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ligand and away from 0 2  and that the other two 
fluorines bifurcate this oxygen, 0 2  ( i . e .  ~ take positions 
as far as possible from 0 2 ) .  
A close inspection of Figure 2 reveals that, since no. 2 

TTA has its terminal groups (thienyl and CFa) re- 
versed, the over-all idealized ( i . e .  ~ neglecting the ring 
folding and the nonplanarity) symmetry including the 
total ligand is the minimum trivial symmetry of C1. 
Considering only the eight oxygens of the four TTA 

ligands. the symmetry is very nearly S44, and not Dzd. 
The displacements, normal to the trapezoidal planes. 
amount to 0.06 A.  
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The possibility of conjugation between aromatic residues linked by  tetrahedral silicon, germanium, and tin atoms has been 
investigated. The  experimental method used involved the measurement of the nmr contact shifts of suitably substituted 
paramagnetic nickel chelates. The  significance of this 
result relative to the evidence for da-pa bonding involving group IT- elements obtained by other experimental methods is 
discussed. In  contrast to pa-px bonding, da-ps  bonding with a central atom does not necessarily lead to conjugation. 
T!Qe synthesis of a five-coordinated tin chelate is also described, and nmr evidence for analogous germmiurn and silicon com- 
pounds is reported. 

The  results show tha t  there is a negligible amount of conjugation. 

Introduction 
The electronic structures of the second-, third-, and 

fourth-row elements-Si, Ge, and Sn-differ from that 
of their first-row analog C in that they have valence- 
shell d orbitals available for bond formation. The 
utilization of these orbitals to form a bonds is well 
established. Thus, in an ion such as SiF6?- the co- 
ordination number six can only be attained by involv- 
ing the Si 3d orbitals in the bcnding process. The 
situation with respect to K bonding is less clear, al- 
though evidence for such interactions has been sought 
by a large number of physical techniques. Thus a t  
various times bond length determinations, dipole 
moment determinations, infrared spectroscopy, nu- 
clear magnetic resonance, 4-6 chemical reactivity,' elec- 
tronic s p e c t r o s ~ o p y , ~ ~ ~  and electron spin r e sonan~e '~ - '~  
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have all been utilized to obtain information bearing on 
this problem. Much of the earlier work has been 
summarized in a review by Stone and Seyferth.I6 These 
various investigations have not led to uniform con- 
clusions regarding dn-pr bonding---in some cases the 
results have indicated important contributions from 
such interactions (e.g., see ref 8) while in other cases 
the effects appear to be negligible (e.g., see ref 6). Part 
of this lack of uniformity can no doubt be ascribed to 
the use of different compounds in different experiments. 
It is certainly very possible that dT-pK bonding may be 
important in one bonding situation but negligible in 
another. However, i t  also appears that some degree 
of confusion has arisen from drawing too close an 
analogy between d r - p r  bonding and p r - p ~  bonding. 
In particular, the latter bonding is closely associated 
with conjugation, whereas the fornier may not be. 
There have been several theoretical papers in which 
this distinction has been pointed out, such as that of 
Craig and Mitchell" on "island" and cyclic delocaliza- 
tion in p v d T  systems and the more general theoreti- 
cal treatment of Jaff61B on multiple bonds involving d 
orbitals. In  this latter paper the case of a tetrahedral 
central atom has been specifically treated. In  con- 
currence with the theory, there is a variety of experi- 
mental evidence suggesting that Tvhen the central 
atom is one of the group IV elements-Si, Ge, or Sn- 
dr-pT bonding is of some significance. Whether there 

(16) F. G. A .  Stone and 11. Seyferth, J .  I n o i g .  S i i c l .  Chern . ,  1, 112 (1955) .  
(17) D. P. Craig and K. A.  R. Mitchell, J. C'Iwvi, Soc. ,  4682 (1965). 
(18) H. H. JaffC. J .  Phrs.  C h e i n . ,  6 8 ,  186 119%). 
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is conjugation between different n systems attached to 
such a central atom is, hon.ever, much less clearly es- 
tablished, and JaffC’s analysis indicates that  i t  is un- 
likely to occur. KabachnikIg has suggested th&t al- 
though the normal spectroscopic manifestations of con- 
jugation are lacking, conjugative effects may still be 
sufficiently important to have chemical significance. 
The observation of Cowell, Urry, and Weissman15 that  
the dianion of bis(2,2’-biphenylene)silane has a singlet 
ground state in contrast to the triplet ground state of the 
carbon analog has been interpreted as evidence for 
conjugation. The present experiments were designed 
to be a rather direct test for such conjugation. Ln- 
paired electron spin density is introduced into the n 
system of one substituent R’ of a molecule MRsR’ 
where all of the R radicals possess T electrons. The 
presence or absence of spin density in the other K sys- 
tems is then probed by the observation of nmr contact 
shifts. 

Results 
In previous publicationsz0 z1 we have utilized the 

Ni(I1) aminotroponeimineates to study problems in- 
volving bonding and conjugatiori in K systems. In 
the present work contact shifts have been measured for 
chelatcs of structure I ,  where X = Si, Ge, or Sn. 

C H  
l 2  j 

I 

In Ni(I1) aminotroponeimineates of this type there 
exists an equilibrium between a planar, diamagnetic 
and a tetrahedral, paramagnetic form of the complex.22 
In sdution a t  room temperature N-ethyl-substituted 
derivatives are predominantly in the paramagnetic 
configuration. In this form about 10% of the unpaired 
spin density, formally resident in the Ni d orbitals, 
is delocalized to the T system of the aminotroponeimine- 
ate ligand and is manifested by large contact shifts in 
the proton magnetic resonance spectrum. If the ligand 
T system is extended by conjugation with a substituent 
group, contact shifts are observed for protons on the 
substituent group. This effect has been observed for 
a variety of substituents and has been used to evaluate 
the conjugative abilities of various linking groups. *O 

The complexes chosen are particularly favorable for 
this type of study. Previous results have shown that 
there is a n spin density of w-fO.055 a t  the y position 
of the aminotroponeimineate ligand which a t  60 >IC/ 
sec and room temperature gives rise to a contact shift 
of more than 7000 cps. Since, even allowing for some 
uncertainty in the diamagnetic reference frequencies, 

(19) M. I. Kabachnik, Tetvahedvon, 20, 655 (1964). 
(20) D. R. Eaton, A.  D. Josey, W. D. Phillips, and R.  E. Benson, J. 
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Chenz. Phys . , 37 ,  347 (1962); Dismssions Faraday SOC., 34 ,  77 (1962). 
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contact shifts as small as 20-30 cps can be measured 
with some confidence, the experiment is easily capable 
of detecting a leakage of less than 1% of the spin from 
the y position to the substituent K system. Further, 
the pattern of the shifts in the K system of a phenyl 
group is quite characteristic-the ortho and pura posi- 
tions have positive spin densities and give rise to high- 
field shifts with the paru shift usually larger than the 
ortho, while the meta position has a negative spin den- 
sity which is accompanied by a low-field shift. On the 
other hand, shifts arising from spin in the u system are 
usually small and attenuate rapidly with distance from 
the spin-bearing atom. 

Nmr data for the Ni chelates I and for the correspond- 
ing ligands are given in Table I. The contact shifts are 
taken to be the difference betm-een the ligand and chelate 
frequencies. This is justified by previous results with 
Zn and other diamagnetic chelates which demonstrated 
that complex formation per se has only a minor effect 
on the proton chemical shifts.20 The contact shifts 
for the LY and p protons of the aminotroponeimineate 
ring and for the ethyl group of I are quite typical of 
those found for a large variety of analogous compounds 
and demonstrate that the normal amount of spin de- 
localization (-10%) has occurred. The contact 
shifts of the protons of the substituent phenyl groups are 
small and all to high field. In each case, two multi- 
plets were observed in approximate intensity ratios 3 : 2 .  
The higher field resonance (intensity 2, contact shift 
-100 cps) is a simple doublet (splitting constant -7 
cps). This must arise from the ortho protons since the 
metci protons would give rise to a triplet. The lower 
field resonance (intensity 3, contact shift -30 cps) is a 
more complex multiplet arising from a superposition 
of the metu and para protons. The shape of the pattern 
indicates the para proton is shifted rather less than the 
meta protons. These contact shifts are not ccnsisttnt 
with the presence of spin density in the arcmatic rr 
system. They most probably arise from a small 
amount of negative spin density in the u system. 
(Contact shifts arise from spin density a t  the nucleus 
which can only occur if the odd-electron density is in an 
s orbital. If the spin is distributed in the u system, 
the s orbitals can participate directly and positive spin 
gives rise to low-field shifts. If the spin is in the rr 
system, M ~ C o n n e l l ’ s ~ ~  indirect mechanism is required 
and positive spin causes high-field shifts.) This result 
is readily interpretable in terms of the spin polarization 
mechanism first proposed by Levy and OrgelZ4 to ac- 
count for the contact shift of the vanadocene protons. 
In essence, they suggested that if there is a strongly 
bonding metal-ligand orbital of different symmetry to 
the spin-containing orbital (so that direct mixing of the 
two orbitals does not occur), the electron pair in the 
bonding orbital will be polarized in the sense that the a 
spin is found to a greater extent on the metal leaving an 
excess of fl  spin (negative spin density) on the ligand. 

During the course of the synthesis of these compounds 

(23) M. M. McConnell, J .  Chem. Phys., 84, 632 (1956). 
(24) D. A. Levyand L. E .  Orgel, Mol.  Phys., 3 ,  583 (1960). 
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TABLE I 
SMR DATA 

C Hj 
1 -  

I 

( C b H j ) J a ; ) H  

C,Hj 
Compound a P CHz CHI Aromatic 

Si ligand -375 -417 -201 - i 9  - 445 
Si S i  chelate + 5322 -3144 -10,185 - 825 -405 (nz + f i ) ,  -335 (0) 

Ge ligand -373 -413 - 200 - 78 - 442 
Ge S i  chelate + 5429 - 3264 -10,290 -810 -408 (nz + p ) ,  -345 (0) 

Sn ligand -375 - 420 - 202 - 80 - 445 
Sn S i  chelate + 5249 -3219 - 10,252 - 795 -414 (M + p ) ,  -364 ( 0 )  

a second series of diamagnetic N-bonded Si, Ge, and Sn 
chelates was formed (see below). Nmr data for this 
series of compounds are given in Table 11. Their 
structure follows from the analytical data and the nmr 
spectra. The seven-membered ring aromatic region 
of the proton nmr is complex as opposed to the apparent 
simple =1B pattern observed for y-substituted amino- 

TABLE I1 
NMR DATA 

C,H, 
I 

I 
C J ,  

A1 o- 
s (r P Y CH.n CH," matic 

Si Compleu -420 -360 -174 -30 -430 
Ge Complex -420 -360 -176 -34 -435 
Sn  Complex -426 -370 -192 -43 -437 
a -1 spin-spin coupling constant of J = 7 cps was determined 

for all of these compounds from the splitting of the CHz and CH3 
resonances. 

troponeimines. The resonances of the K-ethyl groups 
are shifted significantly to high field as would be ex- 
pected for a nitrogen-bonded complex. Further, only a 
single triplet is observed for the CHJ group and a single 
quartet for the CH2 protons, indicating a symmetric 
chelate. They have therefore been assigned struc- 
ture 11, n-here X = Si, Ge, or Sn. Such a structure 

C2H5 
I 

a > X  (CsHd3 

I 
C& 

I1 

involves a five-coordinated central atom, and, as might 
have been anticipated, the stability decreases in the 
order Sn > Ge > Si. Analogous chelates involving 
dipyridyl ligands rather than aminotroponeimineate 
ligands have been reported by Corey and 14'est.26 In  
the latter case a positive siliconium ion results. 

(23) J. Y .  Corey and K. West, J .  A m .  Chem. Soc., 85, 4034 (1963). 

Discussion 
The data of Table I provide rather unambiguous evi- 

dence for the lack of conjugation between the amino- 
troponeimineate a system and the T systems of the 
phenyl groups. It is of interest to discuss this result in 
relation to the various other experimental methods 
which have been used to probe pr-da bonding. Per- 
haps most closely related are various studies involving 
electron spin resonance. The most elegant of these is 
the work of Bedford, Bolton, Carrington, and Prince14 
on the radical anions of (CI.Ia)3XCbHj where 31 = Si 
or Ge. These radicals are best regarded as perturbed 
benzene negative ions, the perturbation being sufficient 
to split the orbital degeneracy found in the unsub- 
stituted CeH6- ion. \Jrhether the splitting results in 
the antisymmetric orbital or the symmetric orbital 
being lower depends on whether the substituent group 
tends to donate electrons to the a system or accept 
electrons from the x system. The results are quite 
unambiguous in showing that the Si or Ge are accepting 
a electrons. There would seem to be no plausible 
alternative to the proposition that the acceptor orbitals 
are the empty Si and Ge d orbitals. However, tn-o 
points may be noted. First, the interaction is between 
Si or Ge d orbitals and the x-antibonding orbital. It 
might be anticipated that there would be a better en- 
ergy match of Si d orbitals with T* than with a aro- 
matic orbitals, and since stronger donation is to be ex- 
pected from a negative ion than from a neutral species, 
this situation is perhaps the most favorable possible for 
pa-da interaction. Second, i t  should be noted that 
the above result does not imply that the Si or Ge is part 
of an extended a system; ; .e . ,  i t  says nothing about 
through conjugation. This result is therefore not in- 
consistent with the conclusions drawn from this work. 
The same statement holds for a variety of esr studies 
involving heteroaromatic atoms. These have provided 
no clear evidence that the d orbitals participate in the 
conjugation. 

There remains the work of Conell, Urry, and Weiss- 
man's on biphenylenesilane anions. The monoanion 
is a free radical with hyperfine splitting from both phe- 
nylene rings. The same is true, however, for the carbon 
analog,26 and the result does not necessarily imply that 

( 2 6 )  R D Con-ell, G. Urry, and S. I. Weisnman, J .  Chem Ph$s , 38, 2028 
(19631. 
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TABLE I11 
ANALYTICAL DATA 

C2H5 
I 

7% Ni--- % Sn, Ge, or Si ---yo N--- 
Calcd Found Calcd Found Calcd Found 

22.6 22 .3  5 . 3  5 , 3  
15.1 14 .9  5 . 8  5 . 7  
6 . 5  6 . 3  6 . 5  6 . 6  

5 . 8  5.9 14.2 13.9 5 . 5  5 . 4  

22.6 23.45 5 . 3  5 .0  
6 . 0 5  6 . 0 5  

a Compound riot isolated; nmr evidence for its presence in crude product. 

there is a single continuous a system. I t  is sufficient 
if the rate of electron exchange between two inde- 
pendent x systems is we 3 lo8 sec-’. It is, however, 
significant that the total spread of the esr spectrum of 
the silicon compound is substantially less than that 
of the carbon compound, indicating that a significant 
fraction of the spin resides in the five-membered rings 
containing the silicon. This is evidence for silicon 
da-pa interaction but not necessarily for conjugation 
between the perpendicular a systems. The diamag- 
netism of the silane dianion was taken as evidence for 
such conjugation between the two a systems. How- 
ever, calculation shows2’ that the lowest antibonding a 
orbital in which the last two electrons of the dianion 
must be placed is of E symmetry in the DZd point group 
corresponding to the molecular symmetry. This or- 
bital can indeed interact with Si d orbitals of the same 
symmetry, but this interaction cannot lead to any 
splitting of the orbital degeneracy; ;.e., the da-pr  
bonding cannot affect the triplet ground state of the di- 
anion. The observed diamagnetism must therefore 
be attributed to some more indirect mechanism, pos- 
sibly of the superexchange type, and does not provide 
evidence for conjugation. 

There is a variety of other experimental evidence, 
such as, for example, the elegant optical experiments 
of Goodman, Konstam, and Sommer* and the more 
recent work of Nagy, et U Z . , ~  all demonstrating the 
interaction of unfilled d orbitals on Si, Ge, and Sn with 
neighboring ir orbitalsx These do not, however, pro- 
vide evidence of “through” conjugation. The present 
results therefore support the theoretical analyses of 
Jaff618 and of Craig and Mitchell” to the effect that 
the directional properties of d orbitals lead to significant 
differences between pa-pa and pa-da bonding and 
that  the latter type of bonding does not necessarily 
lead to conjugation in the accepted sense of the word. 
Indeed, bearing in mind the sensitivity of the contact 
shift method, i t  can be concluded that conjugative 

(27) H. E. Simmons, privatecommunication. 

---% c-- 
Calcd Found 

66.3 66.45 
72.7 72.7 
80.1 80.0 

68.6 68.7 
75.2 75.0 
66 .3  66.3 

---Yo H-- 
Calcd Found 

5 . 8  5 . 5  
6 . 3  6 . 5  
6 . 9 5  6 . 8  

5 . 8  6 . 0  
6 . 3  6 . 4  
5 .8  5 . 8  

effects arising from pa-da bonding in tetrahedral Si, 
Ge, and Sn are negligible. This result may be con- 
trasted with the previous findings20 that oxide, sulfide, 
and amine linkages, in which the central atom is again 
approximately tetrahedral but has unshared electron 
pairs in a t  least one of the sp3 orbitals, do transmit a 
significant amount of spin density and so behave as 
conjugating groups. 

Experimental Section 
In the preparation and isolation of the triphenyltin (-germa- 

nium, -silicon) derivatives of N,N’-diethylaminotroponeimine, all 
operations were carried out under nitrogen, and sodium-dried 
solvents were used. 

The compounds I11 (X = Sn, Ge, Si) were air and moisture 

CH 
l 2  

stable but  the compounds I1 were moisture sensitive. Analytical 
data  for these compounds and for the nickel chelates I are given 
in Table 111. 

S m r  data  were determined using Varian dssociates A-60 and 
HR-60 spectrometers for the diamagnetic and paramagnetic 
compounds, respectively, a t  60 Mc/sec with tetrzmethylsilane . 
as an internal reference. Nmr data  are given in Tables I and 11. 

y-Triphenyltin N,N’-Diethylaminotroponeimine -A solution 
of 2.55 g (0.01 mole) of y-bromo-N,r‘;’-diethylaminotroponeimine 
(Y-BrEtaATI) in 50 ml of ether was stirred a t  0’. A solution of 
13 ml of 1.6 N n-butyllithium (0.02 mole) in hexane was added 
dropwise and the reaction mixture was kept under reflux for 15 
min to give a solution of N-ydilithio-N,N’-diethylaminotropone- 
imine.28 After cooling this to  -8O0, 3.86 g (0.01 mole) of tri- 
phenyltin chloride in 30 ml of ether was added with stirring. 
The reaction mixture was brought to room temperature over a 
period of 1 hr, was heated under reflux for 15 mirr, and was then 
filtered. After adding 1 ml of water to  the filtrate to  liberate 
the free amine from its N-lithio derivative, the reaction mixture 
was cooled to 0’ and filtered. The solid obtained was recrystal- 

(28) A. D. Joseg unpublished work 
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lized from cyclohexane to give 2.8 g i5gr; yield) of yellow crystals 
of y-triphenyltin Et2ATI. 

r-Triphenylgermanium and -1-Triphenylsilicon Et2ATI .--These 
were prepared in a similar manner excepting tha t  triphenylger- 
maniuni bromide and triphenylchlorosilane, respectively, were 
used in place of triphenyltiii chloride. 

Ni(I1) Chelates of -, -Triphen) Itin(-silicon, -germanium) Et?- 
AT1.-These chelates were prepared by  the same procedure as 
detailed below for the germaniuni derivative. 
A solution of 0.30 g (0.0012 mole) of hydrated nickel acetate in 

a mixture of 4 nil of n.::ter and 12 ml of ethanol was added clrop- 
wise to a stirred solution of 0.96 g (0.002 mole) of y-triphenyl- 
germanium EtzATI in 15 ml of benzene and 30 ml of ethaliol: 
The  reaction mixture was heated under reflux for 30 min and then 
cooled overnight a t  0".  The solid obtained was recrystallized 
from cyclohexane to  give 0.65 g (65FC yield) of black crystals of 
the S i ( I1 )  chelate of 7-triphenylgermanium Et2ATI. 

Triphenyltin(1V) N ,N '-Diethylaminotroponeimineate .-+I solu- 
tion of 1.76 g (0.01 mole) of E t A T I  in 35 ml of ether was stirred 
a t  0' while 6 ml of 1.6 A' n-butyllithium (0.01 mole) in hexane 
was added dropwise. It was then stirred a t  -80" with the 
dropn-ise addition of 3.86 g (0.01 mole) of triphenyltin chloride 
in 40 ml of ether. The  reaction mixture was warmed to room 
temperature over a period of 1 hr and then held under reflus for 

10 t r i i n .  The reaction mixture )\-as filtered and then coticen- 
trated. The yellow product that  separated at 0" was recrystal- 
lized from ether to give 3.2 g 1565; yield) of yellow crystals of 
triphenyltin(I1-) S,S'-diethylaminotroponeimiiieate. 

This compound can be sublimed unchanged a t  200' (0 6 mmj, 
but i t  is extremely sensitive to moisture. By nmr i t  was showti 
tha t  about two-thirds of the titi chelate in a CDC13 solution was 
decomposed on simple filtration through a layer of cotton. Pre- 
sumably, the action was from the small amount of water of liy- 
dration in the cotton. 

Triphenylgermanium(1V) [-silicon(IV)] N,N'-Diethylamino- 
trop0neimineates.-In attempts to prepare the correspondiiig 
pentacovalent germaniuniiIV) and silicon(I1.) chelates by a simi- 
lar procedure, crude products were obtained whose nmr spectra 
indicated the presence of the desired chelates. Data are given it1 

Table 11. Attempts to purify these germanium and silicon 
chelates b y  recrystallization were unsuccessful because of their 
instability. The  silicon chelate appeared the less stable of the 
two. 

Acknowledgment.-Lye are indebted to Professor 
Grant Urry for a helpful discussion regarding the e.r 
spectra of biphenylenesilane anions, 
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Substitution of Iodide Ion in the Iodopentaaquochromium(II1) 
Ion by Water and by Fluoride, Chloride, and Bromide Ionsla,b 
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The substitution of iodide ion in the iodopentaaquochrorniutn(II1) ion by  water is catalyzed by chromium( 11). The cata- 
lyzed path obeys the rate law -d[Cr12+]/dt = ka[Cr2+] [Cr12-]/[H-],  with ka = 2.66 X 10-2 sec-' a t  25" and [Clod-] = 

2.0 M .  The dominant 
paths for these catalyzedreactions have the form -d[Cr13-]/dt = kx[Cr"] [CrIZ+] [Xu] (X = F, C1, Br).  At 25",  [Clod-] 
= 2.0 M ,  and [HCIOi] = 1.0 X ,  the values of k s  are 5.3 X lo'> 2.7 X lo2,  and 63 M-2 sec-' for fluoride, chloride, and bro- 
mide ions, respectively. It is suggested tha t  the CrI"--Cr?- 
reaction proceeds uin the transition state [ICrOHCr3-]*. Intermediates of the type Cr IX+ ( X  = F, C1, Br) are postulated 
to account for tlie halide ion effects 

Chromium(I1) also catalyzes the substitution of iodide by fluoride, chloride, and bromide ions. 

The mechanistic implications of these results are discussed. 

Introduction 
Following the discovery of the bridged activated com- 

plex in electron-transfer reactions,* many studies have 
been performed to elucidate the role of bridging ligands 
in such  reaction^.^ More recently, the effects of non- 
bridging ligands directly bound to  the oxidant have been 
examined systematically. Extremely useful in- 
formation regarding these effects has been obtained from 
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studies of the reductions of cobalt(II1) and chromium- 
(111) complexes by the hexaaquochromium(I1) ion 
because, for these systems, i t  is possible to ascertain the 
nature of the bridging ligand and the positions (c is  or 
t r i m s )  of the nonbridging ligands with respect to the 
bridge. It must be noted, however, that, for an inner- 
sphere mechanism involving a single bridging ligand. 
there are five additional coordinating positions on the 
reducing agent. Nonbridging ligand effects in these 
positions are difficult to evaluate because substitution 
lability of the reducing agent is necessary to make the 
bridged transition state readily accessible. Further- 
more, i t  has been tacitly assumed that reductions by 
hexaaquochromium(I1) ion that proceed via an inner- 
sphere mechanism may be rather insensitive to the 
replacement of perchlorate ion by other simple anions. 


