
Notes 

8ol 
6o t 

401 
H, (kOe)  

Figure 3. Total field at the nucleusH.. do t ted  as a function of ex- 
teynal field H,: triangles, [(T~-C,H,)F'&~O)],; circles, [(n-C,H,)Fe- 
(CO) I, V F , )  -. 
oxidized and reduced forms of the one-iron protein rubre- 
doxin, respectively. Dunham, et aZ.,8 and Rao, et aZ.,' ob- 
served hyperfine fields of -- 180 kOe for each of the two 
sites in the reduced two-iron ferredoxins. In the oxidized 
form of the four-iron high-potential iron protein from 
Chromatium, Evans, et aZ.,1° reported hyperfine fields of 
121 and 90  kOe. However, direct comparisions between 
the results obtained in the proteins and the results reported 
here are not very meaningful because the oxidation states 
of the iron sites in the present complexes are not known and 
may not correspond to those in the proteins. Moreover, it 
is not presently possible to make a quantitiative estimate of 
the extent of spin delocalization onto the ligands because 
there are no data or theoretical estimates which give the 
hyperfine coupling constant per spin in chemical systems of 
this kind. 

The experimental results are consistent with a model for 
[(n-C,H,)Fe(CO)],+ in which the unpaired electron occupies 
a delocalized MO at least partly and perhaps largely metal- 
metal bonding in character. The results agree with a qualifa- 
tive MO model presented by Toan, Felhammer, and Dahll' 
in conjunction with their crystallographic studies on the 
[(n-C5HS)Fe(CO)]4 and [(n-C,H5)Fe(C0)l4(PF6) cluster 
systems. According to this model the highest filled MO's 
are e + t, + t,, formed by appropriate symmetry combina- 
tions of iron 3d orbitals. The e + t, + t2 orbitals are largely 
nonbonding with the highest one somewhat antibonding 
with respect to the metal atoms. In this model, oxidation 
of [(.rr-C5HS)Fe(CO)]4 to [(n-C,H,)Fe(C0)]4+ occurs by 
loss of an electron from one of the set of nonbonding orbit- 
als giving the configuration (e + t l  + t2).11 Some spin de- 
localization onto the carbonyl ligands is expected in this 
model since the nonbonding e + t l  + t2 levels are stablized 
by metal-carbonyl back-bonding. 

It is of interest to note that our previous study on the 
structurally related cluster system [Fe4S4 {S,C,(CF,),}~- 

(7) K. K. Rao, M. C. W. Evans, R. Cammack, D. 0. Hall, C. L. 
Thompson, P. J.  Jackson, and C. E. Johnson, Biochem. J., 129, 
1063 (1972). 

(8) W. R. Dunham, A. J.  Bearden, I. T. Salmeen, G. Palmer, 
R. H. Sands, W. H. OrmeJohnson, and H. Beinert, Biochim. Biophys. 
Acta, 253, 134 (1971). 

Biochem. J., 122, 257 (1971). 
(9) K. K. Rao, R. Cammack, D. 0. Hall, and C. E. Johnson, 

(10) M C. W. Evans, D. 0. Hall, and C. E. Johnson, Biochem. J., 
119, 289 (1970). 

(1 1)  Trinh-Toan, W. P. Felhammer, and L. P. Dahl, J. Amer. 
Chem. Soc., 94, 3389 (1972). 
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showed essentially no hyperfine interaction. In the singly 
reduced dithiolate cluster, in which the sulfurs rather than 
CO groups bridge the iron atoms, the absence of a measurable 
hyperfine interaction may indicate extensive delocalization 
onto the ligands. As a consequence the redox properties of 
the ditholate cluster may be carried, at least in part, by lig- 
and-based orbitals. Hopefully, work currently in progress 
on the structurally related clusters [(n-CSH,)FeSl4, [(n-C,- 
H,)FeS]4(PF6), and [(n-C5H5)FeS]4(PF6), will help further 
to elucidate the electronic structure of these systems. 
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Bis(P-diketonato)copper(II) complexes form a wide variety 
of five-coordinate 1 : 1 adducts with neutral donor mole- 
c u l e ~ . ' - ~ ~  In many cases the neutral donor occupies the 
axial position of an idealized square pyramid.536 Epr studies 
of the mono(pyridine) adduct of bis(hexafluoroacety1aceto- 
nato)copper(II) [Cu(Hfacac),] lead to the proposal that pyri- 
dine occupies a basal position in a square pyramid.' An X- 
ray structure determination has proven the occurrence of 
this type of structure in the 4-aminopyridine adduct of bis- 
(acetylacetonato)copper(II)? Pradilla-Sorzano and Fackler 
have recently reported that Cu(Hfa~ac)~*H,O diluted into 

(1) D. P. Graddon, Coord. Chem. Rev., 4,  1 (1969). 
(2) B. L. Libutti, B. B. Wayland, and A. F. Garito, Inorg. Chem., 

(3) W. Partenheimer and R. S. Drago, Inorg. Chem., 9, 41 (1970). 
(4) C. H. Ke, R. J.  Kurland, C. I. Lin, and N. C. Li, J.  Phys. 

(5) H. Yokoi, M. Sai, and T. Isobe, Bull. Chem. SOC. Jap., 42, 

(6) S .  Ooi and Q. Fernando, Chem. Commun., 532 (1971). 
(7) B. B. Wayland and M. D. Wisniewski, Chem. Commun., 1025 

(8) G. W. Bushnell, Can. J. Chem., 49, 555 (1971). 
(9) J .  Pradilla-Sorzano and J. P. Fackler, Jr., Znorg. Chem., 13, 

38 (1974). 
(10) R. A. Zelonka and M. C. Baird, Can. J.  Chem., 5 0 ,  1269 

(1 972). 
(11) F. Leh and K. M. Chan, Bull. Chem. SOC. Jap., 45 ,2709  

(1972). 
(12) M. D. Wisniewski, Ph.D. Thesis, University of Pennsylvania, 

1973. 
(13) J .  A. Bertrand and R. L. Kaplan, Inorg. Chem., 5 ,  489 

( 19 66). 
(14) B. J. Hathaway and A. A. G. Tomlinson, Coord. Chem. Rev., 

5 ,  l (1970) ;  B. M. Hathaway and D. E. Billing, ibid., 5, 143 (1970). 

8, 1510 (1969). 

Chem., 74, 1728 (1970). 

2232 (1969). 

(1 971). 
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Dichlorome thane 2.34 2.06 2.15 0.0146 (134) 0.0014 (14.5) e 
Pentane 2.35 2.07 2.16 0.0149 (136) 0.0014 (15) e 
Methvlcyclohexane 2.35 2.07 2.16 0.0147 0.0015 e 

2.347 2.0 2.15 0.0152 (139) 0.00143 (15.0) e 
2.255 2.035 2.108 0.0155 (i47) 0.00167 (17.5) 0.0621 (115) 0.0163; (170) Toluene { 

a Epr parameters from toluene glass spectra for Cu(Nfacac), aregli = 2 .292 ,g~=  2.05, A I ~ ( ~ ~ C I )  = 0.01816 cm-' (171 61, andAl("Cu)= 
0.00239 cm-' ( 2 5  6). The vaiues for Cu(N[facac);H,O aregil = 2.303, g l =  2.065, A i i ( 6 3 C ~ ~ )  = 0.01626 cm-' (151 G ) ,  and A L ( ~ ' C U )  = 0.00279 
cm-' (29 G). (g)  is the average value from frozen-solution data; g) = 1 / 3 @ l l  t 2gl). C A ( 6 ' C ~ )  is also observed and found to equal 1,07A(63Cu). 

~11(~ 'P )  and O ~ ( ~ ' P )  are the 3 1 P  hyperfine coupling constants along and normal to g,. @ hyperfine splitting is not observed. 

the Zn(I1) complex has a (d,z)' ground configuration' which 
is most consistent with a trigonal-bipyramidal structure. A 
variety of structures are thus known to occur for five-coor- 
dinate 1 : 1 don.or adducts of bis(P-dlketonato)copper(~I) com- 
plexes. However, we are unaware of any well-defined exam- 
ples of structural isomers in this class of complexes. 

valent phosphorus donor adducts with C 
tion epr spectra have been interpreted in 
large 31P hyperfine splitting. A similar study has recently 
been reported for the b is (e r i~uoroace ty lace~on~to)co~pe~~ 
OI)-phosphine adducts." As part of a previous study of 
1 : 1 adducts we examined the epr spectra of Cu(Hfacac),. 
PPh3 in frozen cyclohexane, dichloromethane, and chloro- 
form and found no 31P hyperfine splitting.', T h s  observa- 
tion suggested that changes in the media might induce Cu- 
( H f a ~ a c ) ~ . P P h ~  to undergo structural isomerization. In this 
paper we report on the epr spectra for C~(Hfacac )~ .PPh~  in 
several solution and glass media and interpret the results in 
terms of isomers in which PPh3 enters either an axial or a basal 
coordination position. 

Zelonka and Baird have reported on a series of 1 : 1 tri- 

Anh.ydrous Cu(Hfacac), was prepared y the method of Bertxand 
and Kaplan.13 The crude product was dried over P,O,, vacuum sub- 
limed, and stored over P,O, as desiccant. Pure anhydrous Cu(Hfac- 
ac), is a dark bluish gray solid. The triphenylphosphine adduct Cu- 
(Hfacac),.PPh, was prepared by mixing stoichiometric amounts of 
Cu(Hfacac), and PPh, in an anhydrous solvent. 

access bulb over P20,.  AU preparations were made in an atmosphere 
of dry, high-purity W, gas or on a vacuum line. Samples for epr and 
electronic spectra were prepared on a vacuum line by distilling solvent 
into the epr tube containing the sample. 

Epr spectra were recorded on a Varian V-4502 X-band spectrome- 
ter. Epr spectra were calibrated with DPPH powder. Frozen-solu- 
tion spectra were recorded from 100 to 130°K. 

Electronic spectra were recorded on a Cahy Model 14 recording 
spectrophotometer. Low-temperature electronic spectra were ob- 
tained on samples in 4-mm epr tubes frozen to 77'K in a dewar with 
fusedquartz optical windows. 

Solvents were distilled from P,O, and stored in a vacuum h e  

Epr spectra for Cu(Hfacac),.PPh3 in several glass media 
are reported in Figure 1 and the epr parameters appear in 
Table I. Cu(idfacac), and the 1 : 1 adducts should have three 
different principalg values; however, only two @gil,gl) are 
resolved in frozen-solution media. All frozen-solution spec- 
t r a  for Cu(Hfaca~)~*PPh~  species have g values (gll >gl) in- 
dicative of a (d,,, dyz ,  ds2-y2, dz2I8 (dXy)' ground configura- 
tion. Structures of d9 complexes based on a square pyra- 
mid invariably have a (d,,)' configuration14 and the trigonal 
bipyramid is generally associated with a (dZ2 configura- 
tion.15 Epr results cannot, however, be used to distinguish 

(15) R. C. §lade, A. A. G. T o d i n s o n ,  13. J. Hathaway, and D. E. 
Billing, J. Chern. SOC. A ,  61 (1968); H. Elliott, B. J .  Hathaway, and 
R. 61. §lade, ibid., 1443 (1968). 

1 
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Figure 1. Epr spectra for Cuu(Hfacac),.PPh, in a series frozen solu- 
tion media (133°K): (a) toluene (the spectra consist of a superposi- 
tion of transitions for the "basal" and "axial" isomers;, the assignment 
€or the g,, region of the "basal" isomer showing the 
hyperfine coupling is illustrated); (b) methylcyclohexane (the assign- 
ment for theg,, region o f the  "axial" isomer showing 63Cu and 65Cu 
hyperfine coupling is illustrated); (c) dichlonnethane. 

P and 63C!u 

confidently between structures based on a square pyramid 
or a trigonal bipyradd with we& axial interactions or inter- 
mediate geometries. 

For purposes of this discussion, axial and basal ligation 
will be defined for complexes with a (d,,)' ground config- 
uration as resulting from the neutral donor molecule occu- 
pying a position normal to  or in the xy plane, respectively. 
The epr criterion for the neutral ligand entering a basal o r  
axial coordination site is the presence or absence of ligand 
nuclear hyperfine splitting, respectively. The ground con- 
figuration for these five-coordinate adducts is (d,,)' so that 
if the phosphorus donor enters an axial site, very little spin 
density reaches the donor atom and 31P hyperfine splitting 
will be very small and probably unresolved. When the do- 
nor enters the basal position it binds the copper dxy orbital 
containing the unpaired electron resulting in substantial 
phosphorus spin density and associated large 31P hyperfine 
splitting. 
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Frozen-solution epr spectra of Cu(Hfaca~)~ .PPh~ in dichlo- 
romethane, pentane, and methylcyclohexane show 6 3 C ~  and 
65Cu hyperfine coupling but no indication of 31P coupling. 
An axially ligated structure type is proposed for Cu(Hfacac)Z* 
PPh3 in these glass media. 

Epr spectra for frozen toluene solutions of Cu(Hfacac)Z. 
PPh3 show the presence of two distinct species (Figure 1 
Table I). The minor species has epr parameters virtually 
identical with those of other frozen-solution media and is 
assigned as the axially ligated complex. The major species 
present in toluene glass media has distinctly different g and 
63Cu hyperfine parameters and large 31P hyperfine splitting 
(Figure 1, Table I). Epr parameters for this species are con- 
sistent with a triphenylphosphine entering a basal coordina- 
tion position. Toluene glass spectra thus provide epr pa- 
rameters for two distinct isomeric forms of Cu(Hfaca~)~* 

The interrelationships of epr g values and electronic pa- 
rameters for this ground configuration are given by the ap- 
proximate expressionsl6? l7 

PPh3. 

gll= 2.0023 - ~ X C Y ~ ~ ~ / A E , ~ - , ~  + x y  

gl=  2.0023 - ~ X C Y ~ ~ ~ / A E , , ,  m'-txy 

(1) 

(2) 

where d p2, and y2 are the fractional d-electron populations 
in the b2g(dxy), blg(dx2+2), and eg(d,,, ,,) molecular orbitals, 
respectively. When a planar copper(I1) chelate forms a 1 : 1 
adduct with a neutral donor molecule, the 811 and gl values 
typically increase and the A(63'65C~) values decrease?718 
The g value increase has been associated with the movement 
of copper from the chelate donor atom plane and the result- 
ing decrease in AE,, ,,+,, and A E , Z - ~ Z , ~ . ~ ~  The charac- 
teristic increase in g values and decrease in 63Cu coupling 
constants are observed for the proposed axially ligated form 
of Cu(Hfa~ac )~*PPh~  (Table I). The epr parameters for the 
proposed basally ligated form of Cu(Hfacac)2 aPPh3 show 
the typical reduction in A(63C~) values, but this species is 
unusual in having g values less than that of the parent four- 
coordinate Cu(Hfacac), (Table I). The small value for gl 
(2.03) is particularly remarkable and could result from the 
combined influences of larger u covalency which reduces 
CY' and elevates the d,, mo and 71 back-bonding which re- 
duces y2 and lowers the d, ,  ,, mo (eq 1 and 2). 

ane and toluene solution (295°K) and glass media (77°K) 
are reported in Figure 2. Solution electronic spectra in 
these solvents are similar to those reported by Zelonka and 
Baird in CHC13" and have a distinctive band centered at 
400 nm and a broad-band envelope centered at 675 nm. Iso- 
tropic epr spectra in these solvents have large 31P hyperfine 
splitting (Figure 3) associated with the basally ligated isomer 
or stereochemically nonrigid species. The 400-nm band 
present in solution disappears in CH2Clz glass spectra (Figure 
2) where 31P hyperfine splitting is absent in the epr, but this 
band remains prominent in toluene glass where epr spectra 
show 31P hyperfine splitting. This distinctive 400-nm elec- 
tronic transition is thus clearly associated with the species 
assigned as a basally ligated isomer. 

Electronic spectra for Cu(Hfacac)Z.PPh3 in dichlorometh- 

Solution epr and electronic spectra for Cu(Hfacac)Z.PPh3 

Inorganic Chemistry, Vol. 13, No. 10, 1974 2519 

(16) A. H. Maki and B. R. McGarvey, J. Chem. Phys., 29,  31 

(17) H. A. Kuska and R.  E. Drullinger,J. Phys. Chem., 71, 109 
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Figure 2. Elec&onic spectra for Cu(Hfacac),.PPh, in a series of 
solution and glass media: (a) toluene; (b) dichloromethane; (c) meth- 
ylcyclohexane. 

Figure 3. Isotropic epr spectra for Cu(Hfacac),-PPh, (295'K) in a 
series of solvents: (a) pentane; (b) dichloromethane; (e)  toluene; 
(d) meth ylcyclohexane . 

in methylcyclohexane are unique in not showing 3rP hyper- 
fine splitting or the distinctive 400-nm band (Figures 2 and 
3). These spectral features associated with the species as- 
signed as the basal isomer are also absent in methylcyclo- 
hexane glass (Figure 1). Apparently only the axially ligated 
Cu(Hfaca~)~.PPh~ is present in methylcyclohexane solution 
and glass media. 
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Table 11. Isotropic Epr Parameters for Cu(Hfacac),.PPh, 
in Organic Solvents4 

( A ( Y u ) ) ,  cm-’ 
Solvent (g) (6) (a(3’P)) ,  cm-’ (G) 

Notes 

Table I. Electronic Populations for Localized Orbitals 

Dichloromethane 2.137 0.00616 (61.8) 0.01295 (130.0) 
n-Pentane 2.136 0.00615 (61.8) 0.01285 (129.0) 
Chloroformb 2.13 0.00586 (59.0) 0.01311 (132.0) 
Toluene 2.138 0.00616 (61.8)‘ 0.01326 (133.0) 
Methylcyclohexane 2.165 0.00425 (42.1) c 

a (g), (A), and (a)  me the directly observed isotropic values from 
solution spectra. The isotropic epr parameters for Cu(Hfacac), are 
(g) = 2.145 and (A(63C~))  = 0.0069 cm-’ (69.2 G). Reference 10. 

3 ’ P  hyperfine splitting is not observed. 

Epr and electronic spectra for Cu(Hfaca~)~ .PPh~ in dichlor- 
methane, methylcyclohexane, and toluene solutions and 
glasses indicate the presence of structural isomers. W i l e  
toluene solution and low-temperature glass media both con- 
tain some basally ligated form, no evidence for the basal iso- 
mer is obtained in methylcyclohexane. In dichloromethane 
the basal form occurs in solution, but only the axial form 
is observed in the low-temperature glass medium. Observa- 
tion of a (dZ2)’ ground configuration for powders of Cu- 
(Hfacac),,*H20 diluted in the Zn(I1) complexg and a (dXy)’ 
ground configuration in toluene glass (Table I ,  footnote a) 
is probably another manifestation of this effect. Medium 
effects on the observed structural features should be a com- 
mon occurrence in five-coordinate copper(I1) species where 
the single-hole configuration produces relatively shallow 
minima in the potential energy surface. 
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The boron fluorides form a class of molecules’ for which 
very few theoretical studies of the electronic structures are 
available. Here we present a localized molecular orbital 
(LMO) description for the valence structures for the boron 
fluorides BF, BH2F, BF2H, BF3, BF,NH,> B4F4, and B2F4. 

The LMO’s are obtained by maximizing the sum of squares 
(SOS) of the distances of orbital centroids from an arbitrarily 
defined origin2 

where n is the number of doubly occupied MO’s &. This 

(1) P. L. Timms, Accounts Chem. Res., 6, 1 18 (1 973). 
(2) (a) S. F. Boys, Rev.  Mod. Phys., 32, 296 (1960); (b) J. M. 

Foster and S. F. Boys, ibid., 32, 300 (1960); (c) S. F. Boys, “Quan- 
tum Theory of Atoms, Molecules, and the Solid State,” P. 0. Lowdin, 
Ed., Academic Press, New York, N. Y., 1966, p 253. 

Molecule I n t e r a d  A . A c b  A ’ I b  d,C% 

BF B-F (1 ,3)  0.29 1.71 0 
BH,F B-H (2, 1) 0.91 1.09 9 

B-F (1,2) 0.44 1.57 3 
BHF, B-H (1, 1) 0.88 1.11 11 

B-F (2 ,2)  0.40 1.59 6 
BF3 B-F (3,2) 0.38 1.61 7 
BF,NH, B-F (2 ,2)  0.39 1.61 I 

N-H ( 2 , l )  1.19 0.84 11 
B-N (1,2) 0.44 1.58 I1  

B,F, B-F (4,3) 0.29 1.71 8 
B-B-B (4, ’ / 3 )  0.66 0.66 0.66 31 

B H , F ~  B-H ( 2 , i )  0.92 1.09 
B-F (1, 1) 0.57 1.43 
B-F ( 1 , l )  0.21 1.79 

In parentheses (i, j )  i is the number of interactions for the atom 
pair and j is the number of equivalent bonds per contact. For B,F, 
there are four equivalent central three-center bonds on the faceq of 
the B, tetrahedron, yielding ,/, bond per B-B interaction. Popu- 
lations are given per equivalent bond for atoms in the order listed in 
column 2. 
and QT is QL modified by setting all nonlocal contributions to & 
equal to zero and renormalizing. ‘ Obtained from Edmiston- 
Ruedenberg localizations. 

procedure, due to  Boys, requires only dipole moment inte- 
grals. The canonical molecular orbitals (CMO’s) are taken 
from an excellent molecular orbital approximation (PRD- 
DO3) to  self-consistent field theory. The PRDDO molecu- 
lar symmetry orbitals are first subjected to a unitary trans- 
formation based on random numbers. Then successive 2 X 
2 unitary transformations are employed in order to maxi- 
mize D .  This transformation does not change either the 
total electron density or the energy of the molecule. A 
second-derivative test, described in detail elsewhere: is per- 
formed on each set of LMO’s for each molecule in order 
to ensure convergence to a local maximum on the §OS hy- 
persurface. 

We describe here highly polar equivalent BF triple bonds 
in B4F4 and BF double bonds in BH2F, BF2H, BF3, BF2- 
NH2, and B2F4 (Table I). We also include, for comparison, 
the expected BF triple bond5 in diatomic BF, which is 
isoelectronic with CO and Nz. However, the triple BF bond 
in B4F4 is very surprising. The equivalent double and triple 
bonds obtained for these polyatomic molecules differ in 
interesting ways from the conventional description of single 
B-F bonds having some back-donation through the 7~ system.‘ 
First, all components of a multiple bond in a given BF inter- 
action are equivalent. Second, all components are highly 
polar, having an excess of electrons on fluorine and leaving 
atoms neutral within about 0 .14 .2  e of charge (Table I). 
Hence, even though the Boys LMO and conventional de- 
scriptions differ qualitatively, they are both in accordance 
with the electroneutrality principle .6 Finally, these multiple 
bonds are unexpected in the sense that they have not been 
described previously for BF bonds in polyatomic molecules 
from conventional valence-bond theory. Regarding the BF 
axis as a local reference for CJ and 
these new results are a further illustration, like those of 

d = [0 .5~’($~ -QT)’ d ~ ] ” ~  X 100%, where QL is an LMO 

bonding, we suggest that 

(3) T. A. Halgren and W. N. Lipscomb, Proc. Nat. Acad. Sci. U. S., 
69, 652 (1972);J. Chem. Phys., 58, 1969 (1973). The acronym 
PRDDO refers to partial retention of diatomic differential overlap. 

(4) D. A. Kleier, T. A. Halgren, J. H. Hall, Jr., and W. N. 
Lipscomb, submitted for publication in J.  Chem. Phys. 

(5) (a) W. England, L. Salmon, and K. Ruedenberg, Top. Curr. 
Chem., 23, 31 (1971); (b) C. Edmiston and K. Ruedenberg, J. Chem. 
Phys., 43, S97 (1965). 

(6) L. Pauling, “The Nature of the Chemical Bond,” 3rd ed, 
Cornell University Press, Ithaca, N. Y., 1960, p 317. 


