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stream of nitrogen. The mixture rapidly turned brown-red. It was stirred
at —78 °C for 1 h and at room temperature for several hours. The usual
workup, including filtration chromatography (10% CH,Cl,/pentane) and
recrystallization from pentane, gave 0.8 g (1.36 mmol, 47%) of red
(u-CH;S)(u-C,HsHgS)Fe,(CO)s (mp ~118 °C (dec)): IR (CO region,
CHCl,, ecm™) 2070 (s), 2033 (vs), 1995 (sh), 1987 (vs); 'H NMR (CD-
Cl3) & 131 (t, Jyy = 7.5 Hz, gy = 242.5 Hz, 3 H, CH; of Et), 1.645
(q, Juu = 7.5 Hz, Wy,y = 162.6 Hz, 2 H, CH, of Et), 2.15 (5, 3 H,
SCH,;); 1*C NMR (CDCly) 8¢ 13.033 (CH; of Et), 24.189 (SCH,),
3343 (CH, of Et), and 209.792 (CO). Anal. Caled for
C4H3O¢S,Fe,Hg: C, 18.37; H, 1.37. Found: C, 18.38; H, 1.43.
The addition of 2.9 mmol of CH;HgCl to such a solution of (u-
LiS)(u-CH;S)Fe,(CO)g (from 2.91 mmol of (g-S,)Fe,(CO)¢ gave, after
the usual workup, 0.52 g (0.91 mmol, 31%) of red crystals of (u-
CH,;S)(u-CH;HgS)Fe,(CO)g (mp ~ 137 °C (dec) (recrystallized from
1:1 CH,Cl,/pentane)): the mass spctrum showed the molecular ion at
m/e 574 (based on 2¥Hg) and fragment ions corresponding to the suc-
cessive loss of the six CO ligands; IR (CO region, CHCl,, cm™) 2073
(s), 2036 (vs), 1998 (sh), 1988 (vs); 'H NMR (CDCl,) 5 0.85 (s, 2Jyeu
= 162.5 Hz, CH;Hg), 2.17 (s, SCH;); 1*C NMR (CDCl,) é¢ 17.507
(CH;Hg), 24.130 (SCHj), 209.733 (CO). Anal. Caled for
CyHOS,Fe,Hg: C, 16.72; H, 1.05. Found: C, 16.76; H, 1.11,
The 1:1 reaction of ethyllithium in Et,O with (u-S,)Fe,(CO)¢ in THF
at =78 °C (2.9-mmol scale), followed by addition of CH;HgCl to the
solution of (u-LiS)(C,HsS)Fe,(CO)s thus produced, gave 0.75 g (1.274
mmol, 44%) of (u-C,HsS)(u-CH;HgS)Fe,(CO)s (mp ~ 124 °C (dec)),
which was identified by melting point and IR and 'H NMR spectral
comparison with the same compound obtained in the reaction of CHs-
HgCl with the LiBEt;H-derived (u-LiS),Fe,(CO)4 reagent.
Preparation of (u-CH;S),Fe,;(CO)¢ by the LiAl(O-¢-Bu);H Route. A
solution of (u-LiS),Fe,(CO)q in THF at —78 °C was prepared as de-
scribed above by the reaction of 6 mmol of LiAl(O-t-Bu);H with 2.91
mmol of (¢-S;)Fe,(CO)s. To the resulting green solution was added 1
mL (16 mmol) of iodomethane by syringe, which resulted in a rapid color
change from green to light red. The reaction mixture was stirred briefly
at -78 °C and for 90 :min at room temperature, It then was evaporated
at reduced pressure. The residue was dissolved in pentane and submitted
to filtration chromatography. Elution with pentane gave a red solid
which was recrystallized from pentane: 0.53 g (1.55 mmol, 53%); mp
67-68 °C; 'H NMR (60 MHz, CHCl,) & 1.62 (s), 2.12 (s). This is

indicative of isomer XIIa of (u-CH;S),Fe,(CO)q (lit.” mp 65-67.5 °C).
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Elution with 10% CH,Cl,/pentane gave a red solid which was re-
crystallized from pentane: 0.32 g (0.86 mmol, 29%); mp 105-106 °C.
The 60-MHz proton NMR spectrum (in CHCl;) of this product showed
a singlet at & 2.05, indicative of isomer XIIb of (u-CH;S),Fe,(CO)4 (lit.’
mp 101.5-103.5 °C). The total product yield thus was 82%.

Reaction of Potassium Hydride-Derived (u-KS),Fe,(CO)¢ with Tri-
ethylborane and Methylmercuric Chloride. The reaction of KH (7.93
mmol) with 2,91 mmol of (u-S,)Fe,(CO)¢ in 50 mL of THF, using the
procedure described above, served to give (u-KS),Fe,(CO)q. The mixture
was filtered to give a brown-green solution. To this solution was added
a solution of Et;B in THF (prepared by the reaction of ethylene with 10.7
mL of 0.56 M BH; (6 mmol) in THF). No color change was noted.
Then 0.73 g (2.91 mmol) of CH;HgCl was added as the solid, all at once.
The reaction mixture soon turned brown-red. After it had been stirred
at room temperature for 2 h, the usual workup followed. Filtration
chromatography gave trace amounts of (u-S;)Fe;(CO)g and S,Fes(CO)y
(elution with pentane). Elution with 10% CH,Cl,/pentane gave an
orange and a red band. The products in these bands were isolated and
recrystallized from pentane and 10% CH,Cl,, respectively. They were
identified (mp, mmp, IR, NMR) as (u-C,H,S)(u-CH;HgS)Fe,(CO),
(0.15 g, 0.25 mmol, 9% yield, based on (u-S,)Fe,(CO)s) and (u-
CH;HgS),Fe,(CO)¢ (0.52 g, 0.67 mmol, 23% yield).
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Abstract: A novel family of ligands has been synthesized and characterized as their nickel(II) complexes. The ligands are
comprised of pairs of 16-membered macrocyclic ligating sites held in an approximate face-to-face orientation by various bridging
moieties, including (CH,),, where n = 2-8, m- and p-xylyl, and duryl. They are prepared by condensation reactions from
monomeric macrocyclic precursor complexes. The same reactions also yield monomeric lacunar complexes in many cases.
The dimeric bimetallic complexes were purified by fractional crystallization and/or chromatography and characterized by
the usual physical means. A specific route has been devised for dimer synthesis. On an NMR time scale the structures typically
possess two symmetry elements, €.g., a mirror plane and an inversion center. An X-ray structure determination of the
m-xylene-bridged complex reveals the details of the structure: the Ni-N distance and the related bond angles are normal
for square-planar diamagnetic nickel(II) (Ni-N = 1.87 (average) A, N-Ni-N angle (average) = §9.9°). Of greatest importance,
the structure shows the size and nature of the persistent void caused by the rigid components of the molecule. The metal ions
are 13.6 A apart, separated by an empty cavity that is from 3.87 to 6.18 A wide.

The cooperative functioning of pairs or quartets of metal atoms
in a substantial array of natural products (e.g., hemoglobin, cy-
tochrome oxidase, hemerythrin, hemocyanine, and laccase) has

0002-7863/81/1503-5107801.25/0

attracted attention to dimeric complexes in which the metal ion
proximity is enforced by the ligands. Side-by-side dimers based
on the systems first prepared by Pilkington and Robson! have

© 1981 American Chemical Society
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received much attention,>> Face-to-face dimers are represented Scheme I1
by dimeric porphyrins® that are of much current interest in

electrochemical applications.” A major source of interest in
bimetallic dimers resides in the possibility of producing comple-
mentary 2-electron processes and of improving the kinetic behavior
of polyelectron processes, notably O, reduction. Of paramount
importance to basic chemistry is the use of bimetallic dimers as
vehicles for the continuing study of the fundamental aspects of
electron transfer between metal ion centers.® The dimers reported
here are best described as face-to-face bimetallic species. Distinct
series of dimer-producing ligands are rare, and the new series
reported here has many readily varied structural parameters. The
easily controlled cavity size and the novel face-to-face arrangement
suggest that these complexes will find many applications in the
areas mentioned above. The new complexes are doubly interesting
because of the presence of a persistent void® within the ligand
structure and between the metal ions. Other studies in our lab-
oratories!® suggest that various molecular species may enter the
void, thereby greatly increasing the possible research applications
that might be made of the complexes. The template syntheses
of a number of ligands, in the form of their nickel(IT) complexes,
are reported here. The structures have been established by a
variety of definitive and inferential means, including an X-ray
crystal structure determination.

Results and Discussion

Synthesis. The usual synthetic route to the new dimers
(structure I) is given in Scheme I. The principal structural
variation reported here involves changes in the bridging group R1.
As reported earlier,!! a number of the dimers are produced along
with monomeric lacunar ligands (structure IT).12'4 The details
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of the synthetic reactions and the separation and identification
of the monomer—dimer isomers are presented in a separate paper.!!
These include cases where R® = CHj, and the bridging group is
NH(CH,),NH (n = 4-8), (NH),p-xylyl, (NH),m-xylyl, CH;N-
(CH,),NCHj,, and (NH),C;F1 (the bridging group derived from
9,9-bis(3-aminopropyl)fluorene). The characterization of these
compounds is presented here. In addition to the dimers separated
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Synthesis of Dimeric Nickel(II) Complexes

Figure 1. Onsager plots for monomeric /acunar and dimeric bimetallic
nickel(II) complexes in acetonitrile: (a) monomeric [Ni{(CH,)(NHE-
thi),Me,[16]tetraeneNJ}(PFq),, ©; (b) dimeric [Nij(CH,)(NHE-
thi),Me,[16]tetreneN,},](PFe),, O; (c) dimeric [Niyf(CH,);(NHE-
thi);Me,[16]tetraeneN J,}(PFe)s A.

from isomeric mixtures, other dimers are the exclusive products
of reactions utilizing certain linking groups. These include the
relatively short chains, ethylene and trimethylene, which appear
to be too short to span the bridging positions for a monomeric
lacunar structure and relatively bulky aromatic groups. The steric
demands of the duryl group are sufficiently great to produce only
dimers. These exclusive dimeric products are also discussed in
detail here.

Establishing the Dimeric Structure. The ultimate proof that
these compounds are indeed dimers was provided by an X-ray
crystal structure determination, whose results are presented below.
Other examples have been established as members of the series
by a variety of means.

A selective synthetic scheme has been devised and used for the
cases of the pentamethylene and C;Fl bridging groups (Scheme
IT). This was accomplished by first using an excess of diamine
(1,5-diaminopentane, in the example) to produce the unbridged
bis complex. Reaction of this complex with a second mole of the
methyl vinyl ether derivative gave the desired dimeric complex.

As was discussed in the report on the related lacunar com-
plexes,!! a number of correlative techniques apply to the problem
of distinguishing between monomers and dimers. The use of
molecular weight techniques and conductance methods have failed,
probably because of the high charge of the dimeric cation. Of
course, the values of the molar conductance observed for the dimers
are consistent with either diunivalent electrolytes or tetraunivalent
electrolytes;!* however, one usually hopes to make a distinction
between oligomerization isomers on the basis of Onsager plots.!¢
The Onsager plot for the m-xylyl-bridged dimer in acetonitrile,
whose structure is known from the X-ray study, shows a slope of
602 + 28 Q7! mol!* cm®°, This is about 100 units larger than
the value for the corresponding monomer but not nearly as large
as expected for a 4:1 electrolyte. Parallel results were obtained
with the tetramethylene and C,Fl-bridged species in acetonitrile.
The relationship of the data to typical electrolyte types is shown
in Figure 1. It would be very interesting to know the source of
the closely similar conductivity parameters for the monomers and
dimers. The obvious suspicion arises that ion pairing may be
greatly enhanced by the cavity.

Direct molecular weight determinations are possible on the
species that can be converted to neutral moleculés. For these
dimeric bimetallic complexes, four protons must be removed from
the ligand to produce the neutral species (eq 1). A simple
procedure involving addition of 4 equiv of NaOCHj in acetonitrile
produces a deep red solution of the neutral complex.® Evaporation
and benzene extraction gives a clear red solution which on
evaporation produces the desired neutral materials. With some
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difficulty, this has been accomplished for the cases of the (N-
H),(CH,);, (NH),(CH,)s, (NH),duryl, (NH),m-xylyl, and
(NH),C,F! linked dimers. Molecular weights were estimated by
vapor pressure osmometry; mass spectroscopy using conventional
direct probe methods has generally failed, apparently because
decomposition precedes vaporization. The results were as follows:
calcd for neutral derivative of (NH),(CH,),-linked dimer 966.7
daltons, found 960 daltons; calcd for neutral derivative of
(NH),(CH,)s-linked dimer 994.7 daltons, fourid 985 daltons; calcd
for neutral derivative of (NH),m-xylyl-linked dimer 978.62
daltons, found 962 daltons; calcd for neutral derivative of
(NH),duryl-linked dimer 1090.8 daltons, found 1125 daltons; caled
for (NH),C,F1 dimer 1267 daltons, found 1241 daltons.

The simplest convincing demonstration that a given structure
is dimeric comes from an ion exchange experiment.!! If a mixture
of monomeric lacunar complex and dimeric bimetallic complexes
is adsorbed on a CM-Sephadex column from aqueous solution,
the monomer is easily eluted with 0.2 M aqueous Na,SO, while
the dimer is not. The dimer can be eluted with 0.4 M aqueous
Na2$04.

Characterization. Satisfactory elemental analyses were obtained
for all of the complexes (see Experimental Section and ref 11).
Infrared spectra of the dimeric complexes have the same general
features as those of the related monomers®!! with the only major
differences appearing in the fingerprint region. In general, the
dimeric complexes show fewer sharp absorptions than the mo-
nomers.

Proton NMR data for the complexes are listed in Table I and
are similar to those of the corresponding monomeric species.” The
'H NMR spectra of the (NH),m-xylyl- and (NMe),duryl-bridged
dimeric complexes are representative and appear in Figure 2.

With a single exception, the 13C NMR spectra of all the dimers
show the same number of resonances as were observed for the
corresponding monomers.® This indicates the presence of two
symmetry elements within the molecule. As will be described in
the discussion of the structural analysis of the anomalous dimeric
(NH),m-xylyl-bridged species, these elements are probably an
inversion center relating to two metal coordinating macrocycles
and a mirror plane through the macrocycles and the metal centers.
The resonances are listed in Table I, and the spectrum of the
dimeric (NMe),duryl-bridged complex appears in Figure 3.
Assignments can be made as presented for the monomers.® As
mentioned above, the spectrum of the dimeric (NH),m-xylyl
complex is not as simple as the others. This may be due to the
presence in solution of several isomeric species which are not
interconverting on the NMR time scale. The X-ray crystal
structure for the PFg™ salt of the (NH),m-xylyl-bridged complex
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Table II. Electrochemical Data for the Dimeric Bimetallic Nickel(II) C0mp1exesi

ligand structure oxidation reduction
bridge links N substituent E,,,V A, mV Ep, V 4,80 mV E ,;,V A0 mV Ey, V A, mV

(CH,), H ~0.81

(CH,), H 0.88 75 0.91 83 -1.86h 89 -1.978 221
1.16 102 1.23¢ 97 —2.799:f
1.74 150 1.76Y 117

(CH,), H 0.87 63 0.90 65 -1.82 113 -1.925¢ 191
1.15 110 1.208 112 -2.694 -2.808

(CH,), H 0.85 65 0.89 70 -1.89 80 —-1.93# 100
d 1.19¢ 90 d e -2.9 115

(CH,), H ¢ 0.85 70 —-1.89 60 -1.94
¢ 1.17 100 -2.434

-2.72 170

(CH,), H 0.82 50 0.83 60 -1.90 80 —1.94%

1.16 60 1.18 110 -2.72 170
1.60

C,Ft H 0.91 90 0.96¢ 110 -1.89 95 -1.94 85
f 1.22 75 f —2.658 90
f 1.39f 50

m-xylyl H 0.88 85 0.925 100 -1.83 85 1.89¢ 110
f 1.23¢ h

p-xylyl H 0.88 80 0.93 88 -1.84 90 -1.87% 90
f 1.23¢ f -2.72 90

p-duryl H 0.890 70 0.960 73 f -1.85¢
1.190 100 1.358 180 f -2.8d
f 1.75 185

p-duryl CH, 0.780 80 0.830 77 -1.88 100 -1.93 90
1.06 55 1.130 60 f -2.22¢ 75
f 1.758 90 f -2.82 120

¢ RPE scan rate, 5 mV s™'; CV scan rate, S0 mV s™; 4, = £, - E, ,, |, (60 mV for reversible process) from RPE; A, = |Ep — Ep,, ! from

CV. P Broad. ¢ Asymmetric wave.

Indistinct wave, approximate value only. € Adsorption occurred.

Further scanning resulted in

electrode inhibition. € No counter peak in CV. h Further reduction is scan rate dependent. ¢ System very poorly behaved; only this process
could be detected, / CH,CN solution; 0.1 N (n-Bu),NBF, supporting electrolyte; Ag/AgNO, (0.1 N) reference electrode.

the symmetrical p-xylyl-linked species, isomerism may result from
different orientations of the linking groups. This rationale seems
improbable, however, because the rate of interchange between
such conformational isomers should be rapid on the NMR time
scale. It may be that the m-xylyl bridges are not free to rotate
individually about their respective linkages but are coupled in a
manner similar to a pair of ellipsoidal gears, which precludes a
mirrored disposition.

This dimeric ligand structure permits a mode of geometrical
isomerism that would not be subject to isomerization under mild
conditions. Because the linking groups rise from atoms that are
off center with regard to the parent macrocycles, the links may
orient the two macrocycles either in an offset array or more nearly
over each other. This can be illustrated by referring to the side-on
ORTEP view given in Figure 4. This is the offset structure and
is represented more simply in structure III. The other isomer,

/\NI—NF—*IN/\ /\NI-NI—IN/\

REN NR?
} |
ILRZ ILRZ
EU:\IK [
~NAEEN - NN~
11 v

in which NiN, planes are more or less over each other, is shown
in side view in structure IV. To date, no compelling evidence has
been found for such noninterconvertible isomers,

An outstanding feature of the *C NMR spectra of these di-
meric complexes is the fact that the macrocycle methyl resonances
are separated by approximately 5 ppm. On the basis of previous
arguments,!! this observation is interpreted to mean that the dimers
are all of the “/id-on” type with respect to the orientation of groups
around the bridge nitrogen atoms (structures V and VI). The

alternative “/id-off” orientation is unlikely for the dimers because
of the bulky groups joined by the bridge.

R

l l

™~ R

P |
\/N—Ni—N\/ \/N—Ni—N\/
lid-on isomer lid-off isomer
\Y VI

Electrochemical studies have shown that the redox behavior
of the dimeric complexes is very similar to that of the monomers
with little dependence on the nature of the linking group (Table
ITA). The first oxidation potential listed for each dimeric complex
in Table I, (E = 0.9 V) is assigned (by analogy with the related
monomeric Jacunar complexes®) to the metal-based Nil/!! couple.
The assignment is supported by the relatively good reversibility
of this couple and is based on bulk electrochemical oxidation at
this potential and identification of the product as a nickel(IIT)
species by EPR. When the nickel(II) is replaced by M(II) (either
iron(IT) or cobalt(IT)), the potential assigned to the Nil//!I! couple
clearly disappears to be replaced by M1/1! while the rest of the
electrochemistry remains essentially unchanged, indicating its basis
in ligand phenomena. Changing the bridge nitrogen substituent
from hydrogen to methyl in the case of the duryl-bridging group
causes a shift of 110 mV more negative; this behavior accords with
that observed among the monomeric examples.!! It is interesting
to note that the dimeric (NH),p-xylyl species has a half-wave
potential of +0.880 V, which falls in the normal range for this
type of macrocyclic nickel(IT) complex. This is in marked contrast
to the exceptional behavior of the corresponding monomer which
has the anomalously high potential of >1.04.

As noted above the presence of two metal ions in the dimers
produces no significant broadening of the Nill/IIl wave over that
observed for monomers and certainly no splitting of the wave into
two components is observed. Coulometric n values for this wave
indicate a two electron per dimer process, clearly indicating that
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Figure 5. Numbering scheme for dimeric nickel(II) complex.

Table III. Bond Distances (A) For Dimeric Nickel(II) Complex?

Ni-N1 1.877 C5-Cé6 1.57 C23-C24 1.44
Ni-N2 1.902 C7-C8 1.43 C24-C25 1.38
Ni-N3 1.868 C8-C9 1.47 C24-C26 1.52
Ni-N4 1.851 C8-Cl16 1.42 C26-N6 1.52
N1-C1 1.33 C9-C14 1.55 P1-F1 1.578
N1-C12 1.46 C10-C11 1.48 P1-F2 1.598
N2-C3 1.26 Cl1-C12 1.51 P1-F3 1.564
N2-C4 1.47 C15-C17 1.52 P1-F4 1.594
N3-Cé6 1.49 C15-Ns 1.34 P1-F$ 1.590
N3-C7 1.30 Cl16-C18 1.52 P1-F6 1.558
N4-C9 1.29 C16-N6 1.35 P2-F17 1.574
N4-C10 1.53 C19-NS 1.44 P2-F8 1.544
C1-C2 1.47 C19-C20 1.54 P2-F9 1.541

P2-F10 1.567
P2-F11 1.491
P2-F12 1.524

C1-C13 1.51
C2-C3 1.44

C20-C21 1.45
C20-C25 1.37
C2-C15 1.38 C21-C22 1.42
C4-Cs 1.52 C22-C23 1.34

% The average estimated standard deviations in the Ni-N distances
are 0,01 A, while the esd’s in the internuclear distances in the
remainder of the cation range from +0.02 to +0.03 A. The dis-
order in the PF,~ anions renders their distances uncertain to +0.06
A.

the two metal ions are electrochemically independent. This lack
of metal-metal interaction is to be expected in light of the large
nonconjugated separation of the ions (M-M = 13.6 A for the
m-xylyl derivative).

X-ray Structure. The complex [Ni,|(m-xylyl(NHEthi),]Me-
[16]tetraeneN,},](PFg)+4CH;COCH, was subjected to a complete
single-crystal X-ray diffraction structural analysis. Specific details
of the solution and refinement procedures are found in the Ex-
perimental Section of this work. ORTEP drawings of the molecule
appear in Figure 4. The numbering scheme for the molecule is
shown in Figure §, and the relevant bond distances and angles
are listed in Tables III and IV.

Despite numerous difficulties encountered in the structural
analysis and the resultant high discrepancy indices (vide infra),
a number of significant observations can be made regarding the
complex. The most striking feature is the dimeric nature of the
molecule. Two macrocyclic species are linked by m-xylene bridges
with the two halves of the molecule related by a crystallographic
inversion center. The xylyl groups are, by symmetry, parallel as
are the macrocyclic N, planes. The nickel(II) ions are 0.07 A
out of the N planes (away from the molecular center) with an
average nickel-nitrogen distance of 1.87 A. These values compare
favorably with those of the monomeric (NH),p-xylyl-bridged
nickel complex, 0.04 and 1.87 A, respectively.'? The six-membered
rings containing the macrocyclic side chain below the xylene groups
are in boat conformations whereas the other six-membered rings
are in the chair form. This is consistent with expected steric
interactions between the bridging group and the macrocycle. The

Busch et al.

Table IV, Bond Angles? (Deg) for Dimeric Nickel(Il) Complex

N2-Ni-N1 89.2 C16-C8-C7 118.6
N4-Ni-N1 89.9 C16-C8-C9 124.0
N3-Ni-N2 91.3 C8-C9-N4 120.6
N4-Ni-N3 89.3 C14-C9-N4 118.8
C1-NI1-Ni 120.3 C14-C9-C8 120.0
C12-N1-Ni 119.4 C11-C10-N4 108.7
C12-N1-Cl1 120.3 C12-C11-C10 111.4
C3-N2-Ni 117.1 C11-C12-N1 111.5
C4-N2-Ni 122.2 C17-C15-NS§ 118.7
C4-N2-C3 120.3 C17-C15-C2 120.7
C6-N3-Ni 122.1 N5-C15-C2 1204
C7-N3-Ni 119.6 C18-C16-Né6 119.7
C7-N3-Cé6 117.2 C18-C16-C8 121.9
C9-N4-Ni 120.2 N6-C16-C8 118.4
C10-N4-Ni 120.6 C19-N5-C15 126.2
C10-N4-C9 119.1 C26-N6-C16 125.8
C2-C1-N1 121.7 C20-C19-NS§ 114.8
C13-C1-N1 119.9 C21-C20-C19 118.2
C13-C1-C2 117.1 C21-C20-C25 121.3
C3-C2-C1 112.9 C25-C20-C19 120.4
C15-C2-C1 122.7 C22-C21-C20 117.0
C15-C2-C3 1244 C23-C22-C21 119.9
C2-C3-N2 127.9 C24-C23-C22 123.2
C5-C4-N2 111.9 C25-C24-C23 117.5
C6-C5-C4 111.3 C26-C24-C23 120.2
C5-C6-N3 111.0 C26-C24-C25 121.9
C8-C7-N3 120.8 C24-C25-C20 121.1
C9-C8-C7 117.1 C24-C26-N6 109.3

% The uncertainties in the bond angles involving the Ni(II) center
are :0.3°; those for other combinations of atoms average +0.7°.

dihedral angle between the N, macrocycle plane and the plane
of the xylyl ring is 54°.

The nickel(II) ions are 13.6 A apart from center to center, of
which 12.8 A is the vertical and 4.6 A is the horizontal (parallel
to the N, plane) displacement. The point of nearest approach
across the cavity is between C19 and C26, the benzylic carbons,
at a distance of 3.87 A. The distances between nonbridgehead
vinyl carbons (C15-C16) and bridge nitrogens (N5-N6) are 6.18
and 5.14 A, respectively.

One final feature of this structure which should be mentioned
is the ““/id-on” orientation of the m-xylene groups at the bridge
nitrogen atoms. This is the predicted orientation for the dimers
based on steric and NMR considerations as described earlier.

Experimental Section

Physical Measurements. Elemental analyses were performed by
Galbraith Labs., Inc., Knoxville, TN. Conductance measurements were
obtained in acetonitrile by using an Industrial Instruments, Inc., Model
RC 16B conductivity bridge and a cell having cell constant of 0.110 cm™!
at 1000 cycles/s. Routine electronic spectra were measured on a Cary
17D recording spectrophotometer using matched 1-cm quartz cells. In-
frared spectra were measured in the solid state as Nujol mulls pressed
between potassium bromide plates and in solution by using matched
demountable cells having Irtran II windows of 0.5-mm pathlength with
use of either a Perkin-Elmer Model 457 or 283B infrared spectropho-
tometer in the region from 4000 to 400 cm™. Mass spectra were obtained
with an MS-9 mass spectrometer at 70 eV.

Proton NMR spectra were obtained with a Varian Associates 360-L
spectrometer operating at 60 MHz. 1*C NMR spectra were recorded on
either Bruker WP-80 or HX-90 spectrometer operating in the Fourier
transform mode at 20 or 22 MHz, respectively. 13C NMR spectra were
generally obtained by using broad band proton decoupling as well as
off-resonance (CW) decoupling. Deuterated solvents were used
throughout, and chemical shifts were assigned relative to an internal
Me,Si standard.

The apparatus used for electrochemical measurements was a Princeton
Applied Research Corp. potentiostate galvanostat, Model 173, equipped
with a Model 175 linear programmer and a Model 179 digital coulom-
eter. Current vs. potential curves were measured on a Houston Instru-
ments Model 2000 X-Y recorder. All measurements were performed in
a Vacuum Atmospheres glovebox under an atmosphere of dry, oxygen-
free nitrogen. The working electrode for voltametric curves was a
platinum disk electrode, with potentials measured vs. a silver wire im-
mersed in an acetonitrile solution of 0.1 M silver nitrate as reference.
The working electrode was spun at 600 rpm by a synchronous motor for
the rotating platinum electrode (RPE) voltamograms. Peak potentials
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(E,) were measured from cyclic voltamograms measured at 50-mV/s
scan rate. Half-wave potentials (E,/,) were taken as the potential at half
the height of the voltamogram obtained by using the RPE. The value
of |Eyj4 — Ey4) was used as a measure of the reversibility of the couple
and was also obtained by using the RPE. For all measurements, the
solution contained 0.! M tetra-n-butylammonium tetrafluoroborate as
supporting electrolyte.

Molecular weights were determined in benzene or chloroform at 37
°C with a Mechrolab vapor pressure osmometer, Model 301A.

(2,6,7,11,13,19,21,25,26,30,32,38,53,54,55,56-Hexadecamethy!-
3,10,14,18,22,29,33,37,40,44,47,51-dodecaazapentacyclo-
[29.7.7.712.20,2538 22427 hexapentaconta-1,5,7,11,13,18,20,24,26,30,32,-
37,39,44,46,51,53,55-octadecaeneN;)dinickel(II) Hexafluorophosphate
([Ni;f(duryl(NHEthi) ;) Me,[16]tetraeneN,},}(PF¢),). To a solution of 2.0
g (3.1 mmol) of [Ni{(NH,Ethi);Me,[16]tetraeneN,}}1, dissolved in 250
mL of methanol was added a solution prepared by the reaction of 0.16
g (7.0 mmol) of sodium metal with 10 mL of methanol. The solution
was heated to reflux, and a solution of 0.80 g (3.5 mmol) of 3,6-bis-
(chloromethyl)durene (Pflatz and Bauer) dissolved in 100 mL of di-
chloromethane and 50 mL of methanol was added dropwise over a period
of 4 h. When the addition was complete, the volume of the solution was
reduced to 100 mL and 5.0 g (30.7 mmol) of ammonium hexafluoro-
phosphate in methanol was added dropwise to yield the yellow product.
Addition of ethanol resulted in the formation of additional product which
was Collected and dried in vacuo. Yield: 0.9 g (35%). Anal. Calcd for
[NiC3oH 4 NeP,Fy2): C, 43.03; H, 5.30; N, 10.04. Found: C, 42.70; H,
5.55; N, 10.14.

(2,3,6,7,10,11,13,19,21,22,25,26,29,30,32,38,53,54,55,56-Eicosa-
methyl-3,10,14,18,22,29,33,37,40,44,47,51-dodecaazapentacyclo-
[29.7.7.71220,258 2242 jhexapentaconta-1,5,7,11,13,18,20,24,26,30,32,-
37,39,44,46,51,53,55-octadecaeneN;)dinickel (II) Hexafluorophosphate
([Nipf(duryl(MeNEthi),)Me,[16]tetraeneN,},](PF;),). To a solution of
3.7 g (5.2 mmol) of [Nif(MeNHEthi),Me,[16]tetraeneN](PFg), dis-
solved in 250 mL of acetonitrile was added a solution prepared by the
reaction of 0.24 g (10.4 mmol) of sodium metal with 10 mL of methanol.
The solution was heated to reflux, and a solution of 1.20 g (5.2 mmol)
of 3,6-bis(chloromethyl)durene dissolved in 250 mL of acetonitrile was
added dropwise over a period of 12 h. The solution was cooled, and the
white sodium chloride was filtered off. The volume of the solution was
reduced to 100 mL, and 4.0 g (24.5 mmol) of ammonium hexafluoro-
phosphate in 100 mL of ethanol was added. Further volume reduction
resulted in formation of the yellow product. Recrystallation from an
acetonitrile/ethanol mixture yielded the yellow crystals which were
collected and dried in vacuo. Yield: 4.2 g (93%). Anal. Calcd for
[NiC3;HNePyFaly: C, 44.41; N, 5.59; N, 9.71. Found: C, 44.57; H,
5.72; N, 9.53.

(2,7,9,15,17,22,24,30-Octamethyl-3,6,10,14,18,21,25,29,32,36,39,43-
dodecaazatricyclo[21.7.7.7%6]tetratetraconta-1,7,9,14,16,22,24,29,33,
38,43-dodecaeneN;)dinickel(II) Hexafluorophosphate ([Niy{(CH,),-
(NHEthi),Me,[16]tetraeneN,},](PF¢), and (2,8,10,16,18,24,26,32-Octa-
methyl-3,7,11,15,19,23,27,31,34,38,41,45-dodecaazatricyclo-
[23.7.7.7%1 7 hexatetraconta-1,8,10,15,17,24,26,31,35,38,40,45-dodeca-
eneN;)dinickel(II) Hexafluorophosphate ([Ni,{(CH,);(NHEthi),Me,-
[16]tetraeneN},}(PF¢),). These two compounds are produced by the
same procedure. The synthesis is presented here for the trimethylene
derivative. [Ni{(MeOEthi),Me,[16]tetraeneN,}J(PFg), (10 g, 0.014 mol)
was dissolved in acetonitrile (500 mL, freshly opened bottle). A solution
of the 1,3-diaminopropane (1.04 g, 0.014 mol) in 500 mL of acetonitrile
was added dropwise over a 3-h period with continuous stirring. The color
changed from yellow-green to a deep brown. The volume of the solution
was reduced to about 100 mL (rotovap), and the concentrate was slurried
with ~50 mL of powdered silica. The slurry was extracted with aceto-
nitrile, leaving a deep brown residue. The resulting yellow-brown ace-
tonitrile solution was reduced to 25 mL on the rotovap. The solution was
applied to a neutral alumina column packed under acetonitrile (2.5 cm
X 40 cm). Elution with acetonitrile left a brown band at the top of the
column and a yellow band which moved down the column was collected.
The volume of the resulting yellow solution was reduced to 25 mL, and
ethanol was added to precipitate the complex. Trimethylene bridge:
yield, 68%. Anal. Caled for Ni,CoH;HggPyF240.5CH,CN: C, 35.40;
H, 4.80; N, 12.00. Found: C, 35.30; H, 5.13; N, 12.14. Dimethylene
bridge: yield, 24%. Anal. Calcd for NiyCyN;Hy6P4F2 CH;CN: C,
34.75; H, 4.75; N, 12.52; Ni, 8.09. Found: C, 34.97; H, 5.05; N, 12.77;
Ni, 8.00.

Direct Synthesis of Dimeric (2,10,12,18,20,28,30,36-Octamethyl-
3,9,13,17,21,27,31,35,38,42,45,49-dodecaazatricyclo[27.7.7.7 1 ¥]penta-
conta-1,10,12,17,19,28,30,35,37,42,44,49-dodecaeneN;) dinickel(II)
([Ni;{(CH,) s(NHEthi),Me,[16}tetraeneN,},}(PF,),). Seven grams of
[Nif{(MeOEthi),Me,[16]tetraeneN,}}(PF¢), dissolved in 500 mL of
CH,;CN was dropped into 18.3 g of 1,5-diaminopentane (10:1 excess) in
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Table V. Crystal Data for Ni,C, H,(N,,0,P,F,,

fw=1794.82 F,o,=3712¢
space group: Pbca (D}, No. 61)
cell constants at 20 (1) °C:
2=16.353(5) A
b=20.173(5) A
c=24.157 (6) A
v=7969 (4) A®
pealed (Z=4)=1.496 (8) g cm™?
Pobsq” (CBryH/C,Hy) =1.44 (1) gem™?
A(Mo K&) =0.71069 A
u(Mo K&) = 6.54 cm™!
"M (max)(estd) ~0.72
e~ (min)(estd) ~0.85
no. independent data = 7104
no. with 7 > 20() = 2503
no. with 7 = 30(/) = 2123
no. of parameters in LS =496

data
all 1220 [3>30()
R(F) 0.218 0.161 0.135
R, (F?) 0.243 0.223 0.214
GOF 2.09 2.89 3.21
data/parameter ratio 14.3 5.0 4.3

% The experimental density was obtained by using a mixture of
the two forms of crystals. The disagreement may be a consequence
of this or may be due to loss of acetone of crystallization into the
flotation medium.

100 mL of CH4CN over a period of 4 h producing an orange-red solution.
The volume was rotovaped to ~100 mL and methanol/water was
(50/50) added. Rotary evaporation gave a red oil. The oil was dissolved
in methanol containing an excess of NH,PF,. Reduction in volume to
~150 mL followed by cooling overnight produced a yellow-brown solid.
Repeated dissolving and rotovapping in ethanol/water containing NH,
PFs gave a yellow solid (2.0 g) that was dried in vacuo. This noncrys-
talline intermediate appeared to contain protonated free amine groups.
Anal. Calcd for NiCyHs,Ng(PFq),(HPFg),: C, 27.95; H, 5.04; N, 9.65.
Found: C, 28.13; H, 5.06; N, 9.37.

The dimer was prepared from the protonated bis(diamine) by first
liberating the amino groups by the addition of 2 equiv of sodium meth-
oxide under N, in CH;CN/CH;OH solution. The solution containing
the complex of the free bis(diamine) ligand and a solution of [Ni-
{(CH;OEthi),Me,[16]tetraecneN JJ(PF,), were added dropwise simulta-
neously to a stirred volume of CH;CN. The resulting yellow-brown
solution was worked as described above for other synthetic routes. The
yellow band collected from the alumina column was diluted with ethanol
and evaporated, yielding a yellow solid that was filtered, washed with
ethanol and ether, and dried in vacuo. Yield: 50%.

Crystal Structure Analysis of [Ni,{(m-xylyl(NHEthi),)Me,[16]tetra-
eneN),1(PF,) .4CH;COCH;. Pale transparent yellow crystals of the PFg
salt of the cationic complex, prepared by our previously reported proce-
dure,!! were grown by slow evaporation from acetone solutions. Two
distinct morphologies, truncated square pyramids and very fine, long
needles, were present. A small (0.25 X 0.25 X 0.35 mm) crystal of the
first variety was mounted on a quartz fiber and coated with several thin
layers of epoxy cement for use in the structure determination. Cell
constants were determined by least-squares fit of the carefully optimized
diffractometer setting angles for 15 reflections having 10.2° < 26 < 16.5°
(MMo K& = 0.71069 A). These results and other important crystal data
are summarized in Table V. The systematic absences (hk0, & = odd;
hOl, | = odd; Ok/, k = odd) permitted the unambiguous assignment of
the space group as the orthorhombic Pbca; the centric nature of the space
group was subsequently verified by the intensity and E statistics.

The intensity data were collected on a Syntex P1 automated four-circle
diffractometer using the w26 scan technique, graphite-monochromatized
Mo Ka radiation, and scan rates which were assigned depending upon
quick premeasurements of peak intensity (intense reflections were mea-
sured at 8.0° 26/min and weak reflections at 2.0° 26/min). Backgrounds
were counted at each end of each scan, for a total of half the time spent
in the scan. The intensities of ten check reflections were remeasured
periodically during the course of the data collection to monitor the crystal
condition and orientation and the stability of the instrument. The check
reflection intensities showed no significant variation over the 511 h of
X-ray exposure required for the data collection. All reflections in the
positive hk! octant having 4.0° < 26 < 60.0° were measured at least once;
the reflections having 30.0° < 26 < 50.0° were all remeasured at a scan
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rate of 1.5° 26/min in an attempt to improve the signal/noise ratio.
Many of the data were very weak. The estimated standard deviations
in the reduced intensities (F2) were calculated by using a(F2) = (r/Lp)[S
+ G¥(B, + By) + (pI)*}!/3, where r is the scan rate, Lp is the Lorentz—
polarization correction, S, B), and B, are the scan and background counts,
G is the ratio of scan time to total background counting time (=2.0), I
is the net intensity (=S — G(8, + B,)), and p is a factor, here chosen as
0.02 on the basis of our prior experience with this instrument, included
in a term presumed to represent that component of the total error ex-
pected to be proportional to the diffracted intensity.” Excluding check
reflections, a total of 13057 intensities were measured, of which 7104
were unique and remained after averaging of multiply measured and
symmetry equivalent data. Of these, but 2123 possessed intenities greater
than 3¢ above background. The general weakness of the data is reflected
in the much higher than usual values of the internal self-consistency
indices for the multiply measured data: R/(F) = 0.11 and R,/(F?) =
0.11.1  As most of the contributors to these indices were from the higher
26 angles and consequently were derived from the weakest part of the
data, the higher than normal values of R/(F) and R,’(F?) were not
unexpected The data were reduced in the usual way, being corrected for
Lorentz and polarization effects and placed on an absolute scale by means
of a Wilson plot. No absorption corrections were made, in view of the
low values of ur, the nearly isotropic shape of the crystal and, ultimately,
the discovery of the poor quality of the data.

Using only the data having F? > 24(F?), the structure was solved by
the heavy-atom Patterson method. The nickel atom position was used
to calculate phases for a Fourier map which yielded positions for a
portion of the macrocyclic nitrogen and carbon atoms.’® The remainder
of the structure was gradually elucidated by a series of five structure
factor/Fourier and difference Fourier calculations.® After several cycles
of least-squares refinement, two independent acetone molecules of crys-
tallization were discerned in a difference map and included in the
structure with their populations as least-squares variables. Refinement
to convergence with all atoms assigned isotropic temperature factors
except for the Ni(II) ion led to R(F) of 0.192.21 As the acetone group
populations converged near 1.0, they were subsequently included at full
occupancy to help minimize the number of least-squares variables. In
the final least-squares refinement cycles, all but four methyl carbon atoms
(C13, C14, C17, C18) were assigned anisotropic thermal parameters.
Convergence, judged by all parameter shifts being less than one-fourth
esd, was achieved with R(F) = 0.161, R,(F?) = 0.223, and GOF = 2.89,
for data having F? > 2¢(F?). Three cycles of least squares, calculated
by using all 7104 unique data, converged at R(F) = 0.218, R (F?) =

(17) Busing, W. E.; Levy, H. A. J. Chem. Phys. 1957, 26, 563-568.
12(18) 'll"he delﬁniltions| (})}“ tzl:ne valrious I?isagreem?zt indi‘oes are: RI(F) 2=

ks W F ki | — 1F i ki | Fo Ji and RA(F?) = ([ a2 M(Fagrt —
F wy);/ UL(F wkigys = F Iukl})]}/ (e at s  Fitsy,d/*(F, Wy = Fhkl})”fl} 2 where n
is the number of J measurements F, ,.:5/ contributing to the averages: Fiy,, =
{3/ Faa}/n and Fyy, 2 = (3 [Fyu/ o (FuuDI/Z, 07 (FyeyP)} Where Fiy; and
Fyu? are the observed values for measurements ;.

(l 19) The elucidation of the structure was not straightforward. No rea-
sonable ligand or anion fragments and only three of the four nitrogen atoms
coordinated to the Ni(II) center were present on the first Fourier map and
at rather different Ni-N distances. For a centric structure, such behavior is
totally foreign to our experience, and this map was set aside while we sys-
tematically searched for possible solutions using all orthorhombic space groups
belonging to the same class of successively lower symmetry and with all
permutations of the cell axes. None of these produced reasonable structure
fragments, and, for many, the Patterson solutions themselves were inconsistent
with the number of asymmetric units present in the cell. Because of these
negative results, after several months of concentrated effort, the whole de-
termination was shelved for approximately 1 year while efforts were focused
on finding chemical and spectroscopic means to solve the isomer problem. It
is wholly to the credit of L.L.Z. that the structure was finally solved, pro-
ceeding in very dogged fashion from the first Fourier we had generated in
space group Pbca. It is clear from the poor quality of the results why so much
difficulty was experienced in the solution. In retrospect, the data set was too
weak (although we have easily solved other, equal-atom, structures with
similarly weak data sets), presumably as a direct consequence of the large
disorder, large apparent thermal motion, and (probably) poor long-range order
in the crystal.

(20) The programs used in this study were primarily from the CRYM
crystallographic computing system.2! The atomic form factors were from a
standard source.?

(21) DuChamp, D. J., Paper B14, Program and Abstracts, American
Crystallographic Association Meeting, Bozeman, MT, 1964.

(22) The usual R factor indices, where F° and F, have the standard
meanings and where w = az(Fozz), are defined as R(I? = %,,,llkFJ —|Fl/
Fhkllkpolz, Ry(F) = [Tpumw(k ng = FOY T pawk*F 47, and GOF =

S W(K*F2 — F2)?}/(n, — n)3"/2%. The function minimized in the least-
squares refinement was 3, w(k?F2 - F.2)2,

(23) “International Tables for X-Ray Crystallography”; Kynoch Press:

Birmingham, England, 1962; Vol. I1I, pp 202-203.
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0.243, and GOF = 2.09. A difference Fourier map calculated at this
point in an attempt to locate hydrogen atoms revealed a number of peaks
of about 1.5 e/A3, particularly in the regions of the hexafluorophosphate
anions. These large residual peaks and the large and highly anisotropic
thermal parameters of the anions, of the acetone solvate molecules, and
of some atoms of the cation indicated a complex and extensive static
and/or dynamic disorder. Attempts to model the disorder in several
ways, including partial occupancy PF¢™ groups in alternative orientations,
were entirely unsuccessful. Attempts to develop more complicated
models for the disorder were abandoned as they would have led to un-
acceptably low data/parameter ratios. The refinement was accordingly
halted at this point. Due to the poor quality and low amount of signif-
icant data, any further investment of effort was deemed unwarranted. A
sustained effort to obtain crystals of different anion salts was unsuc-
cessful; only PF4™ provided crystals and then only in one particular batch
of material. The final values of the least-squares refined parameters and
the observed and calculated structure amplitudes are included as sup-
plementary material.

As can be seen from the lengths of chemically equivalent bonds (in
Table III), the quality of the resulting structure is not particularly ac-
curate, and except for the proof of the molecule’s dimeric structure and
its overall conformation, few conclusions can be drawn from the details
of the results. Because of the unusually high values of the disagreement
indices, we were particularly sensitive to the question of the overall
reliability of the structure and took great pains in our study to explore
(a) alternative solutions to the phase problem!®2 and (b) the reasons for
the high disagreement indices. Lest the reader dismiss our structure on
the basis of the above reported R factors for all the data,?® we have
included in Table V the R factors for two sets of the most significant of
the data. It is clear that the fit for the most intense data is much better,
as it should be if the weaker data are successively excluded (the weak
data contribute almost equally to the numerator and to the denominator
of the R factor expression). In this case, the “goodness of fit”, or GOF,
which is analogous to a scaled x2, whose optimal value is 1.000, is a better
indicator of the overall quality of the fit than are the various R factors.
The R factor, quite simply, is a measure of the disagreement between the
true structure and the least-squares “model”. In this structure we have
disordered PF4~ anions and acetone of crystallization, both of which
evidence very high and very anisotropic thermal motion. It is difficult,
without introducing a very large number of extra parameters (either as
additional, partial occupancy groups or by a higher cumulant thermal
motion model?®), to improve the fit between the true and “model”
structure. When one considers that fully 44% of the scattering electron
density in the unit cell is comprised by the PF¢~ anions and the acetone
groups, our inability to model these groups, under the constraints of a
weak data set of limited quality, is understandable and the resultant
higher than desirable R factors are explicated. Insofar as we have herein
interpreted it, we are confident that the structure we report here has been
correctly solved and is in fact the true structure.
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(24) The crystallographic errors cited by Shomaker and Marsh? in their
reanalysis of seven crystal structures in the Vol 16 (1977) issues of Inorganic
Chemistry are misassignments of the space group. In footnote 19, above, we
recount some of our efforts to explore alternative space group choices.
Normally the absences consistent with Pbca and the presence of a center of
symmetry demonstrated by the E statistics would be unrefutable. We have
seen cases, however, where either the absences or the E statistics have been
misleading and so did undertake the exploration of lower symmetry space
groups. That we succeeded in solving the structure only in Pbca gives us
confidence that we have the correct structure sotution.

(25) Marsh, R. E.; Shomaker, V. Inorg. Chem. 1979, 18, 2331-2336.

(26) There are sound theoretical reasons for using all of the data rather
than only the data >3¢ above background, in the refinements; this practice
avoids systematic bias in the data and presumably in the results.?’

(27) Hirshfeld, F. L.; Rabinovich, D. Acta Crystallogr., Sect. A 1973, A29,
510-513. Arnberg, L.; Hovmoeller, S.; Westman, S. /bid. 1979, 435,
497-499. French, S.; Wilson, K. 7bid. 1978, 434, 517-525.

(28) Johnson, C. K. In “Thermal Neutron Diffraction”; Willis, B. T. M.,
Ed.; Oxford University Press: Oxford, 1970; pp 132-160.



