Notes

ordination site may inhibit approach of the second ligand.
Electronic considerations might also be applicable if one ar-
gues that 7 back-bonding to the cis ligands increases the effec-
tive positive charge of the Ru(Il) center thus making less fav-
orable a dissociative path for departure of the water molecule.
The m-acceptor character of benzonitrile in its interactions
with Ru(lI) has been reasonably well established,'®-'? while
that of pyridine remains somewhat controversial.%*?

Perhaps the most important conclusion that can be drawn
from the data in Table I is that the activation parameters AH*
and AS# are essentially identical (within experimental uncer-
tainty) for all reactions listed. Furthermore these values are
close to those for the substitution reactions of Ru(NH,);-
(H,0)** (ky, =0.091 M™! sec™!, AH* =153+ 0.2 and AS* =
—13 = 1 for the reaction of pyridine with Ru(NH;);H,0%*
at 25°).%1% This implies that the substitution mechanisms
for the various systems are similar,

The rates for the reaction of pyridine with zrans-Ru(NH;),-
(H,0),%" and trans-Ru(NH;),(H,0)py?" are both slower than
the analogous reactions with Ru(NH;)sH,0?%" or cis-Ru-
(NH,),(H,0),*" as substrates. The differences between the
trans aquo and the trans pyridyl complexes are relatively
small and the activation parameters are comparable, and these
differences could be due to minor steric or solvation effects.
The activation parameters are comparable to the reactions of
the cis isomer and of Ru(NH3)sH,0%"; thus mechanistic simi-
larity is inferred. Nonetheless, the reactivity difference be-
tween a trans-substituted aquotetraammine and the aquo-
pentaammine ion may also reflect electronic factors. For
ruthenium(Il)-ammine complexes, it has been observed that
a very strong m-acceptor ligand such as SO, or NO* leads to
labilization of the ligand trans to it.!5 This effect is apparent-
ly in large part due to weakening of the ¢ bond between the
trans ligand and the Ru(II), as demonstrated by the abnormal-
ly long bond (and lability) of the trans NH; of Ru(NH;)s-
NO®*, Back-bonding alone should strengthen not weaken the
metal’s o-bonding ability to the trans ligand. Thus, the o-
bond weakening is likely to be in large part due to the sub-
stantial o overlap between the m-acceptor ligand and the
metal owing to the very short bond length. However, in the
present case, trans-Ru(NHs),py(H,0)?* is less substitution
labile than Ru(NH;)s(H,0)**. Despite the apparent m-accep-
tor character of pyridine,® this result suggests that the inter-
action is sufficiently weak that other factors are more im-
portant in establishing the relative lability of the trans posi-
tion.

Reaction of cis-Ru(NH3),(H,0),*" with excess 2-amino-
methylpyridine followed simple first-order kinetics indicating
that substitution of the first coordination site is rate deter-
mining, regardless of whether the pyridine or amine nitrogen
coordinates initially. When the product solutions of the rate
studies were exposed to air, the originally yellow solution
(Amax 414 nm) turned a deep red owing to oxidation of the
coordinated ligand to give the complex tetraammine (2-imi-
nomethylpyridine)ruthenium(II). Characterization of this
oxidation product was accomplished by spectral and chemi-
cal analysis. !

(12) R. D. Foust, Jr., and P, C. Ford, J. Amer. Chem. Soc., 94,
5686 (1972).

(13) (a) A. M. Zwickel and C. Creutz, Inorg. Chem,, 10, 2395
(1971); (b) D. K. Lavaliee and E. B. Fleischer, J. Amer. Chem. Soc.,
94,2583 (1972).

(14) Reference 6 reports the values k1, = 0.093 M ™ sec™!, AH¥ =
16.9 kcal/mol, and AS¥ = —7 eu for the same reaction. The values
for reaction of Ru(NH,;),H, 0** with benzonitrile are k1, = 0.27 M ™!
sec™!, AH¥ = 15.8 kcal/mol, and AS* = —8.°

(15) P. C. Ford, Coord. Chem. Rev., 5,75 (1970).

(16) V. E. Alvarez, R, J. Allen, and P. C. Ford, in preparation.
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Recent Mossbauer studies of five-coordinate high-spin
iron(II) complexes indicate that this coordination environ-
ment is often associated with relatively large quadrupole
effects. For instance, the monoterpyridyl® ferrous halides
and pseudohalides whose geometries are believed inter-
mediate? between square pyramidal and trigonal bipyramidal
show quadrupole splittings (AE’) ranging from 2.7 to 3.2
mm/sec. Even larger values are found for five-coordinate
complexes of Curtis macrocyclic ligands.> In this note, we
discuss the magnetically perturbed Mossbauer spectra of one
such system, Fe(1,7-CTC1)CIO,4 (1,7-CT =5,5,7,12,12,14-
hexamethyl-1,4,8,11-tetraazacyclotetradeca-1(14),7-diene),
in an attempt to assess bonding and nonbonding electron
contributions to the very large electric field gradient in these
and similar systems and to ascertain also the nature of the
orbital ground state. A schematic of the structure of the
cation Fe(1,7-CTCI)* as well as the ligand is shown in Figure
1. A crystallographic study* of [Fe(1,7-CTCD)]I indicates
that it possesses at most C, symmetry with the C, axis cor-
responding to the Fe-Cl bond and that the coordination en-
vironment may be approximated as distorted trigonal bi-
pyramidal. However, for distorted five-coordinate stereo-
chemistry, the question of whether a system is closer to trig-
onal bipyramidal or square pyramidal is often difficult to
decide, if in fact it has any meaning. Previous electronic
spectral results as well as those of this investigation favor
square-pyramidal symmetry for the ligand field of the [Fe-
(1,7-CTCI)] * cation,

Results and Discussion

Figures 2 and 3 show the unperturbed and corresponding
magnetically perturbed Mossbauer spectra of Fe(1,7-CTCl)-
ClO, at 300°K. It is evident from the lower energy triplet
of the room-temperature spectrum that the principal compo-
nent of the electric field gradient tensor (¥,,) is positive®
and the asymmetry parameter 7 is small suggesting nearly

(1) W. M. Reiff, N, E. Erickson, and W. A, Baker, Inorg. Chem,,
8,2019 (1969).

(2) F. W. B. Einstein and B. R. Penfold, 4cta Crystallogr., 20,
924 (1966).

(3) D. H, Merrell, V. L. Goedken, D, H. Busch, and J. A. Stone,
J. Amer, Chem, Soc., 92, 7590 (1970).

(4) V. L. Goedken, J. Molin-Case, and G. Christoph, Inorg. Chem.,
12,2894 (1973).

(5) R. L. Collins, J. Chem. Phys., 42,1072 (1965).
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Figure 1. Schematic of the Fe(1,7-CTCl)* cation and the ligand.
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Figure 2. Mossbauer spectra of Fe(1,7-CTC)CIO,, at 300°K: (a)
H;=0;() H; =17 kG.
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Figure 3. Mossbauer spectrum of Fe(1,7-CTCI)CIO, at 4.2°K,
Hy =~ 5kG.

axial symmetry. The observed doublet-triplet pattern is
the typical spectrum expected for a rapidly relaxing para-
magnet at high temperatures where its Curie susceptibility
is smaller.®

For a small applied field (4-5 kG, Figure 3) the spectrum
at 4.2°K exhibits some broadening and corresponds to the
large quadrupole splitting of 4.0 mm/sec. The only reported
high-spin iron II splittings greater than that found here are

(6) C. E, Johnson, Proc. Phys. Soc., 92,748 (1967).

Notes

those” of the five-coordinate dimer® [Fe(diethyldithiocar-
bamate),], and the eight-coordinate® [Fe(1,8-naphthyri-
dine),](C10,), whose values of AE are 4.16 and 4.54 mm/
sec, respectively, at 78°K. Thus it appears however that

very large values of the quadrupole splitting are not uniquely®
characteristic of high-spin five-coordinate iron(1l) but depend
on peculiarities of the particular coordination environment.

From a simple crystal field point of view the order of the
one-electron d orbitals for a regular square-pyramidal (SP)
complex is e(d,,, dy,) < by(d,,) <a(d,2) €b(d,2_,2),
while the order for a regular trigonal-bipyramidal (TP) com-
plex is e;(dy;, dy,) <ey(d,z-y2,d,,) <ay(d,2). Therefore,
neglecting covalence anisotropy, the sign of ¥, should be
negative for either the SP or TP limits owing to the single
electron in the lowest energy nonbonding e combination or
for that matter a single electron in either of the e orbitals
through lifting of their degeneracy. The latter situation
would however correspond to a nonbonding contribution
to |AE| of the order of that for a °B, ground term and ap-
proximately twice that for SE. In any event, the present
observation of V,, positive is unexpected.

In view of the preceding observations we make the fol-
lowing analysis. If it is assumed that the observed AE is
due to additive contributions from nonbonding valence
electrons and that arising from bonding electrons or cova-
lence anisotropy, then a number of possibilities for the orbital
ground state arise. First of all, the contribution to AE from
covalence anisotropy is expected to be positive and relatively
large in view of the structure of the complex and difference
in the bonding strengths of the ligands involved, i.e., an ap-
proximate plane of strongly bonding ligands relative to a
single weak axial ligand. The alternative situation of strong
axial 0 bonding leads to V,, negative. Hence if the ground
term is the 5E, its negative contribution to AE is expected
to reduce that from covalence anisotropy to some extent
and even more as the degeneracy of the °E is lifted. For a
5B, ground term the corresponding large positive contribu-
tion to AE will enhance that due to bonding electrons and
could very well result in the large and slightly temperature-
dependent quadrupole observed. The latter ground state is
unexpected but can result from increased metal-ligand o
interaction (destabilization of the e orbitals'®) as the metal
atom moves above the plane of the macrocyclic ligand. The
X-ray study® confirms such a position for the metal atom.
At the same time in-plane 7 back-donation serves to sta-
bilize'!'1? the by(d,, ). However, these effects will not alter
the relative ordering of the a, and b, levels of a square-pyra-
midal field. In accord with this there is invariance® to the
higher energy transition of the near ir-visible spectra of the
Fe(1,7-CTX)C10, system for the various halogens X.

In conclusion from the discussion presented here, the large
positive quadrupole effect (4.0 mm/sec at 4.2°K) appears
most consistent with additive contributions from covalence
anisotropy and a *B, ground term of a square-pyramidal
ligand field environment. This is contrary to a previous®
suggestion of the expected °E ground term.
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A well-known route? to the reduction of germanium(IV)
compounds involves the reaction of a 4:1 molar excess of
hypophosphorous acid (H3P0,) with germanium(IV) chloride
(GeCly) in approximately 3 M hydrochloric acid. Reaction
times are on the order of 3 hr and temperatures are kept .
near 95°. Work in our laboratory showed that many of the
above parameters could be reduced or excluded without
altering the basic nature of the reaction. Specifically, (a)
reaction 1 goes essentially to completion at 1:1 molar ratios

3M
GeCl, + H,PO, + H,0 —— GeCl,(aq) + H,PO, + 2HCI (1)

of H3PO,:GeCl,, (b) hydrochloric acid is neither essential to
the reductive process nor required for the prevention of GeCl,
hydrolysis, and (c) reaction 1 is quite rapid (in the order of
" several minutes) at temperatures ranging from 65 to 85°.
While investigating the implications of points a-c above, it
was discovered that hydrated sodium hypophosphite,
NaH,PO, -H,0, in methanol solution effectively and almost
instantaneously reduces germanium(IV) chloride. To our
knowledge, this is the first example of a successful Ge(IV)-
Ge(II) reduction reaction in a nonaqueous solvent.

th 1 .
GeCl, + NaH,PO, -H,0 > Ge(HPO,) + NaCl + 3HCI (2)
3 e

Scheme I summarizes data now known about the hypo-
phosphite-germanium(IV) reduction system in solvent meth-
anol. It is possible to isolate and characterize a chloride salt
of Ge(HPO3) by filtering the initial solid sodium chloride
from the reaction mixture and then adding a large cation
such as trimethylammonium (path I). A white precipitate of
(CH;);NH"*[Ge(HPO,)C1]™ immediately forms. It is a high-
melting (>250° with decomposition), highly insoluble, hy-
groscopic salt. Preliminary evidence indicates that the cesi-
um ion will act in like manner.

Evaporation under vacuum (path II) causes the eventual
precipitation of the Ge(HPO3) species, a compound first
claimed by Everest® in the reaction of GeO, with H;PO, in

(1) Based in part on the M.S. thesis of C. P. Guengerich, 1972.

(2) (a) P. S. Poskozim, J. Organometal. Chem., 12, 115 (1968);
(b) A. Tchakirian, Ann. Chim. (Paris), [11] 12,415 (1939).

(3) D. A. Everest, J. Chem. Soc., 4117 (1953).
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Scheme I. The Hypophosphite~-Germanium(IV)
Reduction System@

methanol

GeCl,-H,PO,~ ———> Ge(HPO,)

path I path II path III
M*X" vol HI
redn
M *[Ge(HPO,)X]" Ge(HPO,) Gel,

@ M* is a large cation such as trimethylammonium, Cs*, Rb", etc.

phosphorous acid solvent. The germanium(II) hydrogen
phosphite moiety as obtained herein is either anhydrous or
contains one molecule of water. Infrared data (see Exper-
imental Section) seem to indicate the appropriate P-H, P-0O,
and P=0 frequencies consistent with a bidentate structure
such as

/O\ //O
€

\0/ \H

G

A proton nmr spectrum taken of the salt dissolved in deu-
terated methanol showed a sharp, widely spaced doublet
(524 Hz) attributable to the P-H linkage and an expectedly
large Jp.y; coupling constant. The Jp_yy value for NaH,PO,
H,O0 in methanol was 500 Hz. No evidence for phosphorous
acid (Jp_gg = 707 Hz)* was observed. H3POj; (reaction 1) is
formed when germanium tetrachloride is reduced in the aque-
ous acidic medium. The central germanium(II) atom is no
doubt four-coordinated in the solid Ge(HPQ,) structure much
like it is in polymeric GeF,.’ X-Ray analysis has now been
initiated for complete structure elucidation.

Concentrated hydriodic acid (HI) appears to be the only
strong acid (path III) capable of completely liberating HPO4
from Ge(HPQO;) to form the corresponding GeX, salt. There
is no significant reaction when varying quantities of HBr, HCl,
HF, H,80,, and HNO; are added. It is probable that an
equilibrium exists between Gel, and the Ge(HPOQ3) species in
methanol solution

Ge(HPO,) + 2HI & Gel, + H,PO,

and that excess HI (about 15:1 molar ratio) is required to
effect a significant yield of approximately 60% germanium-
(II) iodide product. Work is continuing in attempts to maxi-
mize yields of Gel, and to determine why only HI of all the
strong halogen and mineral acids will conveniently precipi-
tate out a GeX, salt.

In the course of our studies it was shown that if hexanol
and formic acid were used in place of methanol solvent in
performing the sodium hypophosphite reduction of ger-
manium tetrachloride, germanium(II) species were indeed
produced, but yields were invariably lower and reaction
times considerably lengthened. When, however, equimolar
quantities of the solid NaH,PO,-H,0 and liquid GeCl, were
mixed neat under an atmosphere of nitrogen, no reaction
took place over a period of 5 hr at room temperature. A

(4) J. A. Pople, W. G. Schneider, and H. J. Bernstein, ‘“High-
Resolution Nuclear Magnetic Resonance,” McGraw-Hill, New York,
N.Y., 1959, p 351.

(5) J. Trotter, M. Akhtar, and N. Bartlett, J. Chem. Soc. 4, 30
(1966).



