NotEes

halides,* there is no resonance enhancement to the a;
bands of boron trichloride and boron tribromide and
only very slight enhancement to that of boron triiodide.
The average values for &’'sc1 and &'ss: are 1.89 and
2.57 A?, respectively, and the value for a’pr found by
extrapolation of the plot of &'s1 at each exciting fre-
quency against the frequency function of Shorygin,®
[1 4 (vo/ve)?2]/[1 — (v0/ve)?]?, is B.75 Az

The experimental values of @'sx for each halide are
compared in Table IT with the values calculated on the

TaBLE II

BoND POLARIZABILITY DERIVATIVES o'Bx
(A2) FOR THE BORON TRIHALIDES

&'Bx &'Bx
Halide 1005% re? A (calcd)® (exptl)
BF; 39.0 1.295 0.39
BCl, 73.1 1.75 1.72 1.89
BBr; 80.9 1.87 2.28 2.57
BI; 90.8 2.10 3.53 3.75

@ The fractional covalent character, p, is defined as p =
exp(—1Yalxm — xx)?). P Values taken from Chem. Soc., Spec.
Publ., No. 11 (1958); No. 18 (1965). The r value for boron
triiodide is taken from M. A. Ring, J. D. H. Donnay, and W. S.
Koski, Inorg. Chem., 1, 109 (1962). ¢ Calculated according to the
equation given in ref 3 and 5.

basis of the Long and Plane equation.®® The agree-
ment is certainly as good and probably considerably
better than might have been expected bearing in mind
the uncertainties associated with some of the parameters
in the Long and Plane equation (in particular that as-
sociated with defining the value for Ze). The experi-
mental values are all somewhat higher than the calcu-
lated values, which suggests that /e > 1, .., that
the BX bond order is somewhat greater than one for
boron trichloride, boron tribromide, and boron tri-
iodide. Although not much weight can be put on this
suggestion for the reasons given above, it is nevertheless
in agreement with the results of nqr and other studies
on these halides.” Thus the Long and Plane equation
appears to be surprisingly good in its prediction of
bond polarizability derivatives, not only for group IVb
tetrahalides? but also for the boron trihalides.?
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Tungsten, and Niobium Including Heteropoly
Anions and Heteropoly Blues

By Hvunsoo So AND MIcHAEL T. Pope*!
Received November 2, 1971

Since the original assignment of the lowest energy
charge-transfer (LCT) bands to *B; — 2E(II) (e,> —
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be?) for VOSO,-5H:0 by Ballhausen and Gray? and for
CrOCl;?~ and MoOCl;2~ by Gray and Hare,? there has
been growing evidence that the LCT band originates
in an electron transfer from an orbital on halogen to by®
(or by* when it is treated as an antibonding orbital) on
the metal ion for some oxyhalides.*~7 We show here
that some charge-transfer (CT) energies for oxo com-
pounds of vanadium, molybdenum, tungsten, and nio-
bium with zero or one d electron can be directly related
to an optical electronegativity difference between the
metal and ligand involved as found for the hexahalo-
metalates, MX¢"55° We have also applied these
electronegativities to a discussion of the spectra of
heteropoly blues.

Results and Discussion

Following Jgrgensen,®® the energy of the LCT band
can be expressed as

E = 2(X) — (M) + glax(M) + 4D/3] (1)

where x is the electronegativity of ligand X or metal M,
g is the number (0 or 1) of d electrons, Ax(M) is the
difference in electronegativities between d° and d! states
of the metal, and D is the spin-pairing energy parameter.

By using the experimental data listed in Tables I

TABLE I
OptICcAL SPECTRAL DATA FOR SOME d° SYSTEMS
Compound ———— Band max, kK——————— Ref
VOCL~ 10.5 16.0 19.1 30.4 384.3 42.0 «a
VOCl;2— 15.9 21.3 29.4 b
VOF; 25.7 27.4 39.2 c
VOF;?~ 30.1 38 40.8 46.3 c
VW;0,9%~ 26.0 37.4 d
VaiWiOy54~ 25.3 40.0 d
MoOCl, 14.4 20.8 37.2 e
MosO492~ 30.8 39.1 45.0 f
PMor204*~ 32.8 47.2 i
PgMOlgOezg_ 31 47 g
MoO:(acac), 31.6 38.0 48.1 h
WOBr;~ 21.6 26 36.3 43.1 7
WOCL~ 22.9 28.4 35.2 37.0 43.5 7
PW2043~ 38 50 7
PyWs0ge8 ™ 34 39 7
NbOBr;2— 21.7 25.3 28.0 33.9 k
NbOCI;2— 29.8 36.4 43.5 k
NbgO;48— 43 !

@ D. Nicholls and D. N. Wilkinson, J. Chem. Soc. A, 1103
(1970). The band at 10.5 kK was observed only for the solid
sample. ® Reference 6. Solution spectrum. ¢ Reference 7.
¢ C. M. Flynn, Jr., and M. T. Pope, Inorg. Chem., 10, 2524
(1971). ¢ M. L. Larson and F. W. Moore, Inorg. Chem., 5, 801
(1966). 7M. T. Pope and J. J. Altenau, unpublished data.
7 E. Papaconstantinou and M. T. Pope, Inorg. Chem., 9, 667
(1970). * H. Gehrke, Jr., and J. Veal, Inorg. Chim. Acta, 3,
623 (1969). acac = acetylacetonate ion. G, W. A. Fowles
and J. L. Frost, J. Chem. Soc. A, 1631 (1966). ¢ G. M. Varga,
Jr., E. Papaconstantinou, and M. T. Pope, Inorg. Chem., 9, 662
(1970). *$S. M. Horner, R. J. H. Clark, B. Crociani, D. B.
Copley, W. W. Horner, F. N. Collier, and S. Y. Tyree, Jr.,
Inorg. Chem., 7, 1859 (1968). ! C. M. Flynn, Jr., private com-
munication.

and II, we have derived formula 2, which is valid to

(2) C. J. Ballhausen and H. B. Gray, Inorg. Chem., 1, 111 (1962).

(3) H. B. Gray and C. R. Hare, ¢bid., 1, 363 (1962).

(4) H. Kon and N. E. Sharpless, J. Chem. Phys., 42, 906 (1965).

(6) H. Kon and N. E. Sharpless, J. Phys. Chem., 70, 105 (1968).

(8) J. E. Drake, J. E, Vekris, and J. 8. Wood, J. Chem. Soc. A, 345
(1969).

(7) O. Piovesana and J. Selbin, J. Inorg. Nucl. Chem., 81, 433 (1969).

(8) C. K. Jgrgensen, Mol. Phys., 2, 309 (1959).

(9) C. K. Jgrgensen, Struct. Bonding (Berlin), 1, 3 (1968).
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TasLE 11
OPTICAL SPECTRAL DATA FOR SOME d! SYSTEMS®
Compound Band max, kX Ref

VOCl 2~ 11.8 13.9 24.0 32.4 37.8 41.6 45.5 b
V{(OR)Cl;2~ 13.5 14.5 26.1 41 ¢
VOS8O, 5H,0 13.1 16.0 41.7 50 d
VOFs~ 8.9 10.4 11.4 15.5 19.9 22.7 29.4 39.2 46 e
MoOBr,~ 13.8 206 23.8 256 f
MoOBrs2~ 12.4 13.1 13.8 20.0 21.5 24 .4 28.0 36.2 44 4 f
MoOCl~ 13.8 22.5 26.0 f
MoOCl:2~ 13.8 23.0 26.7 32.1 35.7 41.7 g
Mo(OR)Cly~ 11.9 21.8 27 .4 h
W(OR).Brs™ 11.9 14.6 23.6 26 h
WOBr~ 10 24.7 b
WOBr:*~ 13.3 14.6 21.6 26 28.8 31.6 35.8 44 .4 f
W (OR),Cly~ 10.6 13.7 21.1 25 30.8 34.6 7
WOCl?~ 13.0 15.4 25.2 32.8 37.2 44 .4 ki

@ The lowest charge-transfer bands are italic. The assignment does not always agree with that given in the reference. R = CHs.

¢ References 5 and 6. ° R. D. Bereman and C. H. Brubaker, Jr., Inorg. Chem., 8, 2480 (1969). ¢ Reference 1. ° Reference 6. / B.]J.

Brisdon, D. A. Edwards, D. J. Machin, K. §. Murry, and R. A. Walton, J. Chem. Soc. A, 1825 (1967).
i D. P. Rillema, W. J. Reagan, and C. H. Brubaker, Jr., ibid., 8, 587 (1969).

and C. H. Brubaker, Jr., Inorg. Chem., 8, 1645 (1969).

s Reference 2. * D. P, Rillema

7 E. A. Allen, B. J. Brisdon, D. A. Edwards, G. W. A. Fowles, and R. G. Williams, J. Chem. Soc. 4, 4649 (1963).

TABLE 111
CALCULATED AND EXPERIMENTAL LOWEST CHARGE-TRANSFER BANDS?
do a
M X Caled Exptl Compd Caled Exptl Compd
\Y Cl1 10 9.6-10.5 VOCl,~ 25 23.0-24.5 VOCI 2~
25.9-26.3 V(OR)Cl2~
\Y (0] 26 26.0 VW;045%~ 41 41.7 VOSO4-5H0
Mo Br 7 19 20.6 MoOBr,~
20.0 MoOBr;2~
Mo Cl 15 14 .4 MoOCl, 27 26.0-26.7 MoOClL,~
28.0 MoOCl12~
27.4 Mo(OR):Cl4~
Mo (6] 31 30.8 MogOy2~ 43
32.3 PMo01;040%~
31-32 MoO;(acac),
w Br 14 24 23.5 W(OR );Bry™
24.7 WOBTI;~
25.6 WOBr?~
A Cl 22 22.9 WOCL;~ 32 30.8 W(OR):Cls~
22.4 WClg
W (6] 38 38 PWi304%~ 48
Nb Br 21 21.7 NbOBr;*~
18.9¢ NbBrs~
Nb Cl 29 20.8 NbOC1;2-
29.4¢ NbClg~
Nb (6] 45 43 NbeO1ef ™

e See Tables I and II for references. R = alkyl group.

within 2 kk. (All quantities are in units of kK.) The
v 80 — 15¢
_ yBr 8 Mo 75 — 12g
E=qC 000~ 4 fo = 1of @)
O 106 Nb 60

value of x(Cl) has been chosen so that it corresponds to
that found for MCl;*~ when divided by 30 kK. .2

In order to calculate the LCT energy for a certain
oxo compound, we choose the ligand with the smallest
electronegativity = Calculated and experimental values
are listed in Table III. The good agreement between
calculated and experimental data and similar LCT
energies for some oxyhalides, alkoxyhalides, and ha-
lides show clearly that bromine or chlorine is respon-
sible for the LCT band. For an oxyfluoride, however,
the LCT transition must come from the oxygen atom,
since the electronegativity of oxygen is smaller than
that of fluorine by about 12 kK (see Table IV). While
the LCT band for VOF,, 25.7 kK,7 agrees with the
calculated value, 26 kK, VOF;2~ shows the LCT band
at a considerably higher energy, 30.1 kK. Another
notable exception is the reported LCT energy for

b Reference 8.

¢ Reference k of Table 1.

WOBTr;—, 21.6 kK, which is much larger than the pre-
dicted value, 14 kK. These differences may be duetoa
failure of observing weak LCT bands.

The empirical values (eq 2) of the quantity (Ax(M) 4
4D/3) are 10-15 kK for oxo compounds of tungsten,
molybdenum, and vanadium, whereas the value for
WCl~ is only 4 kK. If the latter figure implies
that the transferred electron pairs up with the d electron
for the oxo compounds but not for WCls—, then 2D =
10 — 4 = 6 kK and 4D/3 = 3.5 kK for the tungsten
compounds. By using the approximation® 4D/3 =
7B, this quantity is approximately 6 kK for vanadium
compounds. Ax(M) is estimated to be 4-9 kK based
on the optical electronegativities given by Jgrgensen.!!
Thus the empirical values for the third term in eq 1
are seen to be reasonable.

On dividing the electronegativities given in eq 2
by 30 kK, we place them on the scale of optical elec-

(10) R. A. Walton, P. C. Crouch, and B. J. Brisdon, Spectrochim. Acla,
Part A, 24, 601 (1868). The LCT energies are 22.4 kK for WCls and 26.6
kK for WCls ™.

(11) C. K. Jgrgensen, ‘International Review of Halogen Chemistry,”
V. Gutmann, Ed., Springer-Verlag, New York, N. Y., 1966.
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tronegativities (x,5¢) as defined by Jgrgensen.® The
resultant values are listed and compared with the cor-
responding values for halo complexes in Table I'V.

TABLE IV
OPTICAL ELECTRONEGATIVITIES
Oxo Oxo
compds Halides? compds Halides®

B 3.9 V(V) 2.7
(6] 3.5 3.5 (H.0) Mo(VI) 2.5
Cl 3.0¢ 3.0¢ W(VI) 2.3 2,24
Br 2.8 2.7 Nb(V) 2.0 2,04

¢ Reference 9. ? This value was estimated from the lowest
charge-transfer band of Ru(H,O)#+. ©¢x(Cl) was chosen as
the reference. See the text. ¢ The lowest charge-transfer
bands given in Table III were used. Smaller literature values
are based on the Laporte-allowed transitions occurring at higher
energies,

The derived %op¢’s follow the trend generally accepted.
We also note that on going from 3d° to 4d° and from
4d°® to 5d° in the same oxidation states the xqpe's de-
crease by 0.7 and 0.2, respectively. A similar shift
between 4d and 5d was noted for the halo complexes.®
On going from Nb(V) to Mo(VI), the %, increases by
0.5. The xopy of Nb(V) is larger than that of Zr(IV)
by 0.2.10

Now the question is, ““Which molecular orbitals are
involved in this charge transfer?”” Kon and Sharpless*?
assigned this to b,® — be*, but, as a recent molecular
orbital calculation for VOCIl22~ shows, about 20 kK
below the b,* orbital there is a group of close-lying
nonbonding and bonding orbitals which are of mainly
ligand character. The e, and by° orbitals lie more than
30 kK below this group of orbitals.® Thus it is more
likely that the LCT band comes from the former group
of orbitals for chlorides and bromides.

Another point is that the transition energy for the
second lowest charge transfer is always about 6 kK
higher than that of the LCT band for metal oxychlo-
rides with no d electron (see Table I). Since this energy
is much smaller than the lowest d-d transition energy
for the corresponding d! system, the second LCT band
must be attributed to another orbital on chlorine,
probably the b orbital which is about 6 kK below the
nonbonding orbitals by® and a,*.® Thus the assignment
of the CT bands for MoOCI;2~ based on a single bond-
ing orbital® is doubtful.

In many iso- and heteropoly anions the metal ion is
surrounded octahedrally by six oxygen atoms, one of
which is an oxo-type oxygen.'? The original motiva-
tion for the present study was to identify the oxygen
responsible for the LCT bands of these compounds.
Although the LCT bands have usually been assigned
to e,P — by® for oxo compounds on the basis of the molec-
lar orbital treatment, xopt of HsO is so similar to that
of oxygen in eq 2 that the bands may equally well be
attributed to the ‘‘equatorial”’ oxygens. When the
spectra of PWp043~ and PyWi3068~ are compared, the
appearance of another band in the spectrum of the
latter suggests that the equatorial oxygens are involved
in the low-energy charge transfers. However, no such
splitting is observed for P;Mo1s0gf~, and the origins
of the LCT bands of poly anions are still not clear.

The spectra of the reduced ‘‘heteropoly blue’’ com-
plexes show intervalence charge-transfer transitions,

(12) M. T. Pope, Inorg. Chem., in press.
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e.g., Mo(V) = Mo(VI). We may use the metal x,p’s
derived above to predict the position of the LCT bands
in such compounds; see eq 3 and Table V.

domnor acceptor
vV 80 vV 80
E=9+4+ Mo 75, — <Mo 75 (3)
W 68 W 68
TABLE V

CALCULATED AND EXPERIMENTAL LOWEST INTERVALENCE
CHARGE-TRANSFER BANDS IN HETEROPOLY BLUES

Ac-

Donor ceptor Caled Obsd Compd Ref
A% v 9 9 MnVIVV ;3058 - a
v Mo 14 14 PVIVM0110405~' b
Vv w 21 20 PVIVW110405— b
Mo Mo 9 9 H:P:Mo02VM01406:° ~ ¢
Mo w 16 16 PMoVW;;04%~ d
W W 9 8.0 PWYW0pt~ e

8.6 SiWYW 1045~ e
8.5 Fer\Vuoﬂos - €
11 PoWVYW1rOg? ~ e

@ C, M. Flynn, Jr., and M. T. Pope, J. Amer. Chem. Soc., 92,
85 (1970). * M. T. Pope, D. P. Smith, J. J. Altenau, and J.
Bender, Proc. Int. Conf. Coord. Chem., 13th, 1, 127 (1970).
¢ E. Papaconstantinou and M. T. Pope, Inorg. Chem., 9, 667
(1970). @ J. J. Altenau, M.S. Thesis, Georgetown University,
Washington, D. C., 1970. ¢G. M. Varga, Jr., E. Papacon-
stantinou, and M. T. Pope, Inorg. Chem., 9, 662 (1970).

The constant, 9 kK, is attributed to a many-phonon
jump with a large electron—phonon coupling constant
following Hugh.!3
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trans-Chlorohydroxobis (propylenediamine)-
chromium(III) Cations in Basic Solution

By Rosita R. BARONA AND JoHN A, McLEAN, Jr.*
Received November 12, 1971

An appreciable amount of kinetic and mechanistic
data is available for the base hydrolysis of c¢is- and
trans-dihalo- or -halopseudohalobis(diamine)cobalt (III)
cations.! On the other hand, very little attention
has been focused on the chromium(III) analogs. Some
time ago Basolo, ef al.,? reported a brief investigation
of the base hydrolysis of ¢is- and trans-dichlorobis(ethy-
lenedjiamine)chromium (III) cations. More recently
we have reported a more complete study of the trans-
dibromo analog.® Tobe, ef al.,* have studied cis- and
trans-dichloro(1,4,8,11-tetraazacyclotetradecane)chro-
mium (IIT) cations. The present study was undertaken

(1) F. Basolo and R. G. Pearson, “Mechanisms of Inorgamic Reactions,”
Wiley, New York, N. V., 1967, Chapter 3.

(2) R. G. Pearson, R. A. Munson, and F. Basolo, J. Amer. Chem. Soc.,
80, 504 (1958).

(3) M. 8. Nozati and J. A, McLean, Jr., in ‘“Coordination Chemistry,”
S. Kirschner, Ed., Plenum Press, New York, N. Y., 1969, p 217.

(4) E. Campi, J. Ferguson, and M. L. Tobhe, Inorg. Chem., 9, 1781 (1970).





