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Reaction of nickel(II) acetate with 2,5-dimethyl-2,5-diisocyanohexane (TMB) in methanol followed by precipitation with
sodium tetraphenylborate produces a compound having the formulation [Ni;,(OCH;)4(OAc),(TMB),](BPh,),. A single-crystal
X-ray structural analysis reveals that the complex cation adopts a cubane arrangement of nickel(II) and methoxide ions;
the acetates bridge two nickel ions on opposite faces of the cube, and the isocyanides bridge the remaining four faces, with
each nickel(II) in a distorted octahedral ligand environment. At room temperature [Ni,(OCHj;)4(OAc),(TMB),j(BPh,),
is paramagnetic, but variable-temperature (286-4.2 K) magnetic susceptibility measurements show that the compound
has a diamagnetic ground state. The magnetic exchange among the four A, Ni(II) centers has been modeled with use
of three exchange parameters, two ferromagnetic interactions (J, = 17.7 and J; = 17.2 cm™') and one antiferromagnetic
interaction (J; =-9.1 cm™). It is proposed that these magnetic exchange interactions are propagated by the bridging methoxides
and are critically dependent on the Ni-O-Ni angles. The presence of the acetate bridges leads to two types of Ni-O-Ni
angles, those that are ca. 93° and those that are ca. 101°. It is suggested that the Ni~O-Ni units possessing the larger
angles are coupled antiferromagnetically and that the ferromagnetic interaction is associated with the smaller angles.

Introduction

There are relatively few well-characterized isocyano-
nickel(II) complexes, owing to the fact that nickel(II) is the
most active transition-metal catalyst for the polymerization
of isocyanides.®> As part of our research on polynuclear iso-
cyanide complexes,* we have explored the reactions of 1,3-
diisocyanopropane (bridge), 2,5-dimethyl-2,5-diisocyanohexane
(TMB), and 1,8-diisocyano-p-menthane (DMB) with various
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nickel salts. Although bridge was immediately polymerized
by all of the salts, TMB and particularly DMB formed stable
complexes. The complexes obtained with NiCl,, NiBr,, and
Ni(ClO,), will be reported elsewhere. In this paper the unique
chemistry that resulted from the addition of TMB or DMB
to Ni(OAc), in methanol is described. Instead of the expected
binuclear product, a tetranuclear species that incorporated
solvent into a cubane Ni,(OCH,),*" framework was formed.

Magnetic susceptibility data in the range of room to lig-
uid-nitrogen temperature have been reported for at least seven
different cubane Ni,(OCH;),** complexes.* Data have also
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been recorded down to liquid-helium temperature for two of
these complexes, Nis(OCH,) (acac),(CH;0H),® (acac is
acetylacetonate anion) and Niy(OCH,),(sal),(C,H;OH) (sal
is the monoanion of salicylaldehyde). All of the complexes
exhibit ferromagnetic intramolecular exchange interactions
(J = 3-11 cm™), a result that has been attributed’ to the fact
that methoxy bridges afford Ni-O-Ni angles in the range of
90 + 14°, In the case of Niy(OCH,)4(acac),(CH,OH),,
Ginsberg proposed’ that inzermolecular ferromagnetic inter-
actions (as characterized by a Weiss constant of © = +0.8°)
were present. However, more recent work (heat capacity
measurements from 285 to 0.5 K) has shown® that cooperative
spin ordering does not occur in this compound; thus, inter-
molecular ferromagnetic exchange interaction cannot be very
significant. In the present paper, X-ray structural and mag-
netic susceptibility results are presented for [Ni,(OCH,),-
(TMB),(OAc),](BPh,),. The magnetic properties of this
compound are significantly different from those exhibited by
other Ni (OCH,),** systems; this interesting behavior is
probably related to the unusual Ni-O-Ni angles observed in
the cubane framework, as discussed herein.

Experimental Section

Ligand Preparations. 2,5-Diisocyano-2,5-dimethylhexane (TMB)
and 1,8-diisocyano-p-menthane (DMB) were prepared from the
corresponding diamines by methods reported previously.*

[Ni,(OCH,),(TMB),(0Ac),)(BPh,),, TMB (2.082 g, 12.7 mmol)
dissolved in 100 mL of MeOH was added slowly to a 150-mL stirred
MeOH solution of nickel acetate tetrahydrate (3.16 g, 12,7 mmol).
The resultant blue solution was stirred for an additional 10 min, after
which a MeOH solution (50 mL) of NaBPh, (2.169 g, 6.4 mmol)
was added slowly. This resulted in the precipitation of a pale blue
microcrystalline product. The solution was cooled with ice and filtered,
and the solid was air-dried. The initial crop contained 4.195 g of
product. Allowing the filtrate to stand overnight resulted in a second
crop (0.687 g) that increased the total yield to 4.882 g (2.75 mmol,
87%). Anal. Calcd for [Niy(OMe){(TMB)4(OAc),](BPhy): C,
65.04; N, 6.32; H, 6.95. Found: C, 64.83; N, 6.11; H, 6.95.

[Ni,(OCH;) (DMB),(OAc),}(BPh,),. This compound was prepared
by the same procedure used for its TMB analogue. Anal. Caled for
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[Niy(OCH3)4(OAc),(TMB),]1(BPh,),

Table 1. X-ray Data for
[Ni,(OMe),(TMB),(OAc),[(BPh,),4CH,CI,

(A) Crystal Parameters at 20 °C
cryst system: monoclinic V'=11206(8) A®
space group: C2/c No.15) Z=4
a=128.883(20) A mol wt=2112.46
b=19.664 (4) A p(measd) =1.22 gem™?
¢=20.99(5) A p(caled)=1,25 g em™3
6=109.95 (4)° u=28.63cm™!

(B) Measurement of Intensity Data
diffractometer: Syntex P2,
radiation: Mo Ka (A 0.71073 A)
monochromator: graphite
scan type: 6-26
26 range: 0-40°
scan speed: 2°/min in 26
scan width: {26(Mo Ke,) - 1.0]° to [2¢(Mo Kea,) + 1.0]°
bkgd measurement: fixed 6-26 for 30 s at each end of each scan
std reflctns: 020, 113, 600 measd every 50 reflections
reflctns measd: 5266 unique; +A, +k, =/

[Ni,(OMe)(DMB)4(OAc),](BPh,),: C, 67.83; N, 5.97; H, 7.00.
Found: C, 66.34; N, 6.18; H, 7.08.

Physical Measurements. UV-vis spectra were recorded on a Cary
17 spectrophotometer; IR spectral measurements were made on a
Beckman IR-4240 spectrophotometer. Variable-temperature (4.2-286
K) magnetic susceptibility measurements were made with a Princeton
Applied Research 150A vibrating-sample magnetometer operated at
13.5 kG. The sample temperature was monitored with a calibrated
GaAs temperature-sensitive diode in conjunction with a CuSO45H,0
standard. Least-squares computer fittings of the magnetic suscep-
tibility data were performed with a modified version of the function
minimization program STEPT.

Crystal Structure Deterimination. Crystals of the TMB complex
were grown by adding an equal volume of ethanol to a CH,Cl, solution
of the solid. The CH,Cl; was allowed to evaporate slowly in a closed
beaker. The beautiful transparent blue crystals that formed could
not be removed from a CH,Cl, atmosphere for more than a few
minutes before crumbling and apparently losing solvent. Reasonable
crystals were plucked from the side of the beaker and quickly coated
with fast-drying epoxy. The crystals were subsequently mounted on
a glass fiber and recoated with epoxy. The crystal used for intensity
data collection was rhombohedral with dimensions 0.44 X 0.49 X 0.61
mm.

Oscillation and Weissenberg photographs gave preliminary cell
dimensions and indicated the crystal was monoclinic, having m/2 Laue
symmetry. The systematic absences for hkl, h + k = 2n + 1, hOl,
I=2n+1,and 0k0, k = 2n + |, indicated two possible space groups:
the noncentrosymmetric Ce (C% No. 9) or the centrosymmetric C2/c¢
(G No. 15). Accurate cell dimensions were obtained from the setting
angles of 15 reflections accurately centered on a Syntex P2, dif-
fractometer. These results and the details of the data collection
procedure are given in Table I.

The data were corrected for Lorentz and polarization effects but
not for absorption (¢ = 8.63 cm™). During data collection, the three
check reflections showed an average intensity decrease of 1.7%. The
intensities of all the reflections were corrected for this decay. Standard
deviations were assigned to each measurement on the basis of counting
statistics plus an additional factor, (0.027)2, to account for fluctuations
proportional to the diffracted intensity.

Solution and Refinement of the Structure. Statistical tests of the
data by the method of Howells, Phillips, and Rogers indicated the
structure was centrosymmetric.!® Accordingly, refinement proceeded
with the use of the space group C2/c. All calculations were done on
an IBM 370/168 machine using programs of the CRYM crystallo-
graphic computing system. Scattering factors for Ni, Cl, O, N, C,
and B were taken from ref 11, the values for Ni being increased by
0.37 electron and for Cl by 0.15 electron to account for the effects
of anomalous dispersion. The hydrogen scattering factors are those
of Stewart, Davidson, and Simpson!? for bonded hydrogen. The
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structure was solved by Patterson and Fourier techniques. Some
difficulty in interpreting the Patterson maps arose from the similar
peak heights of the Ni-Ni vectors and the large number of super-
imposed Ni-ligand (C and O) vectors, but the Ni atoms and some
of the carbon and oxygen atoms in the coordination sphere were
located. The remaining atoms in the asymmetric unit were located
by successive structure factor—Fourier calculations. It was apparent
at this stage that there were two solvent areas in the asymmetric unit
that were badly disordered. Although we believed that these areas
contained CH,Cl,, the electron density seemed too small; therefore,
only C atoms were placed in these positions, and refinement continued.
Four cycles of blocked isotropic matrix least-squares refinement using
3300 low-angle ((sin? #) /A2 < 0.17) reflections resulted in an R value
of 0.171. One matrix contained all of the atomic coordinates, and
the other contained the temperature factors and scale factor. At this
stage, one of the solvent regions appeared to contain a recognizable
CH,Cl,, which was refined anisotropically along with the Ni atoms.
This lowered the R value to 0.127. A difference Fourier using the
low-angle data ((sin® 8)/A2 < 0.12) showed several of the hydrogen
atoms bound to the methyl carbon atoms. The positions of the
hydrogen atoms of the methylene and phenyl groups were calculated
by using C(phenyl)-H = 1.08 A and C(methylene)-H = 1.073 A.
The temperature factors were assigned as B(H) = B(C) + 1.0. In-
clusion of the hydrogen atoms (not refined) and anisotropic refinement
of the oxygen atoms, solvent (both regions), and methyl carbon atoms
resulted in an R value of 0.107 after several least-squares cycles.

At this stage a difference Fourier map indicated that the only
problem was in the solvent regions. We attempted to model the
disordered solvent regions using CH,Cl, molecules with the only
constraint being that the model should be chemically reasonable. All
atoms were removed from these areas, and a structure factor calcu-
lation was performed (R = 0.192). From the Fourier maps of these
regions were obtained positions for three orientations of a CH,Cl,
molecule in region 1 and four orientations of a CH,Cl, molecule in
region 2. Each area was initially given a total population of 0.5. The
populations, positions and isotropic thermal parameters were refined
by using difference Fourier techniques only. After seven cycles of
structure factor—difference Fourier calculations region 1 was fitted
with five orientations of a CH,Cl, molecule with a total population
of 0.94, and region 2 was fitted with four orientations of a CH,Cl,
molecule with a total population of 0.72. The largest positive peak
in the final difference Fourier map of region 1 was 0.59 ¢/A?, while
the largest negative peak was —0.91 e/A%, In region 2, the range was
+0.82 to -0.65 ¢/A%, The R value at this point was 0.090. The solvent
atom positions, populations, and temperature factors were not allowed
to refine in any subsequent least-squares refinement,

Two cycles of least-squares calculations treating most of the re-
maining atoms anisotropically lowered the R value to 0.087. All of
the hydrogen atom positions were recalculated or relocated in the areas
of the methyl groups. Examination of the calculated and observed
structure factors indicated several large residuals for the low-angle
data. These low-angle data are more sensitive to the disordered solvent
regions than the high-angle data, due to the more rapid decrease in
the scattering factors of these atoms. In an effort to minimize the
effect of the solvent regions on the remainder of the structure during
the last cycles of least-squares refinement, all data with (sin? §) /A’
< 0.02 (134 reflections) were removed. At the same time the re-
maining 2000 high-angle reflections were added to the data set,
bringing the total number to 5132, After two cycles of least-squares
refinement all parameters converged, giving a final R value of 0.099
and R, = 0.13. [R = (ZIF, - |FJl/SFo); Ry = (Sw(F,? -
F3? /3T wF Y% GOF = (Tw(F: - F)?/(N, - Ny))'/2, where N,
is the number of data and N, the number of parameters.] The
goodness of fit was 1.83. The last cycle included a summation of the
intensity data with F,2 > 3¢(F,?) and yielded an R (>3¢) value of
0.062. The refined positional and thermal heavy-atom parameters
are set out in Table II. The solvent and hydrogen parameters and
a listing of observed and calculated structure factors are given in the
supplementary material.

Magnetic Susceptibility Theory

The magnetic susceptibility characteristics of tetranuclear
clusters have been reviewed previously,>!? In general, the

(12) Stewart, R, F.; Davidson, E. R.; Simpson, W. T. J. Chem. Phys. 1965,
42, 3175.
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Table II. Refined Heavy-Atom Parameters®

Gladfelter et al.

atom x y z U,, [or B, A%] U,, U,, v, U, U,,
NiA 4759 (0.4) 4821 (0.5) 3080 (0.5) 42 (0.7) 36 (0.7) 42 (0.7 5(0.6) 6 (0.5) -5 (0.6)
NiB 4494 (0.4) 3745 (0.5) 1871 (0.5) 49 (0.7) 36 (0.7) 41 (0.7) -8 (0.6) 14 (0.5) -5 (0.6)
NAl 3648 (3) 4975 (3) 3048 (3) 53(5) 63 (5) 43 (4) 1(4) 14 (4) -2(4)
NA2 4861 (2) 6435 (4) 3293 (4) 64 (5) 51(6) 82 (6) 6(5) 6(4) ~10(5)
NB1 3373 (3) 3608 (3) 1799 (3) 55 (5) 53(5) 57(5) —13(4) 13 (4) -2(4)
NB2 4543 (3) 2135 (4) 1661 (4) 75 (6) 50 (&) 116 (7) -15(8) 44 (5) =21(5)
o1 4558 (2) 4778 (2) 2033 (2) 42 (3) 33(3) 35(3) 1(3) 3(3) 1(3)
02 4752 (2) 3782 (2) 2922 (2) 47 (3) 36 (3) 38 (3) -1(3) 15 (3) -1(3)
03 5075 (2) 4685 (3) 4097 (2) 56 (4) 65 (4) 324 20 (3) 3(3) -703)
04 4357 (2) 3884 (3) 854 (2) 62 (4) 66 (4) 40 (4) -25(3) 15(3) -4 (3)
CAl 4045 (3) 4857 (4) 3098 (4) 48 (6) 59 (6) 46 (6) 5(5) 10 ($) —~6(5)
CA2 3115 (3) 5146 (5) 2877 (4) 38 (6) 101 (8) 61 (6) 3(6) 19 (5) -7 (6)
CA3 2988 (3) 5039 (6) 3521 (%) 58 (6) 137 (10) 91 (8) 6(7) 36 (6) -16 ()
CA4 3059 (3) 5887 (5) 2660 (5) 64 (7) 1N 105 (8) 30 (6) 9 (6) 3(6)
CAS 2831 (3) 4680 (5) 2293 (4) 43 (6) 81 (7 65 (7) 6(5) 16 (5) -1(6)
CAéb 4804 (3) 5865 (5) 3189 (4) 48 (6) 52(6) 63 (7 3(8) -3(5) =7(6)
CA7 4984 (4) 7180 (5) 3416 (6) 118 (10) 37(7) 140 (12) -21(7) 20(9) -23(D)
CA8 388 (5) 2200 (7) 4119 (6) 118 (13) 121 (11) 106 (10) —-64 (10) 09 -48 (9)
CA9 491 (5) 2539 (6) 1616 (7) 173 (13) 62(8) 204 (14) —14(8) 77(11) 43(9)
CA10 187 (4) 2378 (5) 2857 (5) 109 (11) 53 (7) 138 (11) -26 (6) 28(7) ~8 (6)
CB1 3754 (3) 3708 (4) 1770 (4) 54 (6) 56 (6) 54 (6) -6 (5) 17 (5) —4(5)
CB2 2899 (3) 3458 (5) 1912 (5) 49(7) 77 (D) 90 (8) —-21(6) 22 (6) 9 (6)
CB3 2476 (3) 3557 (6) 1238 (5) 57(7) 135 (10) 90 (8) -13.(7) 13 (6) -16 (D)
CB4 2939 (4) 2702 (5) 2139 (6) 118 (9) 81 (8) 133 (10) -38(7) 70 (8) -18(7)
CBS 2878 (3) 3918 (5) 2486 (4) 61 (6) 97 (8) 59 (7) —-18 (6) 25 (5) —1(6)
CB6 4504 (3) 2698 (4) 1761 (4) 63 (6) 42 (6) 75 (T) ~16(5) 34 (5) ~5(5)
CB7 4649 (4) 1414 (5) 1539 (7) 117 (11) 45 (8) 167 (12) =7(7) 60 (9) —~49 (8)
CB8 4165 (4) 1024 (5) 1427 (8) 109 (10) 47 (7) 271 (18) =19 (7) 6 (10) ~43(9)
CB9 4815 (5) 1403 (7) 913(8) 161 (13) 154 (13) 191 (15) 18 (10) 47 (11) —-109 (12)
CB10 5062 (4) 1183 (4) 2180 (6) 82 (8) 42 (6) 187 (14) 2(7 339 -38(7)
C1 4164 (3) 5210 (4) 1629 (4) 53 (6) 58 (6) 55 (6) =5(8) 10 (5) 6 (5)
C2 4527 (3) 3353(4) 3296 (4) 67 (6) 47 (6) 54 (6) 6(5) 29 (5) 5(5)
C3 4576 (3) 4294 (5) 601 (4) 58(7) 92(8) 33(6) —15 (6) 1(5) 6 (5)
C4 4402 (4) 4315 (7) —180 () 131 (10) 186 (13) 37(6) -87(9) 8(6) -9(7)
B 3515 (4) 967 (5) 4613 (5) [4.5 (D]

C20 91(4) 4390 (5) 4242 (5) [6.1 (2N

C21 530(4) 4327 (5) 4815 (5) [5.6 (2)]

C22 976 (3) 4182 (4) 4736 (4) {4.3 ()]

C23 975 (3) 4103 (4) 4081 (5) [5.1(2)]

C24 545 (4) 4164 (5) 3509 (5) [5.8 (2)]

C25 111 (4) 4321 (4) 3613 (5) 75(7) 46 (6) 95 (8) -8 (5) -3 (6) 12 (5)
C26 3533 (4) 13(9) 2700 (6) 75(9) 207 (16) 87 (10) —-15 (10) 20 (7 =73 (10)
C27 3397 (4) 971 (6) 3280 (5) 88 (8) 162 (11) 571 (N 0(8) 28 (6) -12(7)
C28 3544 (3) 625 (5) 3896 (5) {6.0 (2)]

C29 3398 (4) 678 (8) 2684 (6) 102 (10) 198 (16) 79 (9) =22 (10) 29 (8) 3(10)
C30 3677 (3) —43 (6) 3899 (5) 53(6) 120 (10} 99 (9) -9(6) 15 (6) —-46 (7)
C31 3682 (4) -365(7) 3282 (D) 60 (8) 169 (13) 139 (12) 3(8) 12 (8) -65(11)
C32 3033 (3) 598 (4) 4718 (4) [4.6 (2}]

C33 2552 (4 819 (5) 4317 (4) [5.6 (2)]

C34 2136 (4) 512 (5) 4371 (5) (6.6 (3)]

C35 2174 (3) —-19 (5) 4807 (5) 63(7) 96 (8) 100 (8) ~25(6) 36 (6) ~38(7)
C36 2631 (4) —-264 (6) 5200 (5) 96 (9) 99 (9) 94 (9) -16 (1) 43 (D) 3(D)
C37 3054 (3) 48 (5) 5146 (4) [5.5(2))

C38 3465 (3) 1784 (5) 4564 (4) [5.1(2)]

C39 3766 (4) 2198 (6) 4314 (5) 85 (8) 100 (8) 90 (8) -9 (") 45 (7) 12(7)
C40 3746 (4) 2910 (7) 4315 (6) 123 (11) 101 (10) 120 (11) —~26(8) 57(8) 37(9)
C41 3444 (5) 3240 (6) 4605 (6) 113 (11) 94 (10) 119 (11) 11(8) 31(8) 47 (8)
C42 3161 (4) 2862 (6) 4851 (6) 82 (9) 95 (9) 129 (11) 11(7) 38 (8) 10 (8)
C43 3169 (b 2155(5) 4833 (5) 84 (8) 68 (7) 109 (9) 7(6) 39 (7) 3(D

@ Coordinates have been multiplied by 10%; Uj; values, by 10%.

magnetic exchange interactions between nearest-neighbor
metal ions in the cluster are treated with an isotropic spin
Hamiltonian

A =-277,8:$; (1)
where J;; is the exchange parameter between the ith and jth

paramagnetic ions and S; and S; are spin operators on the ions.
The vector-coupling model'* is used to derive the eigenvalues

(13) Martin, R. L. “New Pathways in Inorganic Chemistry”; Cambridge
University Press: London, 1968; Chapter 9, p 175.

for a particular complex. The intramolecular magnetic ex-
change interactions present in [Nij(OCH;)4(TMB),-
(OAc),](BPh,), are largely due to interactions between 3A,
nickel(II) ions as propagated by bridging methoxides. Direct
exchange interactions between nickel(1I) ions should be neg-
ligible. It is the geometry in the Ni,(OCH,)4** cubane
structure (vide infra) that determines the nature of the
magnetic exchange interactions that are seen. Two of the three
theoretical models used to fit the susceptibility data can be
understood by reference to the diagram

(14) Kambe, K. J. Phys. Soc. Jpn. 1950, 5, 48.
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Ginsberg et al. derived® the magnetic susceptibility ex-
pression for such a nickel(II) cubane structure, assuming that
all pairwise interactions are equal (i.e., J; = J2 = J;). The
susceptibility /mol of cubane cluster, xy, is given in eq 2, where

4gNp? 5¢%0% 4 Tel2% 4 58 4 Q2%

XM = + Na
kT | 3¢ + 7e'% + 10e* + 6e> + 1

(2)

x = J/kT and Nea is the term added to take account of the
temperature-independent paramagnetism. In all models No
was taken to be 400 X 107® cgsu/tetranuclear cluster. The
other symbols have their usual meanings.

If it is assumed that the three exchange parameters in the
preceding diagram are not equal (i.e., J, # J, = J3), then
the spin Hamiltonian operator describing the magnetic ex-
change in the cubane cluster can be written as shown in eq
3. The vector-coupling method of Kambe'* was used to obtain
H——ZJI(SAAQA/+SASB+SBS +SA"9B’)_

2J2(SA’ S) - 2738a8w) 3)

the eigenvalues for this spin Hamiltonian; the eigenvalues are

E(S1,S,S1) = ~Ji[S1(St + D] - (/- J)) X
[Sk(Sk + D] ~ (J3 - JD[SUSL + D] + 4(J, + ) (4)

In this expression, the total spin is given as St = Sx + S, Sk
=Sy + Sp,and S| = S, + Sp. A general form of the above
equation for a cubane array of metal ions with any spin was
derived by Dubicki et al.'> There are 19 different energy levels
for the J; = J, = J, case, and the eigenvalues of the 19 levels
can be calculated from eq 4. The magnetic susceptibility/mol
of cubane cluster is given as shown in eq 5. The values for
the coefficients g; and b; are given in Table III.

19
e s
XM= T

" + Na (5
2 b; exp(-E;/kT)
i=1

In addition to the above two cubane models, the data for
[Nig(OCH;)4(TMB),(OAc),](BPh,), were also least-squares

fit to a susceptibility expression for two noninteracting nick-
el(IT) dimers:'¢
XM=

22NB2| 30 exp(67/kT) + 6 exp(2J/kT)
3kT | 5 exp(6J/kT) + 3 exp(2J/kT) + 1

[23

(6)
Results and Discussion
The structure of [Niy(OCH,)4(TMB)4(OAc),]** is shown
in Figure 1. Each unit cell contains four such cubane clusters
(Figure 2) situated in the special position along the C, axis.
The C, axis intersects the center of the NiB-O2-NiB’-02’
and the NiA-O1-NiA’-O1’ faces. The overall symmetry of
the cluster is greater than C, and with small deviations fits
the point group D,;. The numbering sequence for the iso-
cyanide ligands is shown in Figure 3. Bond distances and
angles are summarized in Tables IV and V, respectively.

(15) Dubicki, L.; Kakos, G. A.; Winter, G. dust. J. Chem. 1968, 21, 1461.
(16) Duggan, D. M,; Barefield, E. K.; Hendrickson, D. N. Inorg. Chem.
1973, 12, 985.
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Table III. Coefficients for the Susceptibility Equation (5)

£y Sk S Mgr g by
1 2 2 4 180 9
2 2 2 3 84 7
3 2 2 2 30 5
4 2 2 1 6 3
5 2 2 0 0 1
6 2 1 3 84 7
7 2 1 2 30 5
8 2 1 1 6 3
9 1 2 3 84 7
10 1 2 2 30 5
11 1 2 1 6 3
12 2 0 2 30 5
13 0 2 2 30 5
14 1 1 2 30 5
15 1 1 1 6 3
16 1 1 0 0 1
17 1 0 1 6 3
18 0 1 1 6 3
19 0 0 0 0 1
Table IV. Bond Distances (&)
NiA-NiA'  3.190 (1) NAI-CA2 1.49 (1)
NiB-NiB'  3.202(1) NA2-CA7 1.51(1)
NiA-NiB  3.189(1) NBI1-CB2 1.50 (1)
NiA-NiB’  2.998 (1) NB2-CB7 1.49 (1)
NiA-O1 2.074(5) N-C(av) 1.50 (1)
NiA-03 2.032(5) CA2-CAS 1.53 (1)
NiA-02 2.068 (5)  CB2-CBS 1.53 (1)
NiA-O1’ 2.068 (5)  CA7-CA10 1.53 (2)
NiB-01 2.058(5) CB7-CB10 1.53(2)
NiB-02 2074 (5)  C=C (av) 1.53(2)
NB-O4 = 2.052(5)  CcAsCBs 1.55 (1)
Nip-02 20720 caro-cAl0 152 (1)
IACAL - 20798)  cgio-cB10’ 1.50 2)
NiB-CB1  2.074 (9)
NiB-CB6  2.074 (9) gﬁg-g:i igg EB
01-Cl 1.441(9) gy cp3 153 (1)
02-C2 1.448 (%)  cpo-cp4 1.55 (1)
0-C (av) 1.445(9)  cp7-CB8 1.54 (2)
03-C3 1.25(1)  CB7-CB9 1.55 (2)
04-C3 1.25(1)  CA7-CA8 1.54 (2)
0-C (av) 1.25(1)  CA7-CA9 1.52 (2)
C3-C4 1L54¢) L@ 1.54(2)
CA1-NA1l 1.14(1) Cc-C (BP]’L, -) (aV) 1.39 (3)
CA6-NA2  1.14(1) -C (BPh,") (av)  1.65(3)
CBI-NB1  1.14(1)
CB6-NB2  1.14(1)
C-N (av) 1.14 (1)

Each acetate ion must extend 2.998 (1) A between two
nickel atoms of the cube, which produces an O3-C3-04’ angle
of 128.1 (8)° and C3-O-Ni angles of 125.5 (5) and 127.4
(5)°. Although these latter angles suggest some asymmetry,
each of the two C~O(OAc) distances is 1.25 (1)

There are two independent isocyanide bridges in the cluster.
Several features of these bridges are of particular interest. The
Ni—-C-N angles depart significantly from linearity. The
smallest angles of 168.4 (7) and 168.5 (7)° occur on two of
the ligands, whereas the other two have angles of 172.4 (8)
and 174.6 (8)°. Slightly less bending occurs in the C~-N-C
angles and they do not vary as greatly as the Ni-C-N angles.
The values are 171.8 (8), 174.0 (9), 174.1 (8), and 174.3 (9)°.
The C=N bond length is 1.14 (1) A in every case. The carbon
backbone of each bridging isocyanide exhibits normal bond
distances and angles.

Each nickel atom is found in a distorted octahedral envi-
ronment that includes two cis isocyanide ligands, three
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Figure 2. Stereoview of the unit cell contents of [Niy(OCH;),(OAc),(TMB),](BPh,),+4CH,Cl, as viewed down the y axis with the z axis horizontal.

cns 2 Fee
M oA caNia NiB—CBE—NE2—CET
s Lo
s dero
Coo-NBI-CBNB  NB-CBE-NB2-Ca7
sy / | ~cao
a4 tae
8
NA-CAE—NA-LaT
AlO
CaO!
Nig—CAB—NAZ C\M\B‘FAQ'

Figure 3. Bridging-isocyanide numbering sequence.

methoxide oxygen atoms, and one acetate oxygen atom
(Figures 4 and 5). The Ni—donor atom distances differ
relatively little among these ligands. The Ni-O(OAc) bonds
at 2.032 (5) and 2.052 (5) A are the shortest. The Ni-Q(O-
CHj;) [2.058 (5)-2.074 (5) A] and Ni—C bond lengths [2.065
(9)-2.079 (8) A] are strikingly similar.

If the unique axis about the nickel atom is designated to
contain the Ni-O(OAc) bond, then it is this axis about which
most of the distortion occurs. The ultimate measure of the
distortion is given in the O1-NiA—O3 angle of 166.0 (2)° and
the O2-NiB-04 angle of 166.7 (2)°. As seen in Figure 4,
the square plane (referred to as plane A) comprised of NiA~
CA6-CA1-01"-02 does not bisect the O1-NiA-O3 angle.
Plane A is perpendicular to the NiA-O3 bond, whereas the
O(OCH;)-Ni—O(OCH};) angles such as O2-NiA-O1 are 79°.
Also, the C-Ni—O(OCH,;) angles such as CA1-NiA-Ol are
96-98°.

There is less distortion in plane A itself. The ligand—-Ni-
ligand angles vary from 84.2 (2) to 94.7 (3)°. The smallest
angles are O(OCH,)-Ni-O(OCH,;) and the largest are O-

@
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T Negr D

037} 128.1 { 04}

174 3\' /“)274' 125 55“(
@ \ n

\i2.052
; 1741

i 18842
Aear | NI
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/

i 90.4° cég. -
[ seer 3’

Figure 4. View showing the atom labels and selected distances and
angles outside the cube.

(OCH;)-Ni-C. The C-Ni-C angles are 89.3 (3) and 90.4
(3)°.

The dimensions of the cubane portion of the structure are
shown in Figure 5. The distortion of the cube can be viewed
as the sum of two distorting modes. First, the four methoxide



[Nis(OCHj;)4(OAc)(TMB),] (BPhy,),

Table V. Bond Angles (Deg)

CAI-NiA-CA6  89.3(3) 03-C3-04' 128.1 (8)
CAI-NiA-OA1 95.7(3) 03-C3-C4 115.9 (8)
CAI-NiA-O3  94.5(3) O4'-C3-C4 116.0 (8)
CAI-NiA-02  94.7(3) NiA-CA1-NAI 168.5 (1)
CA1-NiA-O1' 174.8(3) NiA-CA6-NA2 174.6 (8)
CA6-NiA-O1  98.1(3) NiB-CB1-NBI 168.4 (7)
CA6-NiA-03  91.5(3) NiB-CB6-NB2 172.4 (8)
CA6-NiA-02  175.2(3) CA1-NA1-CA2 171.8 (8)
CA6-NiA-O1' 915 (3) CA6-NA2-CA7 174.3 (9)
01-NiA-03  166.0(2) CB2-NB1-CB1 174.1 (8)
O1-NiA-02  78.8(2) CB7-NB2-CB6 174.0 (9)
OI-NiA-OI'  79.1(2) cA3-CA2-CAS 113.6 (7)
03-NiA-02 = 90.9(2) A3 CA2-NAL 107.1(7)
03-NiA-01'  90.6 (2) '

o iAo CA3-CA2-CA4 111.4 (8)

-NiA-O1'  84.2(2) (CA5-CA2-NAIL 106.5 (7)
CBI-N{B-CB6  90.4 (3) CAS-CA2-CA4 111.2 (7)
CBI-NB-O1  94.7(3) C-CA2-C(N) (@) 109 (3)
CBI-NiB-02  95.4(3) NA1-CA2-CA4 106.5 (7)
CBI-NiB-O4  94.1(3)

iB-04 NA2-CA7-CA9 106.7 (9)
CBI-NiB-02"  174.1(3) NA2 CA7-CAS8 104.2 (9)
CB6-NB-O1  174.3(3) NA2 CA7-CAI0 1042 (8)
CB6-NiB-02  98.0 (3) '

; CA9-CA7-CA8 114 (1)
CB6-NiB-04  91.2(3)

iB-O4 CA9-CAT-CAI0  115(1)

CB6-NiB-02'  90.3(3) (CA8-CA7-CAI0  111(1)
O1-NiB-04  90.9(2)
O4-NiB-02' 917 (2) 110.2 (8
NiA-O1-NiA' 100.7 (2) CB4-CB2-NB1 105.2 (7)
NiA-OI-NiB  101.0 (2) CBS-CB2-NBI 107.1 (7)
NiA-01-C1  118.7 (4) C-CBZCMN)(@v) 109 (3)
NiA'-O1-NiB  93.2(2) CB8-CB7-CBY 113 (1)
NiA-01-C1  120.1(4) CB8-CB7-NB2 106 (1)
NiB-01-C1  118.4(4) CB8-CB7-CB10 112 (1)
NiA-02-NiB  100.7 (2) CB9-CB7-NB2 107 (1)
NiA-O2-NiB'  92.8(2) CB9-CB7-CB10 112 (1)
NiA-02-C2  118.0(4) NB2-CB7-CB10 106.1 (9)
NiB-02-NiB'  101.1(2) C(N)-CB7-C(N) (av) 109 (3)
NiB-02-C2  119.4(4)  cA2_CA5-CBS 113.3 (7)
NiB'-02-C2  120.0 (4)

, CA5-CB5-CB2 113.1 (7)
NiA-03-C3 ~ 127.4(5) CB7-CB10-CB10'  116(1)
NiB-04-C3'  125.5 (5) ,

CA7-CA10-CA10’ 1153 (9)
C-C-C (BPh,”) (av) 120 (3)
C-C-B (BPh,”) (av)  122(2)
C-B-C (BPh,") (av) 110 (4)

Ni B

Figure 5, View showing the distances and angles within the central
cube.

ions are pushed equally toward the center of the cube, thereby
making all of the Ni-O—-Ni angles greater than 90° and de-
creasing the O-Ni-O angles to 78—-84°. Second, one of the
bridging acetates forces NiA and NiB’ together, whereas the
other pinches NiA’ and NiB. This second distortion is smaller
in magnitude than the first; it is reflected in the NiA-NiB’
distance of 2.998 (1) A, which may be compared to the larger
average distance of 3.194 (7) A between nickel ions that are
not bridged by acetates. The acetate pinching also produces
the observed differences in the three angles about each atom
in the cube. For instance, the angles about O2 are 100.7 (2),
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101.1 (2), and 92.8 (2)°. The smallest angle (NiA—O2-NiB’)
lies in the top half of the cube (i.e., between two nickels bridged
by the acetate). Conversely, the angles about NiA are 78.8
(2),79.1 (2), and 84.2 (2)°. The largest angle of these three
is for the O1'-NiA~O2 angle in the top half of the cube. The
three Ni-O-C angles about the methoxide oxygen atom are
119 (1)°.

One of the most interesting features of the structure of the
tetranuclear cation is the relatively long Ni-C bond distance
(~2.07 A). For comparison, the Ni~C bond length in the only
other structurally characterized nickel(II) isocyanide complex,
NiO,(CN-¢-Bu),,'7 is ~0.2 A shorter:

The longer Ni—C bond length in [Nis(OCH;)4(TMB)
(OAc),]** is readily explained in terms of the electronic
structure of the Ni(II) centers. The presence of a o*(d,2.,2)
electron in each A, Ni(II) weakens (lengthens) the Ni--C
bonds relative to the four-coordinate low-spin Ni(II) complex.
The argument is much the same as that used to rationalize
the differences in the axial and equatorial Co-C distances in
Co(CN)s*.'® The extra electron in this d” complex occupies
an axial o*(d,?) orbital, which accounts for the observed
lengthening (0.12 A) of the axial Co~C bond.

An important consequence of the Ni~C bond lengthening
in the tetranuclear cation is a reduction in w-orbital overlap
between the 7* CNR and the Ni d= orbitals. The reduced
m interaction renders the Ni—C=N unit more susceptible to
bending due to ring strain and intermolecular interactions,
thereby resulting in large deviations of the Ni-C-N angle from
180°. The reduced back-bonding is also reflected in the 1.14
A C=N bond distance, which is slightly shorter than the usual
value of 1.16 A.

The structures of other compounds that contain a Nig
(OMe),** cubane core®1%2 are in general very similar to that
of the TMB complex. The Ni~O bond distances are all in the
2.02-2.12 A range. The TMB complex, however, is the only
one that has bridging ligands other than the u;-methoxide.
Bertrand and Hightower have prepared Co,(OMe),(OAc),-
(acac),, which has a similar structure with respect to the metal
ions and methoxide and acetate bridges.2! This cobalt com-
pound is of particular interest because there are two Co(II)
and two Co(III) centers. The distances and angles about
Co(I]) are similar to those of the Ni,(OMe)** structure. The
geometry about Co(III) conforms much more closely to oc-
tahedgal, however, and the Co~O distances are shortened by
0.15 A.

The counterion (BPh,") exhibits its normal geometry. Each
asymmetric unit also contains two solvent regions. The solvent
molecules are badly disordered in both of these areas. This
disorder made identification of the solvent molecule difficult
(the compound was crystallized from a CH,Cl,/EtOH mix-
ture). Two experiments support the presence of CH,Cl, in
these sites. First, an infrared spectrum obtained for crystals
crushed in Nujol showed the presence of a peak attributable
to CH,Cl, at 742 cm™. In the second experiment, freshly
prepared crystals were placed in a mass spectrometer. After

(17) Matsumoto, M.; Nakatsu, K. Acta Crystallogr., Sect. B 1975, B31,
2711.

(18) Brown, L. D.,; Raymond, K. N. Inorg. Chem. 1975, 14, 2590.

(19) Andrew, J. E,; Blake, A. B, J. Chem. Soc. A 1969, 1456,

(20) Bertrand, J. A.; Marabella, C.; Vanderveer, D. G. Inorg. Chim. Acta
1978, 26, 113,

(21) Bertrand, J. A.; Hightower, T. C. Inorg. Chem. 1973, 12, 206.
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Figure 6. Plot of molar paramagnetic susceptibility vs. temperature
for [Ni,(OCHj;)4(TMB)4(OAc),](BPh,),. Least-squares fits to two
different theoretical models are illustrated. The solid line results from
fitting to eq 6 (two noninteracting dimers) to give J = -18 cm™ and
g = 2.16. The dashed line represents a fit to eq 2 (cubane cluster
with one exchange parameter) to give J = 10 cm™ and g = 2.20.

1 min under high vacuum the mass spectrum showed the
presence almost exclusively of CH,Cl,. The modeling of the
solvent areas with CH,Cl, initially used 1.77 A for the C-Cl
bond length and 122° for the CI-C—Cl angle. In the end these
constraints were slightly relaxed in order to improve the fit
to the data. The final C-Cl bond lengths varied from 1.30
t0 1.92 A, and the bond angles varied from 95 to 124°, The
average C—Cl distance was 1.69 A, and the average CI-C-Cl
angle was 111°.

Spectroscopic Properties. The compound [Ni,(OCHs;),-
(TMB)4(OAc),] (BPh,), shows characteristic infrared bands
at 2192 cm™! due to C=N and at 1567 and 1416 cm™ due
to acetate. The electronic absorption spectrum is that of a A,
octahedral Ni(II) complex. The maxima and molar absorp-
tivities (¢/Nig) of the three d—d bands (°A, to 3T,, °T,(F), and
3T,(P)) are 850 (85), 580 (45), and ~360 nm (110 M em™;
CH,Cl, solution).

Magnetic Susceptibility. Data taken on a sample of [Ni,-
(OCH;)4(TMB),(OAc),](BPh,), are given in the supple-
mentary material, together with susceptibilities calculated with
the different theoretical equations. The variation with tem-
perature of x for the cubane cluster is illustrated in Figure
6. The effective magnetic moment per nickel ion, peg/Ni,
varies gradually from 2.88 ug at 286 K to 0.47 up at 4.2 K.
All of the Ni,(OCHj;)** cubane clusters examined previously
show an increase in u.q/Ni as the sample temperature is de-
creased. It is clear that, in contrast to all other nickel tet-
ramers, the magnetic properties of [Nis(OCH;),(TMB),-
(OAc),](BPh,), are dominated by an antiferromagnetic ex-
change interaction. The interaction is most likely intramo-
lecular, because the BPh,~ counterions should afford good
intermolecular magnetic shielding.

The magnetic susceptibility data for [Nij(OCHj3),-
(TMB),(0OAc),](BPh,), were least-squares fit to the three
theoretical models discussed above. It can be seen in Figure
6 that neither the cubane model with one exchange parameter,
eq 2, nor the noninteracting dimer model, eq 6, adequately
reproduces the shape of the experimental curve. Fitting to eq
2 gave J =-18 cm™ and g = 2.16. As illustrated by the solid
line in Figure 6, the cubane model with a single J value does
not give a maximum in the xy vs. temperature curve as broad
as found experimentally. The fit to the noninteracting dimer
model is illustrated by the dashed line and gives J = -10 cm™!
and g = 2.20.

The least-squares fit to eq S for the cubane model with three
different exchange parameters is illustrated in Figure 7. The
dashed line results from fitting the susceptibility data to eq
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Figure 7. Plots of molar paramagnetic susceptibility per tetramer
and effective magnetic moment per nickel(II) ion vs. temperature for
[Nis(OCH;)4(TMB)4(OAc),](BPhy),. The dashed line results from
a least-squares fit to eq 5 (cubane cluster with unequal exchange
parameters) to give J; =-9.1,J,=17.7,and J; = 17.2cm and g
= 2.00. The solid line results from correcting for a small amount
of a paramagnetic impurity.
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Figure 8. Plot of the energies (divided by J;) of the 19 electronic states
of [Nl4(OCH3)4(TMB)4(OAC)Z] (BPh4)l as a function of JZ/JI for
the cubane theoretical model with unequal exchange parameters.
Table II should be consulted to identify the 19 states. The vertical
dashed line corresponds to the least-squares fit of the data for the
present complex.

Stogive J; =9.1,J,=177,and J; = 17.2 cm™ and g = 2.00.
This fit is reasonable despite the fact that there is some de-
viation at temperatures less than ca. 30 K. The parameters
J, and J; were found not to differ significantly. The fit to the
model utilizing three exchange parameters is very sensitive to
the magnitude of the antiferromagnetic interaction J,; however,
it is less sensitive to J, and J; values that characterize the
ferromagnetic interaction. The fit to eq 5 can be readily
improved by assuming that the sample contains some small
amount of paramagnetic impurity. If the magnetic suscep-
tibility of the paramagnetic impurity at 4.2 K is identified as
Xpara» the magnetic susceptibility of the impurity at any tem-
perature is 4.2Xpgra/ 7. The solid lines in Figure 7 show how
the fit can be improved at low temperatures by taking Xpara
= 0.012 cgsu together with J; = 9.1, J, = 17.7,and J; = 17.2
cm™ and g = 2.00. If the paramagnetic impurity is assumed
to have a molecular weight equal to one-fourth that of the
TMB cubane complex, this value of X, corresponds to 4.9%
by weight of an impurity.

The unusual magnetic behavior of [Nig(OCH;)4(TMB),-
(OAc),] (BPh,), is attributed to the presence of the bridging
acetates, which lead to a distortion of the Ni,(OCH;),** core
that produces two types of Ni-O-Ni angles, those that are ca.
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93° and those that are ca. 101°. It is reasonable to suggest
that the ~101° Ni—O-Ni angles lead to the antiferromagnetic
interaction (J, = 9.1 cm™), whereas the ferromagnetic in-
teraction is associated with the ~93° Ni-O-Ni angles (J,
(=J;) of ca. 18 cm™).

The use of a Weiss constant (8) is not apppropriate for
fitting the data for [Ni,(OCH;).(TMB)4«(OAc),](BPhy),,
because the ground state of this complex has § = 0. This can
be seen from a diagram in which the energies (divided by J;)
of the 19 states of this complex are plotted as a function of
J,/J; (Figure 8). In the present complex J,/J; = -1.92, which
is represented by the vertical dashed line. Level 19 is the
ground state; examination of Table III shows that this is the

state where all of the electrons are paired.
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Fluoro-Containing Complexes of Chromium(III). 10. Preparation, Crystal Structure,
and Some Reactions of the frans-Fluoroamminebis(1,3-propanediamine)chromium(III)
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The reaction of trans-[Cr(1,3-pn),FBr]ClO, (1,3-pn = 1,3-propanediamine) with liquid ammonia at room temperature
was used to prepare the trans-[Cr(1,3-pn),FNH;]** cation. The ammination reaction proceeded to yield apparently the
trans isomer only. The reaction product with the empirical molecular formula [Cr(NH;)F(N,C;H,,),](ClO,), was subjected
to a single-crystal X-ray structural analysis. The complex crystallizes in the monoclinic space group P2,/n with a = 10.207
B A, b=9653(4)A ¢c=17599 (5) A, 8=294.62(3)°, Z=4,and V= 1728 (1) A3, Diffraction data were collected
with a computer-controlled four-circle Nicolet autodiffractometer out to a maximum 26 Mo Ka of 51°. The structure
was solved by standard heavy-atom Patterson and Fourier methods and refined by full-matrix least squares. The final
discrepancy values based on the 2177 counter data having I = 35(J) were R; = 0.065 and R = 0.072. The final structure
revealed that the two chelate rings are nonequivalent in the solid with one of the rings adopting a chair conformation while
the other is in a twist conformation. The Cr—F distance is 1.872 (3) A, and the H;NCrF angle is 179.0 (2)°. Reaction
of the trans-FNH; complex with more liquid ammonia resulted in little additional ammination, but reaction of the complex
with concentrated hydrobromic acid resulted in loss of the fluoro ligand and its replacement by water.

Introduction

In 1975 Wong and Kirk? reported the successful prepara-
tions of cis- and trans-[Cr(en),FNH,)?*, where en is ethyl-
enediamine, via the reaction of zrans-[Cr(en),FBr]* with a
dilute solution of ammonium perchlorate in dry liquid am-
monia at 0 °C. The preparative reaction was accompanied
by extensive stereochemical change, and the cis/trans ratio
in the crude product was estimated to be 60/40. Previous work
in this laboratory** has indicated that the closely related
1,3-propanediamine complexes are more resistant to stereo-
chemical change than the corresponding ethylenediamine
complexes. Hence, the present investigation was undertaken
to determine what products would be formed by the reaction
of trans-[Cr(1,3-pn),FBr]* with liquid ammonia and to
characterize these products.

Experimental Section

Caution! Perchlorate salts of metal complexes with reducing ligands
such as amines are potentially explosive, and care should be exercised
when handling these materials.

Preparation of Starting Material. trans-Bromofluorobis(1,3-
propanediamine)chromium(III) perchlorate~0.5-water was prepared
as described in the literature.® A solution of 1.17 g (2.9 mmol) of
the crude product in 11 mL of water at 10 °C was prepared and filtered

(1) Part 9: Vaughn, J. W,; Seiler, G. J. Inorg. Chem. 1979, 18, 1509.

(2) Wong, C. F. C; Kirk, A. D. Can. J. Chem. 1975, 53, 3388,

(3) Vaughn, J. W. Inorg. Nucl. Chem. Lett, 1968, 4, 183,

(4) Delovine, J. M.; Mason, W. R.; Vaughn, J. W. Inorg. Chem. 1974, 13,
66.

to remove a small amount of undissolved material. Solid sodium
perchlorate was added to the stirred filtrate, and the precipitated
product was collected, washed with acetone, and air-dried; yield 0.52
g (44%). Anal. Calcd for trans-[Cr(1,3-pn),FBr]ClO0.5H,0: C,
17.7; H, 5.15; N, 13.72. Found: C, 17.79; H, 5.06; N, 13.87.

Preparation of frans-Fluoroamminebis(1,3-propanediamine)chro-
mium(IIl) Bromide Perchlorate. A 3.10-g (7.6-mmol) sample of
recrystallized trans-[Cr(1,3-pn),FBr](Cl0O,4)-0.5H,0 was placed in
one leg of a modified Y-tube. The tube and its contents were cooled
to about =77 °C in a dry ice-2-propanol bath. Gaseous ammonia
was added to the cooled reactant until about 25 mL of liquid ammonia
had condensed in the tube. The tube was sealed and allowed to stand
at room temperature for 2 h. It was necessary to tip the tube several
times before the starting material all dissolved in the liquid ammonia.
As the starting material dissolved, the solution became deep maroon.
After about 1 h at room temperature the solution was deep orange,
and red-orange crystals were deposited from the solution. At the end
of 2 h the empty leg of the Y-tube was placed in a dry ice-2-propanol
bath, and the liquid ammonia was distilled into the cooled leg. The
leg containing the liquid ammonia was cut off with a torch and set
aside. The leg containing the crude product was opened, attached
to a vacuum system, and pumped overnight (0.05 torr, room tem-
perature); yield 3.10 g (98%). The electronic spectrum of the crude
material in 0.2 M perchloric acid was characterized by Ap,, 497 nm
(e 46.9 M! cm™), Ayin 418 (€ 13.8), and An,, 366 (e 31.0).

The reaction of trans-[Cr(1,3-pn),FBr](ClO,) with liquid ammonia
in a sealed tube was repeated as described above except that the
temperature of the sealed tube was maintained at 0 °C for the 2-h
reaction time. The reaction mixture was worked up as described
previously. The electronic spectrum of an aqueous solution of the
crude product was characterized by A, 496 nm (e 47.4), Ay, 418
(€ 13.6), and Ap,, 366 (€ 30.0). Conversion of the crude product to
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