloy
benzophenone ketyl under prepurified nitrogen. All other solvents were
stored over molecular sieves (4A) and deaerated prior to use with
prepurified nitrogen. Standard Schlenk ware, glovebag, and glovebox
techniques were used in the synthesis and manipulation of the com-
plexes described below.

Preparation of p-Nitrobenzenethiolato(hydrotris(3,5-dimethyl-
1-pyrazolyl)borato)cobalt(Il}, Co(HB(3,5-Mezpz)3XSCsH4NO2) (2).
Dark red CoBr36H,0 (2.20 g, 0.570 mmol) was dehydrated at ap-
proximately 60 °C under high vacuum to yield a green solid. The
addition of 25 mL of THF gave an intensely blue solution. To this
vigorously stirred blue solution was added over 0.5 h KHB(3.5-
Meapz); (0.224 g, 0.67 mmol) as a powder. The resulting solution was
a slightly lighter shade of blue than the starting solution. To this so-
lution was added potassium p-nitrobenzenethiolate (0.130 g. 0.67
mmol) as a red powder, which was obtained by the removal of the
solvent from an ethanol solution of potassium p-nitrobenzenethiolate
prepared as previously described.! 48 The resulting solution was dark
green. Filtration of the solution. reduction of the volume to approxi-
mately 10 mL, and slow addition of hexane yiclded a green precipitate,
which was dried under vacuum. Anal. Caled for C51H,cBCoN-O,S:
C,49.43; H,5.15;N, 19.21. Found: C, 48.4: H, 5.12: N, 18.0. Cryo-
scopic solution molecular weight in benzene is 565 amu (caled, 510.3
amu). Infrared data incm™! (Nujol mull): 2510 w, [570 m, 1545 m,
13305, 12605, 1205 m, 1190 m, 1090, 10705, 1030s,875 m, 805s,
745w, 735 w.

Preparation of Pentafluorophenylthiolato(hydrotris(3,5-dimethyl-
1-pyrazolyl)borato)cobalt(Il), Co(HB(3,5-Me1pz);XSCeFs) (3). This
compound was prepared in a manner analogous to Co(HB(3.53-
Mespz)3)(SCeH4NO2) (2). The compound sodium pentafluoro-
phenylthiolate was prepared by the reaction of pentafluorophenylthiol
(0.20 g, 0.10 mmol) with sodium methoxide in methanol. The final
product is dark blue. Anal. Caled for C21H23,BCoFsNgS: C, 45.43;
H, 3.99; N, 15.14. Found: C, 45.6; H, 4.48; N, 15.1. Cryoscopic so-
lution molecular weight in benzene is 605 amu (calcd, 574 amu). In-
frared data in cm~! (Nujol mull): 2510 w, 1410w, 1260's, [ 170 s,
10905, 1010s,970 m, 860 m, 800's, 690 w.

Preparation of O-Ethylcysteinato(hydrotris(3,5-dimethyl-1-py-
razolyl)borato)cobalt(Il), Co(HB(3,5-Me;pz)3)(SCH,CH(NH3,)-
(COOC;Hs)) (1). To 10 mL of dry methanol were added sodium metal
(0.542 g, 0.022 mol) and then L-cysteine ethyl ester hydrochloride
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Table I. Crystal Data for Co(HB(3,5-Me;pz)3)(SCeFs)

molecular formula
mol wt

C2.H22BC0F5N6$
555.25 amu

15.46 (1) A

7.841 (8) A
22.20(2) A
91.89 (2)°
2690 A3
4
temp —162°C
space group Cap3 = P2y /n
crystal dimensions 0.047 X 0.11 X 0.32 mm,
¥V =0.0017 mm?

N<=®™ >a

radiation Mo Ka (A(Kery) = 0.709 30
A)

takeoff angle 2.5°

scan speed 2° min in 20

scan range 0.9° below Koy 10 0.9° above
KCYZ

5.6 mm high X 5.8 mm wide,
32 cm from crystal

receiving aperture

background counting time 20s

26 limits 3.0-42.0°
absorption cocfficient 7.6 cm™!
transmission coefficients 0.916-0.966

unique data used (Fo2 > 30F,?) 827

monohydrate (2.02 g, 0.0109 mol) to generate the sodium mercaptide.
The purple compound CoCly-6H,0 (3.99 g, 0.0109 mol) was dehy-
drated at approximately 100 °C under high vacuum for 3 h and was
then dissolved in 10 mL of ethanol to yield a dark blue solution. The
sodium mercaptide solution was then added dropwise in approximately
0.5 h to this vigorously stirred solution, A green precipitate formed.
After the reaction mixture was stirred overnight, the blue supernatant
solution was removed by syringe and the green precipitate dried under
high  vacuum. This green reagent “CoCI(SCH,CH-
(NH2)(COOC,Hs)” was used in subsequent reactions, To
KHB(3,5-Meapz); (0.240 g, 0.71 mmol) in 20 mL of stirred THF was
added this green cobalt-thiolate compound (0.540 g, 0.71 mmol). The
resulting green mixture was stirred for several hours and then suction
filtered. Hexane was slowly added by syringe to the reaction vessel.
A green precipitate formed. The supernatant was removed by syringe,
and the green solid was washed with hexane and dried under high
vacuum. Further purification of this compound was frustrated by slow
thermal decomposition in solution (see Discussion section), and sat-
isfactory elemental analyses could not be obtained. A typical result
is given. Anal. Caled for CaoH33,BCoN;O5S: C, 47.6; H, 6.40; N, 19.4.
Found: C, 54.0; H, 7.27; N, 24.4. The compound is not sufficiently
soluble in benzene for a solution molecular weight determination.
Infrared data in cm™! (Nujol mull): 3450 w, broad, 2510 w, 1740 m,
1605 m, [580m, 550 m, 1260, [280's, 1070s, 1050's, 810 m.

Spectral Studies. Infrared spectra were obtained on Nujol mulls
with a Perkin-Elmer 727B infrared spectrophotometer. Samples were
prepared in a glovebag under prepurified nitrogen. UV -visible and
near-infrared spectra were obtained with a Cary 17D spectropho-
tometer ina [-cm cell fitted with Schlenk connections. NMR spectra
were obtained with a Perkin-Elmer R20B spectrometer. Each sample
was loaded under nitrogen into an NMR tube fitted with a rubber
septum. The solvents deuteriobenzene for 2 and 3 or deuterioacetone
for 1 were degassed prior to use. A sweep range of |8 kHz was used.
XPS spectra were obtained on an AEI ES200A spectrometer with Al
Ka X-radiation. Samples were pressed onto indium plates under
prepurified nitrogen in a glovebag. Internal carbon was used as a
standard. The value of the carbon |s peak was taken to be 285.4 eV.?
All XPS spectra were smoothed through the use of an AEI 9-point
smoothing routine.

X-ray Study of Co(HB(3,5-Me;pz)3XSCeFs) (3). Dark blue crystals
were grown from a THF-hexane solution at —10 °C. A representative
crystal was mounted in a glass capillary under prepurified nitrogen
in a glovebox. An examination of the crystal by Weissenberg and
precession methods established that it crystallizes with four formula
units in a space group Cax 5-P21/n of the monoclinic system. A data
set was collected on a FACS-I diffractometer at room temperature
using Ni-filtered Cu Ke radiation. Although there was nothing ob-
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Table II. Positional and Thermal Parameters for the Nongroup
Atoms of Co(HB(3,5-Me2pz)3)(SCeFs)

A

8 2
811 OR 8,4

\TOM X Y 1
<o 0.23824129} 0.50271184} 0.407071221 12.21221
s 0.11659155) 0.03641141 0.,08931140} 16,3148}
8 0.0491122} 0.45651521} 0.3589115) 0.101841
Fl —0.,0558112} 0.1953127} 0.059261861 2.76151}
F2 ~0.0967114} 0.37881311} —0.,038981901 3.771561
F3 0.01821131 0.44361291 ~0.12271195) 4s52160}
Fé& 0.18471121 0.3276129} -0.11038189} 3.4061551
L] 0.2309112) 0.14581261} -0.013561781 1.971461
€141} 0.09041211 Qs1655147) 0402501151 1.251831
Cla2l 0.00271211 0e2239146) 0.01941141 0.48181)
Cla3} ~0.01661281 0431571581} -0.0295121} 3.7
Cibél 0.0394128} 0.35621611 ~0+0719120} 4.11111
Clas} 0.12781231 0.30411511 -~0,06731171 24121901
Clael 0.14531251 0.2064155) —0.0208118} 2+721971
822 833 812 813 823
27.1101 10.0112}) 5.21661] —0.81121 la8151)
52.127}) 10.81261 3.1111 0.8128) 6.3180}

@ Estimated standard deviations in the least significant figure(s)
are given in parentheses in this and all subsequent tables. # The form
of the anisotropic thermal ellipsoid is exp[—(B 1| | A2 + B22k2 + B33/?
+ 2B12hk + 2B13h! + 2B23kl)]. The quantities given in the table
are the thermal coefficients X 104. The bottom two rows are the pa-
rameters for Co and S, respectively.

viously wrong with the data sct nor with the solution obtained from
these data, refinement would not yield a conventional R index below
0.24. The resultant structure displayed distorted tetrahedral geometry
about the Coion and very high thermal motion of the C¢Fs group. A
data set on another crystal was collected at —162 °C10 by attaching
the crystal to the end of a glass fiber with Apiezon N grease in air and
then placing it in a cold nitrogen stream. The lattice constants were
determined by a least-squares analysis'! of the angle settings of 16
hand-centered reflections obtained on a Picker FACS-I diffractometer
in the range 11.7° < 20 < 24.3° using monochromatized Mo Ko
radiation (A = 0.709 30 A). The refined cell constants, other relevant
crystal data, and details of data collection are given in Table I. In-
tensity data were collected by the standard 6-26 technique. During
the data collection, six standard reflections were collected after every
100 reflections. There was significant decline in intensity (approxi-
mately 40%) in five of these standards, and a correction for sample
decomposition was necessary.

The intensity data were processed as previously described,!! with
the parameter p chosen as 0.04. Of the 3120 unique data collected 827
independent reflections were found with F,2 > 30(F,2) and were used
in the subsequent solution and refinement of the structure. The rela-
tively few F,* values above background result from the availability
of only very small crystals.

The positions of the Co and S atoms were taken from the solution
of the room temperature data set. Full-matrix least-squares calculation
and Fourier or difference Fourier methods resulted in the location of
all other nonhydrogen atoms. The three 3,5-dimethylpyrazole rings
and the pentafluorophenyl (C¢Fs) moiety were refined as rigid bod-
ies.!"12 Bond angles and bond distances for the 3,5-dimethylpyrazole
model were taken from a previously determined structure.!3 An ide-
alized phenyl group and C-F bonds (C-F = 1.34 A) were used in the
model for the C4F5 moiety. Scattering factors and anomalous dis-
persion terms for the Co and S atoms were taken from the usual
sources.'* With isotropic thermal parameters for all nonhydrogen
atoms, the model refined to values of R and R, of 0.12and 0.13. In
the final model the Co and S atoms were refined anisotropically, the
3.5-Mespz rings were treated as rigid groups, but the atoms of the
CgFs ring were refined individually. This final full-matrix least-
squares cycle refined to values of R and R, of 0.106 and 0.1 17 for the
827 independent reflections and 106 variables and to an error in an
observation of unit weight of 2.09 electrons. The final difference map
shows a significant amount of electron density in the region of the
molecule (0.4-0.8 e/A3), as expected with the relatively large R
index.

The final positional and thermal parameters for the nongroup
atoms, along with their estimated standard deviations, are given in
Table I1. Table 111 lists the derived parameters for the atoms belonging
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Table III, Derived Parameters for the Rigid Group Atoms of Co(HB(3.5-Meapz)3)(SCeFs)
ATOM X Y z B:Az ATOM X Y 1 B:Az
NIll1 0.15021101 0.3721125}) 0.449331741 1.25163}) €123} 0.102291901 0.29831211 0.2630516131 1.31181
N{l2} 0,07041121 0,3778125}) 0.420381661}) 2.79176}) Cl24} 0,33787192}) 0.2648138}) 0.27741111) 2,811981}
cil1) 0.139B8189} 0.,2770122}) 0.5041B163} 2.14190}) c1ae51 Ce01611101} 0.2722134} J.232261941 1411801}
ciel 0.,05495197} 0.2254125] 0.508551651) 1.32182}) N1311 0.3413110} 0.19501211 0.,111081751 1711691
c1131 0.01225190} 0.2860122}) 0445785163} 2455193} N132} 0.42071111}) 041434119} 2.1337918314 167172}
Cll4) 0.,2148111}) 0.2470136}) 0.546421901 2467194} €131} 0.33971191} 0.37851211 0.,114791621 1.27183})
€115} —0.082011961 0.25741361) 0,44520199) 2.571931 €1321 0.,41721101 0.4378119} 04139361811} 0.,841821)
Ni2l} 0.20631111 0.3758125}) 0.330901641 1.331661 €133} 0.466811861 0.29591221 0.151001601 2.71101
Ni22} 0.11841101) 0.38031251} 0.320251691 l.67168}) €13l 0,26201121 0.47571301 0.09371111 2.371781
ciell 0.,242961891) 0,29101231 0.,28009168) 1.56185) C|55) 0.55633197} 0.30501341) 0.178041991 2465197}
€122} 0.,1782110} 0.24461261) 0.239051661 3.21101

R1GI0 GROUP PARAMETERS

A

8
DELTA

GROUP X Y 4 EPSILIN ETA

< < <
RING1 0.08262187} 0.30021171 0.,47170154) —0.6301171 2.288112} —2+411115}
RING2 0.170271881 0.31131171 0.282311541] 0.2291171 ~2+0791151 —2.851116}
RING3 0.399091841 0.3035119} 0.13085147) 2.88211921 29791131 279361761

a Xc¢, Ye, and Z ¢ are the fractional coordinates of the origin of the rigid group. ¢ The rigid group orientation angles 8, €, and % (rad) have been
defined previously: S. J. La Placa and J. A. lbers, Acra Crystallogr., 1965 18, SI1-519.

to the three rigid groups. The rool mean square amplitudes of vibration
for the Co atom are 0.08 (2),0.13 (2). and 0.16 (1) A and for the S
atoms are 0.11 (4).0.14 (2),and 0.17 (2) A. Table IV isa listing of
[0]Fo| and 10| F .1

Results and Discussion

The ligand hydrotris(3.5-dimethyl-1-pyrazolyl)borate has
both the negative charge and steric bulk that are desirable in
the synthesis of stable monomeric Co!''N3(SR) complexes.
Using a procedure similar to that described for the analogous
Cu complexes! %2 we were able to prepare the Co!!N3(SR)
complex with SR = O-ethylcysteinate:

hanol
CoCls + NaSR ———> CoCI(SR) + NaCl

(la)

THF

CoCI(SR) + KHB(3,5-Meapz); —>
Co(HB(3,5-Me1pz)3)(SR) + KCI (1b)

1, SR = SCH>CH(NH,)(COOC>Hs)

Although most pseudotetrahedral cobalt(11) complexes are
blue, complex 1 is green owing to the overlap of a charge
transfer band with the visible region of the spectrum (vide
infra).

The procedure outlined in eq | was attempted unsuccessfully
with a variety of aryl mercaptans. The principal products were
insoluble polysulfides and the complex Co''(HB(3,5-
Me;pz)s),, previously reported by Trofimenko.” Thus, another
procedure was used to prepare Col'N3(SR) complexes with
SR = aryl thiolates:

THE
CoBr; + KHB(3,5-Me,pz); —>

CoBr(HB(3,5-Mespz)3) + KBr (22)
CoBr(HB(3,5-Mespz)3) + NaSR —
Co(HB(3,5-Mespz)3)(SR) + NaBr (2b)

2, SR = SCsH4NO, 3,SR = SC¢F;5

This procedure may be used also for SR = O-ethylcysteinate.
The complex 2 is green, whereas complex 3 is blue. Solution
molecular weights indicate that these complexes are mono-
meric in benzene.

Solutions of the complexes 1-3 are very sensitive to air and
moisture, although crystals of 3 can be handled briefly in air
with no apparent decomposition. As with many other transition

metal-thiolate complexes,'®!7 complexes 1-3 are not indefi-
nitely stable in solution. Insoluble sulfides are formed, ac-
cording to the equation

21nCo(HB(3,5-Me1pz);3)(SR) = [Co(SR),],
+ nCo(HB(3,5-Mejpz)3)2  (3)

The order of decreasing stability in solution for the three
thiolate complexes is 3 ~ 2 >> 1, Thus, the NMR spectra of 1-3
in deuteriobenzene or deuterioacetone always revealed traces
of Co(HB(3,5-Me;pz)3)s (vide infra). While compounds 2 and
3 are sufficiently stable to be isolated and characterized by
standard techniques, it proved impossible to obtain compound
1 in an analytically pure state.

Description of the Molecular Structure of Co(HB(3,5-
Meapz)3)XSCeFs) (3). The overall crystal structure of the
Co(HB(3,5-Me;pz)3)(SCyFs) complex is apparent in the
stereoscopic drawing of the unit cell (Figure 1). The structure
consists of well-separated neutral, monomeric Co(HB(3,5-
Meqpz)3)(SCeFs) molecules (Figure 2). The ligand
HB(3,5-Mespz);~ coordinates to the Co ion through the N
atoms in the 2 position of each ring. The pentafluorophenyl-
thiolate moiety is coordinated to the Co ion through the S
atom. In Figure 2 we see that the methyl groups in the 3 posi-
tion do provide some steric protection for the Co ion. Pre-
sumably in this way dimerization is retarded.

The thermal parameters and estimated standard deviations
on the positional and thermal parameters for the three 3,5-
dimethylpyrazole rings, the Co ion, and the S atom are rea-
sonable for a low-temperature data set. However, the thermal
parameters for the CoFs moiety are large. An inspection of
these values (Table I11) shows that the thermal parameters
increase around the ring (for both C and F atoms) from C(41)
to C(44), with the exception of that for C(42). The pattern is
that generally expected for disorder or an inadequate thermal
description of a wagging motion. We suggest that the same
problem prevented successful refinement of the data collected
at room temperature. The relatively small number of obser-
vations discouraged us from trying a more elaborate refinement
of the low-temperature data.

Selected bond distances and angles are presented in Table
V.!'¥ The distances, angles, and numbering scheme for the
3,5-dimethylpyrazole rings have been given previously.! The
Co-N distances are typical of both Co-N distances in poly-
(pyrazolyl)borate complexes!® and Co-N distances in gener-
al.?® The Co-S distance is similar to those reported in the lit-
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Figure 1, Stereoview of the unit cell of Co(HB(3.5-Meapz)3)(SCsFs) (3). The » axis is almost vertical, and the x axis is horizontal and to the right. Vi-
brational ellipsoids are drawn at the 309 probability level. Thermal parameters of 1.8 A have been assumed for the B and C(42) atoms here and in

Figure 2.
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Figure 2. The molecular structure of Co(HB(3,5-Me;pz)3)(SCsFs)
(3).

eArature (2.25 (1),212 2,272 (2) and 2.316 (4),21b 2,342 (4)
2lc).

The Co coordination sphere is highly distorted but is clearly
pseudotetrahedral rather than planar. The distortion from
idealized C;, geometry can be seen more clearly in Figure 3,
which shows the Co inner-coordination sphere. The N-Co-N
and N-Co-S bond angles range from 89.3 (7) to 138.3 (6)°.
Similar distortion of the metal coordination sphere in four-
coordinate tris(pyrazolyl)borate complexes has been observed
in the Cu(l) complexes Cu(HBpz;)(CO)?2 and
K[Cu(HB(3,5-Me1pz)3;)(SCeH4NO7)]-:2C3HgO.! The ge-
ometry of the Cu inner-coordination sphere may be described
roughly as trigonally distorted tetrahedral, owing in part to the
bonding restrictions of the tris(pyrazolyl)borate ligand. The
inner-coordination sphere of the cobalt ion is similar to that
in the Cu(I) structures because of the tris(pyrazolyl)borate
ligand,'22 but is somewhat more irregular because of the close
approach of an ortho F atom (F(5)) of the SC¢Fs group to the
Coion. The Co-F distance of 2.64 (2) A is not a bonding dis-
tance;> rather, the F atom is probably forced into that position
because of the nature of the bonding of the SC¢Fs~ group. The
S atom is conjugated with the strongly electron-withdrawing
CeFs group (vide infra); in valence bond terms2* there are
significant contributions from resonance structures with an
sp2-hybridized S atom. Therefore, the Co atom must be close
to the plane defined by the SC¢Fs group; the distance of the
Co atom from this plane is 0.40 (5) A. That the Coand S atoms
and C¢Fs moiety lie nearly in the same plane causes the ortho
F atom (F(5)) to occupy a position close to the Co ion. This

1)98(2)

12).9(6) /,

2.04(2)

i N(2h) 07.7(6)r7 1.97(2)

NS N
\es 3(7)/ \_/

Figure 3. View of coordination geometry about the cobalt ion in
Co(HB(3.5-Mepz)3){SCoFs).

Table V, Bond Distances (A) and Bond Angles (deg) for
Co(HB(3,5-Me2pz);)(SCsF's)

Co-N(11) .97 (2)  N(I1)-Co-N(21) 89.3(7)
Co-N(21) 201(2) N(I1)-Co-N(31) 93.3(7)
Co-N(31) 198 (2) N(21)-Co-N(31) 94.1 (7)
Co-S 226 (1)  N(11)-Co-S 138.3 (6)
B-N(12) 1.52(4) N(I12)-B-N(22) 102 (2)
B-N(22) 1.52(4) N(I12)-B-N(32) 103 (2)
B-N(32) 1.54 (4) N(22)-B-N(32) 102 (2)
S-C(41) 178 (3) C(41)-S-Co 107 (1)
C(41)-C(42)  1.43(4) C(42)-C(41)-S 116 (3)
C(42)-C(43)  1.33(4) C(46)-C(41)-S 126 (3)
C(43)-C(44)  1.34(5) C(42)-C(41)-C(46) 118 (3)
C(44)-C(45)  1.43(4) C(41)-C(42)-C(43) 116 (3)
C(45)-C(46)  1.32(4) C(41)-C(42)-FI 124 (3)
C(46)-C(41)  1.38(4) C(43)-C(42)-FI 120 (3)
C(42)-FI 130 (3) C(42)-C(43)-C(44) 125 (4)
C(43)-F2 1.34 (4) C(42)-C(42)-F2 120 (4)
C(44)-F3 1.35(4) C(44)-C(43)-F2 115 (5)
C(45)-F4 1.33(3) C(43)-C(44)-C(45) 121 (5)
C(46)-F5 1.40 (4)  C(43)-C(44)-F3 124 (4)
C(45)-C(44)-F3 [14 (4)
C(44)-C(45)-C(46) 113 (4)
C(44)-C(45)-F4 124 (4)
C(46)-C(45)-F4 121 (3)
C(45)-C(46)-C(41) 126 (4)
C(45)-C(46)-F5 117 (4)
C(41)-C(46)-F5 116 (4)

close approach may account, at least in part, for the large de-
viation of the N-Co-S and N-Co-N bond angles from those
of C3, symmetry expected for a Co''N3(SR) complex.

Based on spectroscopic and chemical evidence to be de-
scribed below, we propose that the other Co!"N3(SR) com-
plexes 1 and 2 have structures similar to that shown in Figure
2.
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Table VI. Visible Spectral Data for Co(HB(3.3-Meapz);)(SR)
Complexes

SR = SCH>CH(NH2)(COOC,Hs)(1)¢

6507 (~7359)
630 (~800)

595 (~600)
SR = SCoH4NO2 (2) 675 (550)
625 (670)
586 (246)
SR = SCxFs (3) 660 (95)
603 (330)
570 (270)

¢ Values for extinction coefficients are only approximaic because
of thermal decomposition.?® # In nm. * In M~ em~!}

Electronic Spectral Studies. The electronic spectral char-
acteristics of pseudotetrahedral cobalt(I1) complexes have been
thoroughly studied,®23-27 and from these investigations sev-
eral general statements can be made about the spectral prop-
erties of such compounds. Firstly, three d-d electronic tran-
sitions are observed for pseudotetrahedral cobalt(Il) com-
plexes, the energies of which are relatively invariant.2527 The
longest wavelength band v(*As — *T,) is not usually ob-
served, owing to its low energy (3000-5000 cm™!), which
places it in the region of vibrational transitions. The second
transition v2(*As — 4T (F)) occurs in the near-infrared region
and is often broad. Because of ligand and solvent absorption
in this region (overtones of molecular vibrations), the band is
frequently not observed in solution spectra. The third transition
v3(*A, — *T|(P)) occurs in the visible region and often shows
considerable structure. The amount of splitting of this band
can be qualitatively correlated with the degree of distortion
from tetrahedral geometry since it reflects removal of the de-
generacy of the *T(P) state.?® Secondly, the absorption bands
for pseudotetrahedral complexes in the visible region are more
intense and generally at lower energy than those for octahedral
cobalt(11) complexes.>>-27 Thirdly, although the absorption
bands for pseudotetrahedral and pentacoordinate cobalt(II)
complexes occur at similar energies, the molar absorptivity
coefficients for pseudotetrahedral complexes (¢4, >250 M™!
cm™!) are generally larger than those for five-coordinate
complexes (€, <225 M~ Tem™1).26.27 Lastly, pseudotetrahe-
dral complexes are generally blue, but overlapping charge
transfer bands and strong field ligands, which shift the d-d
transitions to higher energies, will give rise to colors other than
blue; thus, color is not a good indication of geometry.26¢ In
summary, the positions, intensities, and degree of splitting of
absorption bands in the visible region are structurally diag-
nostic for cobalt(1l1) complexes.

The visible spectrum of 2 is shown in Figure 4; the band
positions and intensities for 1-3 are listed in Table V1. All
spectra were obtained from THF solutions.?® The only ob-
served d-d transition for each complex was v3; v; and v, could
not be observed. Therefore, no determination of the strength
of the ligand field is possible.?” The molar absorptivity coef-
ficients for 1-3 are large and unequivocally characteristic of
pseudotetrahedral cobalt(IT) complexes. The spectrum of each
complex in the 500-700-nm region consists of a broad band
with two poorly resolved shoulders. We conclude from this
splitting of the v band that the symmetry is lower than tet-
rahedral in each case. This conclusion is consistent with the
results from the crystal structure of 3. The close similarity of
the spectra of the three compounds indicates that 1 and 2 have
structures similar to 3,

The absorption spectrum in the 600-nm region of cobalt-
(I1)-substituted stellacyanin is also presented in Figure 4;3°
spectra for the other Co(II)-substituted blue copper proteins
are virtually identical.® Two important conclusions about the
nature of the metal binding site can be made through a com-
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Figure 4. Optical spectra of Co(HB(3,5-Mepz)3)(SCsHsNO3) (2) (—)
and cobalt(l1)-substituted Rhus vernicifera stellacyanin (- - - - - ) from
ref. 3b.

Table VII, Ligand-to-Metal Charge Transfer Data for Co(HB(3.5-
Meapz)3)(SR) Complexes and Several Cobalt(11)-Substituted
Proteins

A, nm A, nm

SR (obsd) XSR (caled)
SCH2CH(NH;)(COOC;,H3) 3404 2.79 336
SC¢H4NO, 318 2.87 311
SCFs 2.95 289

Co(I1)-Substituted Proteins
Rhus vernicifera

stellacyanin 310? 2.85 316
Pseudomonas aeruginosa

azurin 330° 2.83 322
Phaseolus vulgaris

plastocyanin 3338 2.86 34

@ Earlier we reported this band at 388 nm; however, the 340-nm
assignment is based on spectra obtained from purer samples. » Ref-
erence 3b.

parison of the spectra of the substituted proteins with those of
1-3. Firstly, the intensity and position of the v3 absorption band
for the substituted protein are characteristic of pseudotetra-
hedral cobalt(Il) complexes in general and are similar to the
values observed for 1-3, This similarity supports the conclusion
made by Gray and co-workers?3 that the cobalt(11) ion occupies
the same site in the protein as does the copper ion. Without
crystallographic data for the cobalt-substituted protein, there
is no unequivocal evidence that the two metals occupy the same
site. Secondly, the large degree of splitting of the absorption
band in the spectrum of the cobalt(I1)-substituted protein in-
dicates that the geometry about the cobalt ion is considerably
distorted from tetrahedral geometry.2*! The distortion appears
to be greater than that observed for the complexes 1-3 as
qualitatively judged by the degree of splitting of the band. A
similar conclusion about the metal binding sites in the native
systems was reached in our studies of the Cu''™N;(SR) active
site approximations,!-% based on spectral and EPR data. The
crystal structures of the oxidized forms of Populus nigra var.
italica plastocyanin3®2 and Pseudomonas aeruginosa azurin3®
at the present level of refinement show the copper coordination
sphere to be distorted tetrahedral.

Further structural information can be obtained for both the
compounds 1-3 and the cobalt(I1)-substituted proteins through
an analysis of the ligand-to-metal charge transfer spectra.
Table V11 lists the positions of the bands that we have assigned
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Figure 5. NMR spectra in deuteriobenzene of Co(HB(3.5-Mezpz)3)-
(SCsH4NO>) (2) (bottom) and Co(HB(3.5-Mezpz)3;)(SCeFs) (3) (top).
The resonances for Co(HB(3,5-Meapz)3); are marked with an asterisk.
The peak for the solvent C¢DsH is marked with an S. There is some re-
sidual diamagnetic material in the 0-7.2-ppm region.

to sulfur-to-cobalt charge transfer, using the following line of
reasoning. We have shown previously that the intense blue
color of the Cu''N;(SR) active site approximations and of the
blue proteins results from sulfur-to-copper charge transfer.!-62
Because there is an approximately linear relationship between
the position of a ligand-to-metal charge transfer band and the
reduction potential of the metal ion,*' substitution of a co-
balt(Il) ion for a copper(11) ion in a given complex should shift
the band to higher energy; that is, more energy is required to
reduce a Co(Il) complex to a Co(I) complex than to reduce the
corresponding Cu(Il) complex to the Cu(l) complex. Based
on estimates of the Co(11)/Co(l) redox couple, the shift in
energy with substitution of cobalt(1l) ions is predicted to be
13 000-16 000 cm=%3t thus, the ligand-to-metal charge
transfer bands for 1-3 should and do occur in the near-UV
region. It is also characteristic of such bands that their positions
shift to lower energy as the reducing power of the ligand system
increases. For the Co''N3(SR) complexes, the band moves to
lower energy along the series SCgFs (3) > SC¢H4NO» (2) >
SCH>CH(NH»)(COOC,Hs) (1), which is also the direction
of increasing reducing power of the mercaptide group. Similar
results have been obtained from the analysis of the ligand-
to-metal charge transfer spectra of the Cu''N;(SR) com-
plexes.!

A more accurate prediction of the energies of such bands for
Co!''N3(SR) complexes can be made through the use of the
optical electronegativity approach of Jgrgensen:?2

ver{em™!) = 30 000 (Xjigand — Xmetal) 4

The position of a charge-transfer band, vcT, can be calculated
by the substitution of the appropriate empirical optical elec-
tronegativity value for the metal atom (X mewa) and of the li-
gand (Xiigang). We have shown previously!-® that the Xiigand
values calculated for SR = O-ethylcysteinate, p-SCcH4NO»,
and SC¢Fs (Table VII) are comparable with those of other
sulfur-containing ligands, such as diethyl thiophosphate (2.8)
and diethyl sulfide (2.9).32 Substitution of the tabulated value
of Xxco for a distorted tetrahedral geometry (1.8)%? and of
xsr !¢ into eq 4 yields the calculated positions shown in Table
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VI1I. The agreement between calculated and observed band
positions is good and is strong evidence for the assignment of
ligand-to-metal charge transfer to the bands listed in Table VII
for the Co''N3(SR) complexes. This close agreement between
experimental and calculated band positions indicates also that
the Co!'N;3(SR) complexes and the analogous Cu''N3(SR)
complexes have similar structures, since the position of the
charge-transfer band for a M!/N3(SR) complex with a given
SR~ ligand is dependent solely on the X meia1 value. The posi-
tions of these charge-transfer bands are affected by geome-
try:3233 thus, major structural changes with substitution of a
cobalt(Il) ion for a copper(11) ion are expected to result in a
larger difference between the calculated and observed band
positions than we find. Thus, the results from the structural
and spectral studies of the Cu'N3(SR), Cu'"N;(SR), and
Co''N;3(SR) series of complexes that we have synthesized
support the contention that all of the complexes have similar,
pseudotetrahedral environments around the central metal.

The comparison of the ligand-to-metal charge transfer
spectra of 1-3 with the corresponding spectra of the cobalt-
(IT)-substituted proteins reveals two important features.
Firstly, the 13 000-16 000 cm™! shift in energy of the band
with the substitution of cobalt(Il) for copper(Il) ion in the
protein systems? is comparable with the 11 000-15 000 cm™!
shift in energy observed for the substitution of cobalt(Il) ion
for copper(Il) ion in the M!'N3(SR) synthetic analogue
complexes. Secondly, the optical electronegativity approach
of Jgrgensen (eq 4) may be used to calculate the position of the
charge transfer band for the cobalt(1])-substituted proteins.
Substitution of the tabulated value of xcy in a distorted tet-
rahedral geometry (2.3)3? and ver (em™!) for the oxidized
form of a blue copper protein into eq 4 yields a X1igang value for
that type 1 site; this treatment is analogous to that used pre-
viously for Cu'"N3(SR) and Co!'N;3(SR) complexes (vide
supra). With these X|igang values and the tabulated value of x ¢,
in a distorted tetrahedral geometry (1.8),32 we can calculate
the expected positions for the ligand-to-metal charge transfer
bands in the electronic spectra of cobalt(I11)-substituted pro-
teins; the calculated Xjigang and calculated and observed band
positions for several cobalt-substituted blue copper proteins
are presented in Table VII. The agreement between the cal-
culated and observed energies for the protein systems is nearly
as good as that for the M!'N;3(SR) complexes and supports the
assignment. This same procedure is generally applicable to the
prediction of ligand-to-metal charge transfer band positions
in proteins substituted by different metals.

NMR Spectral Studies, The NMR spectroscopy of low
molecular weight high-spin cobalt(Il) complexes has been
thoroughly investigated;*4-3* the cobalt(11) polypyrazolyborate
complexes in particular have been extensively studied in order
to understand the relative importance and temperature de-
pendences of contact and dipolar contributions to isotropic
shifts.? In addition, an '"H NMR study of Co(II)-substituted
Pseudomonas aeruginosa azurin has been communicated.*
There are several distinctive characteristics of the 'H NMR
spectra of high-spin cobalt(Il) complexes with symmetry lower
than cubic. Firstly, large isotropic shifts arising from both
contact (hyperfine) and dipolar (magnetic anisotropy) terms
are observed.?? Secondly, owing to the very fast electron spin
relaxation time of the cobalt(11) ion, relatively narrow line
widths are found at room temperature.3*33 Thus, cobalt(Il)
complexes usually exhibit well-resolved 'H NMR spectra with
chemical shift dispersions as high as 100 ppm or more. Gen-
erally, the resonances of protons closest to the metal ion suffer
the greatest chemical shift displacement and greatest line
broadening.

The resonance positions and assignments for the 'H NMR
spectra of compounds 1-3 are summarized in Table VIII;
representative spectra are shown in Figure 5. The resonances
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Table VIII, NMR Data for Co(HB(3,5-Mezpz)3)(SR) (ppm from
Me,Si)
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Table IX. XPS Data for Co(HB(3,5-Me;pz);)(SR) Complexes
and a Blue Copper Protein

SR = SC6H4N03 (2)

methyl H (5 position) —1.25
methyl H (3 position) —18.50
pyrazole ring H (4 position) —61.0

mercaptan m-H -3.5
mercaptan o-H —-15.9

SR = SC(,F5 (3)

methyl H (5 position) —1.35

methyl H (3 position) —16.2

pyrazole ring H (4 position) —=61.5
SR = SCH,CH(NH3)(COOC;,H5) (1)

methyl H (5 position) —-1.30

methyl H (3 position) —-12.8

pyrazole ring H (4 position) —65.2

for the boron-bound protons could not be located; they are
expected to be very broad and severely shifted. In Co(HBpz;3)-»
the observed chemical shift for the boron-bound protonis 115.6
ppm to low field of MesSi.3? The spectrum of 3 (Figure 5)
exhibits only three pyrazolylborate resonances and is most
easily assigned. All three chemical shifts occur to low field of
Me,Si, and the magnitude of the pyrazolyl 4-H shift is greater
than in Co(RBpz;), derivatives (ca. —60 vs. =40 ppm?33). The
close similarity of the Co(HB(3,5-Me;pz);) 'H subspectra in
1-3 is excellent evidence for similar molecular and electronic
structures. The proton resonances of the mercaptide group in
2 have been assigned on the basis of anticipated distances from
the metal ion (Table VIII). The unambiguous assignment of
the resonances arising from the O-ethylcysteinate ligand in 1
was not possible owing to the complexity of the spectrum. As
noted above, the Co(HB(3,5-Mespz);)(SR) complexes are,
to varying degrees, unstable with respect to disproportionation
to yield Co(HB(3,5-Me2pz)3)> and (Co(SR),), species (eq
3). Thus, depending on the sample and its age, varying amounts
of Co(HB(3,5-Mespz)3)> could be detected in the NMR
spectra. This complex exhibits resonances at —42.8 (4-H),
—40.6 (5-CHs), and +75.7 ppm (3-CH3), and it is readily
detected in the spectrum of 2 in Figure 5. The proton resonance
positions in 1-3 will be a function of both contact and dipolar
shifts. Although no attempt has been made to separate and to
assess the relative importance of these effects,3¢ and although
both (especially the dipolar) will be highly sensitive to the
spacial distribution of ligands in the coordination sphere, 3435
it is interesting to compare the data for 1-3 with the results for
Co(Il)-substituted Pseudomonas aeruginosa azurin. In both
systems the line widths are comparable and the maximum
low-field isotropic shift which is observed (at comparable
temperatures) is ca. —60 ppm. The maximum high-field shift
in the protein is ca. +30 ppm. Judging from results on
Co(HBpz3)23% with respect to Co(HB(3,5-Mespz)3)a, proton
resonances in the pyrazolyl 3 position of Co(HBpz3;)(SR)
derivatives would be expected to undergo comparable or
greater upfield shifts.

XPS Studies. The XPS (X-ray photoclectron spectroscopy)
spectra in the sulfur 2p (S2p) region of several blue copper and
cobalt(11)-substituted proteins have been reported.®37 Gray
and co-workers reported a shift of the S2p peak from the
164-eV region to the 167.5-170-eV region with the incorpo-
ration of copper(l), copper(11), or cobalt(11) ions.® This shift
was interpreted by them as direct evidence of metal-sulfur
coordination. Several other groups have studied the XPS
spectra of both the blue copper proteins and transition
metal-thiolate complexes and have concluded that the
167.5-170-eV peaks were too high in energy to be assigned to
thiol S2p transitions; rather, these high-energy bands were
attributable to some form of oxidized sulfur,3’2® or to

sulfur 2p binding energy

SR = SCH,CH(NH,)(COOC,H3) (1) 164.1 (£0.2)4
SR =SCgH4NO, (2) 163.4 (£0.2)4
SR = SCeFs (3) 165.1 (£0.2)a
potato plastocyanin 163.3 (£0.2)8

a This work, ¢ Reference 37a.

charge-transfer satellites.3’ Transition -metal-coordinated
thiolate complexes typically show S2p peaks in the 163-164-¢V
region,376.38,39

The S2p binding energies of the complexes 1-3 and of the
blue copper protein plastocyanin are listed in Table IX. The
energy observed for 3 is somewhat larger than that previously
reported for the S2p ionization.3”-3® However, the complex has
a thiolate ligand with a very strong electron-withdrawing group
which raises the binding energy. Even with thiolates containing
strong electron-withdrawing groups, the S2p binding energy
for Co!"™N3(SR) complexes falls in or near the range of other
transition-metal complexes.3”-38 Indeed, the binding energy
for 1, which has the biologically important cysteine group, is
typical of sulfhydryl groups in proteins in general.?®

Conclusions

In this study we have shown that it is possible to synthesize
active site approximations to the blue copper proteins with
cobalt(Il) ions substituted for copper(ll) ions. In one such
Co'"N3(SR) complex the Co ion is in a distorted tetrahedral
geometry, as determined by diffraction methods. These
Co'"N3(SR) complexes give rise to visible spectra that are
similar to the spectra of the protein systems. This similarity
supports the assignment of a four-coordinate, nonplanar ge-
ometry proposed for active sites of the blue copper proteins.
In addition, the substitution of cobalt(II) ions for copper(I1)
ions in M!'N;3(SR) complexes effects a shift in the energy of
the ligand-to-metal charge transfer bands that is comparable
with the difference in the Co(IT)/Co(I) and Cu(I1)/Cu(l)
redox couples. These results are good evidence for the assign-
ment of a ligand-to-metal charge-transfer transition to the
band at approximately 600 nm in the spectra of the native
systems and for the band in the 310-325-nm region of the
spectra of the cobalt(II)-substituted proteins. The XPS studies
of the Co!"™N3(SR) complexes in the sulfur 2p region indicate
that the binding energies for 1-3 are similar to other M-SR
complexes. Coordination of a metal ion to a thiolate moiety
does not give rise to an anomalously large change in'binding
energy of the sulfur 2p electrons.

Through the study of Cu!N3(SR), Cu!'N3(SR),!® and
Co!'N3(SR) complexes we have shown that the unusual
spectroscopic properties of the type 1 site are not unique to the
protein systems. We have provided an understanding of some
of the inorganic aspects of this unusual coordination geometry.
The effects of further modifying X in MUN»(SR)X complexes
(X = SR’R”, OR) are under investigation.

Acknowledgments. We are grateful to the National Science
Foundation (T.J.M., CHE76-84494A01), the Camille and
Henry Dreyfus Foundation (T.J.M.), the National Institutes
of Health (J.A.I, HL-13157), and the Northwestern Materials
Research Center (NSF DMR76-80847 AQ1) for generous
support of this work. We thank Mr. Paul Ellis for assistance
with the XPS experiments.

Supplementary Material Available; Table |V, structure amplitude
table for Co(HB(3,5-Meapz)3)(SCeHs) (6 pages). Ordering infor-
mation is given on any current masthead page.



4200

References and Notes

(1
(2

3

7
8

9

(10

(11
(12
(13

)

)
)

)

)

)

Thompson, J. S,; Marks, T. J.; Ibers, J. A. J. Am. Chem. Soc., preceding
paper in this issue.

(a) Osterberg, R. Coord. Chemn. Rev. 1974, 12, 309-347. (b). Beinert, H.,
ibid., 1977, 15, 119-129. (¢) Brill, A. S., “Transition Metals in Biochem-
istry”’, Springer-Verlag: New York, 1977; Chapter 3. (d) Malkin, R.;
Malmstrom, B. G. Adv. Enzymol. 1970, 33, 177-244. (e) Fee, J. A. Struct.
Bonding (Berlin) 1975, 23, 1-60.

(a) McMillin, D. R.; Holwerda, R. A.; Gray, H. B. Proc. Natl. Acad. Sci. U.S.A.
1974, 71, 1339-1341. (b) McMillin, D. R.; Rosenberg, R. C.; Gray, H. B.
ibid. 1974, 71, 4760-4762.

Hill, H. A. O.; Smith, B. E.; Storm, C. B.; Ambler, R. P. Biochem. Biophys.
Res. Commun. 1976, 70, 783-790.

(a) Solomon, E. I.; Rawlings, J.; McMillin, D. R.; Stephens, P. J.; Gray, H.
B. J. Am. Chem. Soc. 1976, 98, 8046-8048. (b) Solomon, E. |.; Wang, R.
H.; McMillin, D. R.; Gray, H. B. Biochem. Biophys. Res. Commun. 1976,
69, 1039-1042.

(a) Thompson, J. S.; Marks, T. J.; Ibers, J. A. Proc. Natl. Acad. Sci. U.S.A.
1977, 74, 3114-3118. (b) Marks, T. J. In “Fundamental Research in Ho-
mogeneous Catalysis. 2'', Ishii, Y.; Tsutsui, M., Eds.; Plenum Press: New
York, 1978; pp 285-300.

Trofimenko, S. J. Am. Chem. Soc. 1967, 89, 3170-3177.

Tang, S. C.; Koch, S.; Papaefthymiou, G. C.; Foner, S.; Frankel, R. B.; Ibers,
J. A Holm, R. H. J. Am. Chem. Soc. 1976, 98, 2414-2434,

(a) Solomon, E. I.; Clendening, P. J.; Gray, H. B.; Grunthaner, F. J. Am. Chem.
Soc. 1975, 97, 3878-3879. (b) Wurzback, J. A.; Grunthaner, P. J.; Dooley,
D. M, Gray, H. B; Grunthaner, F. J.; Gay, R. R.; Solomon, E. |. ibid. 1977,
99, 1257-1258.

Huffman, J. C. Ph.D. Thesis, Indiana University, Bloomington, Ind.,
1974,

Doedens, R. J.; Ibers, J. A. Inorg. Chem. 1967, 6, 204-210.

La Placa, S. J.; Ibers, J. A. Acta Crystallogr. 1965, 18, 511-519.

Mealli, C.; Arcus, C. S.; Wilkinson, J. L.; Marks, T. J.; Ibers, J. A. J. Am.
Chem. Soc. 1976, 98, 711-718.

(14) Cromer, D. T.; Waber, J. T. "'International Tables for X-ray Crystallography’,

Vol. IV; Kynoch Press: Birmingham, England, 1974; Tables 2.2A and
2.3.1.

(15) See paragraph at end of paper regarding supplementary material.
(16) (a) Mealli, C.; Midollini, S.; Sacconi, L. Inorg. Chem. 1878, 17, 632-637.

(b) Di Vaira, M.; Midollini, S.; Sacconi, L. ibid. 1978, 17, 816-819. (c) lbid.
1977, 16, 1518-1524. (d) Collman, J. P.; Rothrock, R. K.; Stark, R. A. jbid.
1977, 16, 437-440. (e} Ardon, M.; Taube, H. J. Am. Chem. Soc. 1867, 89,
3661-3662.

(17) (a)Lewis, D. F.; Lippard, S. J.; Zubieta, J. A. J. Am. Chem. Soc. 1972, 94,

1563-1575. (b) Andrews, J. M.; Coucouvanis, D.; Fackler, J. P. Inorg. Chem.
1972, 71, 493-499. (c) Holah, D. G.; Coucouvanis, D. J. Am. Chem. Soc.
1975, 97, 6917-6919. (d) Winograd, R. A.; Lewis, D. L.; Lippard, S. J. Inorg.
Chem. 1975, 14, 2601-2609. (e) Farr, J. K.; Lane, R. H. J. Chem. Soc.,
Chem. Commun. 1977, 153. (f) Averill, B. A.; Herskovitz, T.; Holm, R. H.;
bers, J. A. J. Am. Chem. Soc. 1973, 95, 3523-3534. (g) Garbett, K;
Partridge, G. W.; Williams, R. J. P. Bioinorg. Chemn. 1972, 1, 309-328. (h)
McCormick, J.; Gorin, G. Inorg. Chern. 1963, 2, 928-932. (i} Vahrenkan p,
H. Angew. Chem., Int. Ed. Engl. 1975, 14, 322-329. (j) Beck, W.; Danzer,
W.; Hofer, R. ibid. 1973, 12, 77-78. (k) Beck, W.; Danzer, W.; Thiel, G. ibid.
1973, 12, 582, (l) Coucouvanis, D.; Lippard, S. J.; Zubieta, J. A. Inorg.
Chem. 1970, 9, 2775-2781. (m) J. Am. Chem. Soc. 1970, 92, 3342-
3347.

An explanation of the numbering scheme is required. The atoms with two
numbers refer to ring atoms. The first digit of the atom number designates
the ring number, while the second digit designates the position in the ring.
Rings 1-3 and 4 refer to the three pyrazole rings and the SCgF5 group,
respectively.

(19) (a) Guggenberger, L. J.; Prewitt, C. T.; Meakin, P.; Trofimenko, S.; Jesson,

Journal of the American Chemical Society [/ 101:15 | July 18, 1979

J. P. Inorg. Chem, 1973, 12, 508-515. (b) Churchill, M. R.; Gold, K.; Maw,
C. E. ibid. 1970, 9, 1597-1604.

(20) (a) Sundberg, R. J.; Yilmaz, I.; Mente, D. C. /norg. Chem. 1977, 16,
1470-1476. (b) Wei, C. H. ibid. 1872, 11, 1100-1105.

(21) (a) Swenson, D.; Baenziger, N. C.; Coucouvanis, D. J. Am. Chem. Soc.
1978, 100, 1932-1934. (b) Mastropaola, D.; Thich, J. A,; Potenza, J. A_;
Schugar, H. J. ibid. 1977, 99, 424-429. (c) Dance, |. G.; Calabrese, J. C.
J. Chem. Soc., Chem. Commun. 1975, 762.

(22) Churchill, M. R.; DeBoer, B. G.; Rotella, F. J.; Salah, O. M. A.; Bruce, M.
I. Inorg. Chem. 1975, 14, 2051-20586.

(23) Reedijk, J.; Jansen, J. C.; Koningsveld, H.; Kralingen, C. G. Inorg. Chemn.
1978, 17, 1990-1994.

(24) Pauling, L. "The Nature of the Chemical Bond"', 3rd ed.; Cornell University

Press: Ithaca, N.Y., 1960; pp 274-300.

(a) Cotton, F. A.; Goodgame, M. J. Am. Chem. Soc. 1961, 83, 1777-1780.

(b} Cotton, F. A.; Faut, O. D., Goodgame, D. M. L.; Holm, R. H. ibid. 1961,

83, 1780-1785. (c) Cotton, F. A.; Goodgame, D. M. L.; Goodgame, M. ibid.

1961, 83, 4690-4699. (d) Goodgame, D. M. L.; Goodgame, M. Inorg. Chem.

1965, 4, 139-143. (e)Lever, A. B. P,; Nelson, S. M. J. Chem. Soc. A 1966,

859-863. (f) Simo, C.; Holt, S. L. Inorg. Chem. 1968, 7, 2655-2657. (g)

Garrett, B. B.; Goedken, V. L.; Quagliano, J. V. J. Am. Chem. Soc. 1970,

92, 489-493. (h) Holt, E. M.; Holt, S. L.; Watson, K. J. ibid. 1970, 92,

2721-2724. (i) Flamini, A.; Sestili, L.; Furlani, C. lnorg. Chim. Acta 1971,

5,241-246. (j) Kaden, T. A.; Holmquist, B.; Vallee, B. L. Inorg. Chemn. 1974,

13, 2585-2590. (k) Mastropaolo, D ; Thich, J. A.; Potenza, J. A.; Schugar,

H. J. J. Am. Chem. Soc. 1977, 99, 424-429.

(a) Hush, N. S.: Hobbs, R. J. M. Prog. Inorg. Chem. 1968, 10, 376-393. (b)

Ballhausen, C. J. "Introduction to Ligand Field Theory'', McGraw-Hill: New

York, 1962; pp 258-259. (¢} Carlin, R. L. In ' Transition Metal Chemistry”,

Vol. 1; Carlin, R. L., Ed.; Marcel Dekker: New York, 1965; pp 1-33.

(27) (a) Rosenberg, R. C.; Root, C. A.; Gray, H. B. J. Am. Chem. Soc. 1975, 97,
21-26. (b) Rosenberg, R. C.; Root, C. A.; Wang, R. H.; Cerdonio, M.; Gray,
H. B. Proc. Natl. Acad. Sci. U.S.A. 1973, 70, 161-163. (c) Sacconi, L.;
Speroni, G. P. Inorg. Chem. 1968, 7, 295-299.

(28) Splitting which is likely to be somewhat smaller in magnitude may also arise
from spin—orbit coupling and other effects.?5.28

(29) Spectra of 1 were monitored as a function of time to determine whether
decomposition products interfered with the spectral region of interest. This
was found not to be the case.

(30) (a) Colman, P. M.; Freeman, H. C.; Guss, J. M.; Murata, M.; Norris, V. A.;
Ramshaw, J. A. M.; Venkatappa, M. P. Nature (London) 1978, 272,
319-324. (b) Adman, E. T.; Stenkamp, R. E.; Sieker, L. C.; Jensen, L. H.
J. Mol. Biol. 1978, 123, 35-47.

(31) Barnes, J. C.; Day, P. J. Chem. Soc. 1964, 3886-3892,

(32) Jgrgensen, C. K. Prog. Inorg. Chem. 1970, 12, 101-158.

(33) Lever, A. B. P. "Inorganic Electronic Spectroscopy”, Elsevier: Amsterdam,
1968; pp 224-248.

(34) (a) Horrocks, W. DeW. In "'"NMR of Paramagnetic Molecules’', La Mar, G.
N.; Horrocks, W. DeW.; Holm, R. H., Eds.; Academic Press: New York,
1973; pp 128-177. (b) Jesson, J. P. In ref 34a, pp 22-30.

(35) (a) La Mar, G. N.; Jesson, J. P.; Meakin, P. J. Am. Chem. Soc. 1971, 93,
1286-1288. (b) McGarvey, B. R. J. Chem. Phys. 1970, 53, 86-91. (c)
Jesson, J. P. ibid. 1967, 47, 579-581. (d) /bid. 1967, 47, 582-591,

(36) For a discussion of the type of information needed to achieve such a sep-
aration in systems of higher symmetry see ref 34b and 35.

(37) (a) Peeling, J.; Haslett, B. G.; Evans, T. M.; Clark, D. T.; Boulter, D. J. Am.
Chem. Soc. 1977, 99, 1025-1028. (b} Rupp, H.; Weser, U. Biochim. Bio-
phys. Acta 1976, 446, 151-165. (c) Larsson, S. J. Am. Chem. Soc. 1977,
99, 7708-7709.

(38) Best, S. A,; Brant, P.; Feltham, R. D.; Rauchfuss, T. B.; Roundhill, D. M,;

Walton, R. A. Inorg. Chem. 1977, 16, 1976-1979.

(a) Rupp, H.; Weser, U. Bioinorg. Chem. 1976, 6, 45-59. (b) Prinz, R,;

Weser, U. FEBS Lett. 1975, 54, 224-229. (c) Rupp, H.; Weser, U. ibid.

1974, 44, 293-297.

(25

(26

)
L



