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Photolysis of retis- andtrans-[Cr'"! (cyclam)(N)2](ClO4) (1a, 28) (cyclam= 1,4,8,11-tetraazacyclotetradecane)

in the solid state or aqueous solution by light affords the nitridochromium(V) complexeis-afr trans-[CrVY-
(N)(cyclam)(N)](ClOg) (3a) and dinuclear{trans-[CrY(N)(cyclam)} 2(«-N3)](ClO4)3:3.5H,0 (4a), respectively.
4awas converted to the bis(tetraphenylboratide-2C,HsOH salt @b). Crystallization o4afrom acetonitrile-

after addition of AgCIQ and removal of Agh—yields octahedrairans[CrY(N)(cyclam)(NCCH)](ClOy), (54).

The crystal structures dfa, 2b (which is the tetraphenylborate salt 24), 4a,b, 5ab have been determined by
single-crystal X-ray crystallography. All nitridochromium(V) compounds contairtrifwes-[CrY(N)(cyclam)F™
fragment with an IR=Cr¥ moiety (1.564 0.01 A). The electronic spectra of donfigurated complexes display
three low-intensity e-d bands which have been assignedCin symmetry asxy) ((xzy2) 2B, — 2E, (xy) — (x?

—y?) 2B, — 2By, and ky) — (22 2B, — ?A1, where the molecularaxis coincides with the #&Cr vector. Ligand-

field parameters within the angular overlap model (AOMg#cam= 7300-8600,e,2 = 22 000,e,2 = 21300~
25000 cm! have been determined which reproduce the experimental electronic spectra well. Temperature-
dependent magnetic susceptibility measurements and X-band EPR spectroscopy on solid satagl@staining

a linear C¥—N=N=N—Cr¥ moiety revealed a weak intramolecular antiferromagnetic exchange coupling which
is nearly absent idb containing a bent azido bridge. A mechanism for this unexpected couplitegsproposed.

base pyramidal coordination polyhedron where the terminal
nitrido ligand occupies the apical position (Table 1). ThesCr

N bond is very short at-1.56 A indicative of a triple bond. A
further important structural feature is the observation that the
CrV ion lies ~0.5 A above the plane defined by the four
equatorial donor atoms of the auxiliary ligand.

Recently we have publish&dhe first distorted octahedral
nitridochromium(V) complexes [LC(N)(bidentate ligand)j,
where the bidentate ligand is oxalate, acetonyl acetate, 2-pi-
colinate, oro-phenanthroline. The crystal structure of [Mer
(N)(acac)](ClQ) (L = 1,4,7-triazacyclononane) revealed that
coordination of a sixth ligand itrans-position to the nitride
weakens the GeN bond (C—N 1.58+ 0.01 A). Concomi-
tantly, thev(Cr=N) stretching frequency is observed at lower
energy (1015 cmt in five-coordinate species and967 cnt?!
in six-coordinate species). In addition, the out-of-plane shift

Introduction

Since the discovery that five-coordinate nitridochromium-
(V) complexes are synthetically readily accessible via photolysis
of azidochromium(lll) complexes, this class of compounds has
received considerable scientific attention. The Arshankov
Poznjak reactiok?? of [Cr''l(salen)(N)]:2H,O, where salen
represents the ligant,N'-bis(salicylidene)ethylenediamine-
(2-), produces [Cf(N)(salen)], a five-coordinate complex as
shown in eq 1. The crystal structure of the latter has recently

[Cr" (salen)(N)]-2H,0 _L:‘; [CrY(N)(salen)]H,O (1)

been reported’¢ While mechanisticially the photolysis reaction
of [Cr(NHz)s(N3)]?™ had been studied earliéf, definitive
structural proof for the formation of the &=N moiety was e
established by X-ray crystallographically in 1983 by Groves et ©f the Ci ionis 0.30 A, _ _

al.5 who reported the structure of [&iN)(ttp)] (ttp = tetra- ‘The above nitridochromium(V) complexes contain & on
tolylporphinate(2-)). This compound had been synthesized With a d electron configuration. Effective magnetic moments
independently by hypochlorite oxidation of the chromium(l1l) of 1.7-1.9.ug Q?S’e been measured, and detailed X-band EPR
porphyrins in the presence of N Subsequently, other non-  investigations®have been reportedtor none of the abae
porphyrin ligands such astbpb) (1,2-bis((2-pyridylcarboxy)- ~ complexes hee d—d transitions in their electronic spectra been
amido)benzerfeand phthalocyaninatef2and 1-)8 were em- identified,and consequently, the precise electronic structure of

ployed. These complexes are all five-coordinate with a square-SUch CF=N species is largely unknown. Since this is due to
the fact that all auxiliary ligands employed so far display intense

charge-transfer bands in the region where these weatt d
transitions might be expected, we decided to synthesize a series
of complexes containing spectroscopically “innocent” ligands.
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Nitridochromium(V) Complexes with Amine Ligands

Table 1. Comparison of Structural Data for X-ray
Crystallographically Characterized Nitridochromium(V) Complexes

complex CN d(Cr=N),A d(out-of-plane), A  ref
Cr(N)(salen)] 5 1544(3) 0.499(3) 2b
Cr(N ttpg 5 1.565(6 0.42 5
Cr(N)(bpb)] 5 1.560(2 0.51 7
LCr(N)(@acac)l(Cla) 6 1.575(9) 0.30 9

Chart 1. Complexes Prepared and Labels

cis-[Cr'(cyclam)(N,),}(CIO,) 1a
trans-[Cr'(cyclam)(N,),]X X=Clo, 2a

BPh, 2b
trans-[CrY(N)(cyclam)(N;)]X X=Clo, 3a

BPh, 3b
[{trans-[Cr'(N)(cyclam)[}, (1-No)(CIO0,), * 3.5 H,0 4a
[{trans-[Cr¥(N)(cyclam)]}, (H-N,)I(BPh,),(N;) - 2 C,H;,OH  4b

trans-[Cr¥(N)(cyclam)(NCCH,)IX, X=CIO, 5a

BPh, S5b

H/ \H
N N
<: :> = cyclam
N N
H\_/H

We report here on [C(N)(cyclam)YT" complexes (Chart 1)
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Figure 1. Electronic spectra afa(—) and2a(- - -) in H,O. The inset
shows the visible region of the spectra.

by the two methods is a measure of the departure from the
limiting strong-field coupling scheme, which is moderate for
these systems. Fais- andtrans[Cr'"'(cyclam)Ch] ™ values for
10Dq andB have been determined by use of the fdlhaatrixes

as 18870/17640 and 549/744 chrespectivelyt!

When small red, rod-shaped crystals2ii were exposed to
normal daylight, a color change from red to bright yellow was
observed within a few hours arichns[CrY(N)(cyclam)(N)]-
(BPhy) (3b) was obtained in quantitative yield. On a preparative
scale we have illuminated on aluminum foil thinly dispersed
crystalline materials ola and2ab with a 300 W light bulb.
During this illumination a color change from red to yellow was
observed and, concomitantly, a loss of weight of the solid

for which we have unambiguously detected and assigned threematerials due to the evolution of dinitrogen. The reaction was

d—d transitions (cyclam= 1,4,8,11-tetraazacyclotetradecane).

Results and Discussion

Preparation of Complexes. Complexes prepared in this
work and their labels are shown in Chart 1.

From the reaction mixture afis-[Cr''(cyclam)C}]CI*t and
an excess NaiNin ethanol under reflux an insoluble microc-
rystalline red precipitate otis-[Cr'"' (cyclam)(Ns)2](N3) was
obtained in~50% yield!® From the filtered, deep red solution
red crystals oftrans[Cr''(cyclam)(Ny)2]X (X = ClO4~ (24),
BPh~ (2b)) were obtained in similar yields upon addition of
NaClQ, or NaBPh. cis-[Cr'(cyclam)(Ns)2](N3) was converted
to the corresponding perchlorate sdlg) from an acetonitrile/
water mixture (5:1) by addition of 0.10 M HCIO Complexes
laand?2ab are light sensitive both in solution and in the solid
state and must be stored in the dark.

Figure 1 displays the electronic spectra Id and 2a in
aqueous solution. In approxima@®, symmetry the two ed
transitions in the visible are assign®hq — “T2¢(F) and*Ag
— 4T14(F) from which the ligand field splitting energy D@ is
calculated to be 19 010 crhfor 1a and 18 760 cm! for 2a.
Traditionally, the Racah paramet®r is estimated from the
strong-field approximations given in eqs 2 and 3. This gives

(2
)
the values 466 cri for laand 641 cm for 2a. If interaction
between“Ti4(F) and the unobservedT4(P) is taken into

account,B values of 520 cm! (1a) and 776 cm?! (2a) are
determined. The difference between #e&alues determined

AE; = ("T,(F) — A, = 10Dq

AE, = ("T,((F) — “A,) = 10Dq + 12B

(11) (a) Poon, C. K.; Pun, K. @Gnorg. Chem198(Q 19, 568. (b) Ferguson,
J.; Tobe, M. L.Inorg. Chim. Actal97Q 4, 109.

usually complete within 4 h; only in the case td ~20% of

the starting material did not react. Therefore, we did not further
characterizecis-[CrV(N)(cyclam)(N;)]X complexes. It was
established manometrically and gravimetrically that +.0.1
equiv of No/chromium(lll) center evolved fron2ab, respec-
tively, with generation of the nitridochromium(V) specigsb.

The formation of a Cf=N group in3ab was detected in the
infrared spectra of yellow samples where a new band at 973
cm1is assigned to the(Cr=1“N) stretching mode. This was
proven by using®N—1“N14N labeled2a. Upon irradiation of
such a sampléwo new bands at 973 and 950 ckof equal
intensity are indicative of the (&'“N) and (CE!°N) isoto-
pomers oftrans-[CrY(N)(cyclam)(Ns)](ClOy) (34).

Attempts to recrystalliz8a from aqueous solutions resulted
in the quantitative formation of the yellow dinuclear species
[{trans[CrV(N)(cyclam)} 2(u-N3)](ClO4)3-3.5H,0 (4a). This
complex was also obtained when aqueous solutiongacdr
la at ambient temperature were photolyzed by using a Hg
immersion lamp. The amount of,;Mneasured manometrically
showed that again 1 equiv ofbléhromium(lll) ion is generated
forming the [C¥F(N)(cyclam)f" fragment. The salt{frans
[CrV(N)(cycIam)]} 2(/1-N3)](BPh4)2(N3)'2C2H50H (4b) was ob-
tained from an ethanol/acetone (1:1) mixture3bf

Crystallization of4a,b from acetonitrile solutions to which
1 or 2 equiv of AgCIQ, respectively, had been added and from
which AgN; had been removed by filtration yielded bright
yellow crystals oftrans[CrV(N)(cyclam)(NCCH)]X,, where
X is ClO4~ (58) or BPh~ (5b). In the infrared spectra the
v(Cr=N) stretch has been identified at 995 and 998 &m
respectively.

Crystal Structures. The structures of complexeka, 2b,
4ab, and5a,b have been determined by X-ray crystallography.
A summary of structural parameters is given in Table 2.

Figure 2 shows the structures of thés- and trans-[Cr'''-
(cyclam)(Ny)2]* cations in crystals ofla and 2b. The chro-
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Table 2. Summary of Selected Bond Distances (A) and Angles
(deg) for1la, 2b, 4ab, and5ab

complex

la 2b 4a 4b 5a 5b
Cr—N1 2.103(3) 2.059(4) 2.049(4) 2.049(3) 2.074(3) 2.054(3)
Cr—N2 2.069(3) 2.052(4) 2.042(4) 2.081(3) 2.061(3) 2.073(3)
Cr—N3 2.100(3) 2.073(4) 2.055(4) 2.084(3) 2.058(3) 2.070(3)
Cr—N4 2.092(3) 2.063(3) 2.073(4) 2.050(3) 2.075(3) 2.037(3)
Cr—N5 1.996(3) 2.030(4) 1.557(3) 1.561(3) 1.545(2)
Cr—N6 2.350(3) 2.432(3) 2.418(3)
Cr—N8 2.028(3) 1.924(4)
Cr—N9 1.559(4)
Cr—N20 2.322(5)
N5—N6 1.187(4) 1.205(6)
N6—N7 1.143(4) 1.180(6) 1.133(5) 1.180(3)
N8—N9 1.120(4) 1.211(6)
N9—N10 1.163(4) 1.184(6)

av Ns—Cr—Ns? 82.7(1) 85.6(2) 84.5(2) 84.5(1) 84.6(1) 84.9(1)
av Ns—Cr—NgP 88.8(1) 94.4(1) 93.6(2) 93.9(1) 93.5(1) 93.3(1)
6° 97.1(2) 96.8(2) 97.4(2) 97.3(2)

a Average Nmine— Cr—Namine bond angle of the two five-membered
(cyclam)Cr chelate ringg.Average Nmine—Cr—Namine bOnd angle of
the two six-membered (cyclam)Cr chelate ringAverage N=Cr—
Namine bOnd angle.

Figure 2. Perspective views of the monocations in crystaldaftop)
and2b (bottom).

mium(lll) ion in 2b is in a nearly perfect octahedralgN
environment comprising four equatorial amine nitrogen donors
and two axial azide N-donors. The amine nitrogens lie in a
plane (average deviatiaft 0.0005 A) with the CH ion in its
center Ad = 0.0002 A). The ligand cyclam is coordinated in
its energetically most favorabteansIl configurationt2 having

Meyer et al.

+ 0.01 A. In contrast, the two azido ligandstimns-position
relative to each other are not equivalent:—®5 is longer at
2.030(4) A than CeN8 at 1.924(4) A and, also, the €N,—

Ns bond angles are significantly different at 123.2(3) and 147.8-
(4)°, respectively. This indicates that ong-Nligand is slightly
more covalently bound (N8N9—N10) to CH' than the other
one (N5-N6—N7).

In crystals oflathe catiorcis-[Cr'' (cyclam)(Ns)] T is present
where the chromium(lll) is also in an octahedral environment
of six nitrogens. The ligand cyclam adoptsigconfiguration!?
and consequently, the two coordinated azide ligands agisin
position relative to each other. The two -@amine bond
distances intrans-position relative to the azide ligands are
equidistant at 2.100(3) and 2.103(3) A. They are slightly longer
than the other two CfNamine bonds at 2.08- 0.01 A. The
Cr—Nazige bonds are again slightly different at 1.996(3) and
2.028(3) A as are the corresponding-®¥,—N; bond angles
at 130.9(2) and 138.0(3)respectively.

Crystals of4ab and5ab consist of cations containing the
trans[CrV¥(N)(cyclam)f*™ fragment, the structural parameters
of which are very similar regardless of the nature of the sixth
coordinated ligand which is a bridging azide 4a,b and an
acetonitrile ligand irbab. Interestingly, the coordinated cyclam
ligand adopts the sameans Il configuration as intrans-[Cr"' -
(cyclam)(Ny)2] ™ (2b). Even the Cf—Namine bond distances at
2.06 + 0.01 A are the same as iBb. Thus there is no
shortening of these bonds on going from &d'@o a high-valent
CrV central ion. The GeN bond is in all cases very short at
1.56+ 0.01 A indicating a genuine triple bond. The average
N=Cr—Namine bond anglep, is significantly larger at~97.2
than the ideal octahedral angle of°9@nd consequently, the
CrV ion lies 0.25 A above the plane defined by the four amine
nitrogen atoms. 112b the CH' ion lies in this plane§ = 90°),
but in five-coordinate ReCrV specied) is even larger and the
CrV ion is displaced up te-0.5 A from the equatorial plane
(Table 1).

The dinuclear trications in crystals dia,b consist of two
trans[CrV(N)(cyclam)E* fragments bridged in an end-to-end
1,3-fashion by one azide (Figure 3) rendering th¥ ions six-
coordinate. The Cr-Nazigebonds are irrans-position relative
to the N=Cr bond which exerts a pronouncédns-influence
on the C¥—Nazigebond. This bond distance is longer by 0.26
A'in 4aand by 0.29 A irdb than the average &+Naminebond.
Note that in2b the CH'—Ngazigebonds areshorterthan the Ct —
Namine bONnds.

Due to crystal packing effects the conformation of the
trication in 4a differs from that in4b. In 4athe N=Cr—N—
N—N—Cr=N unitis nearly linear; the ¢r~N,—Ng bond angle
is 172.6(5), the N=Cr—N, angle is 176.1, and the N—Nsz—

N, angle is 179.3(9) The trication is bisected by crystal-
lographic mirror plane@s symmetry), and N7 lies on this plane;
consequently, the two coordinated cyclam ligands are eclipsed.
In contrast, the same trication in crystals4if has crystallo-
graphically imposec; symmetry, where N7 lies on an inversion
center. The Ct—Ny—Ngangle is now only 141.7(1)whereas

the N=Cr—N, angle is 176.9(2)and N6-N7—N6a is 180.0.

A closer inspection of the packing iha reveals that each
trication forms an ion pair with two CI© anions{[{(cyclam)-

the least ring strain. The absolute configuration at the nitrogen Cr(N)} »(u-N3)](ClO4)2} T, via four intramolecular Ncam—H-:*

atoms iSRRSS According to the differing chelate ring size
the N=Cr—N bond angles are’5° smaller in the five-membered

1

Cr—N—C—C—N rings and~5° larger in the corresponding six-
membered rings than the ideal octahedral angle &f 9the
Cr—Ngyclam bonds are within the @limits equidistant at 2.06

Ocio, contacts (two to each coordinated cyclam). The third
disordered CI@ anion is not involved in hydrogen bonding.

(12) (a) Bosnich, B.; Poon, C. K.; Tobe, M. Inorg. Chem1965 4, 1102.
(b) Adam, K. R.; Atkinson, I. M.; Lindoy, L. FInorg. Chem.1997,
36, 480.
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Figure 3. Perspective views of the trications in crystalsdat (top)
and4b (bottom) emphasizing the nearly lineasCr—N=N=N—-Cr=
N moiety in4a and bent indb.

Figure 4. Perspective views of the dications in crystalsbaf (top)
and 5b (bottom) showing the ©-H—N and N--H—N hydrogen-
bonding contacts to the amine hydrogens and,Clénhd the CHCN
and HO molecules of crystallization, respectively.

Similarly, in 4b the anionic (not coordinated) azide forms two
intramolecular Nycam—H***Nazide hydrogen bonds and two
Oc,nson—H***Nazigecontacts where these two ethanol molecules
form two Neyclan—H***Oc 501 bonds yielding the dicationic ion
pair {[{(cyclam)Cr(N}2(«-N3)]N3:2(C;HsOH)}2*.  The two

Inorganic Chemistry, Vol. 37, No. 20, 1995183

Chart 2. lon Pairing in Crystals ofta and4b

shown in Chart 2 may be the origin of the above conformational
differences of the bridging azide observed.

In crystals ofba,b the six-coordinate dicatiomans[CrY(N)-
(cyclam)(NCCH)]?* is present (Figure 4) as well as perchlorate
anions in5a and tetraphenylborate anions and uncoordinated
acetonitrile and water molecules of crystallization5h. In
both structures the nitridochromium(V) bond is short at H#55
0.01 A and exerts a strongans-influence on the CtNchsen
bond in thetrans-position. This bond at 2.43 0.01 A is rather
long.

In 5athe perchlorate anions form a weak hydrogen bond to
the amine hydrogens. Therefore, these anions are not disordered
(Ocio,***Neyclam 3.0-3.2 A). In 5b the uncoordinated C}N
forms a weak hydrogen bonding contact to an amine nitrogen
(N7---H—N4) and the water molecule is hydrogen bonded to
N1 (O-+-H—N).

Magnetism. We have measured the magnetic susceptibilities
of solid samples of complexes in the temperature range 4.2
300 K in an 1.0 or 0.10 T magnetic field by using a SQUID
magnetometer. The observed molar susceptibilities were cor-
rected for both underlying diamagnetism by use of Pascal’s
tabulated constants and, in the case ol Gpecies, for
temperature-independent paramagnetism, {115ID) x 1076
cm® mol~1 per CV ion.

In excellent agreement with thé dlectron configuration of
the chromium(lll) ions inla and 2a temperature-independent
(30—300 K) magnetic moments of 3.85 and 3.g, respec-
tively, have been observed. The mononuclear spetiesnd
5adisplay in the temperature range-1800 K a fully temper-
ature-independent magnetic moment of 1.#1 0.01 ug.
Consequently, the plgi T vs T for 3b shown in Figure 5 yields
a straight line. From these susceptibility measuremgugdues
of 1.971 for3b and 1.988 foiba have been calculated in good

tetraphenylborate anions are well separated from these dicationicagreement with values determined by EPR spectroscopy (see

ion pairs. The formation of these differing ion pairs4ab

below). These magnetic moments represent the expected spin-
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Figure 5. Plot of ymT versusT for complexesdb (a) (top) and3b
(O) and4a (O) (bottom). Note that thgw values forda,b are calculated
per chromium(V) ion for the sake of comparability with the mono-

nuclear species. The solid lines represent fits described in the text. The
experimental susceptibility data were measured in an applied field of

0.10T.

only values for a 8electron configuration with quenching of
the orbital contributions to the magnetic moment.

The magnetic properties of the dinuclear specieb are
interesting because both contain twbabnfigurated Cf ions
bridged by an azide ion where the only significantly differing
structural parameter is the €N,—Ng bond angle (see above).
Figure 5 displays the plots gfuT vs T for 4a containing a
linearly bridged dication and fatb which has the bent structure.
Clearly, in the temperature range-80 K yuT for 4adecreases

somewhat with decreasing temperature which it does much less

so for 4b. At temperatures>80 K both species exhibit a
temperature-independent magnetic moment of ®£7AL01 ug

per CV ion. This behavior is typical for a weakly antiferro-
magnetically coupled system ida and nearly uncoupled
behavior indb. Together with the EPR results presented below
for 4a it is clear that the observed weak antiferromagnetic
coupling in soliddais intra- rather than intermolecular in nature.
A fit of the data using the usual spin-Hamiltonibln= —2J(S;-

S) (S = S = Y,) affords a coupling constant, of —1.2 cnt?!

for 4a using ag value of 1.969 from the EPR measurements.
In contrast, for4b a J value of —0.1 cnt! andg = 1.983 was

obtained. This coupling is very small indeed and may be at

the detection limit of bulk magnetic susceptibility measurement.
Thus4b may lack a coupling altogether.
EPR Spectroscopy. X-band EPR spectra da have been

Meyer et al.

g-values
204 202 2.00 198 196 1.94

dx”
dB
g=1.9856
340 344 348 352 356
B/mT
g-values

2.025 2.000 1975

T=30K

356 357 358 359,

340 344 348 352 356

B/mT
Figure 6. X-band EPR spectra &ain CD;CN at 290 K (top) and 30
K (bottom). Experimental conditions: at 290 K, microwave frequency
9.6461 GHz, microwave power 2.0 mW, modulation amplitude 14.4
uT; at 30 K, 9.6448 GHz, 10Q«W, 0.57 mT, respectively. The
simulations were performed (290 &V =2 mT; 30 K,W; = 1.8 mT,
W, = 1.5 mT) with parameters given in the text and Table 3.

Table 3. Summary of EPR Spectroscopic Parameters of
Nitridochromium(V) Complexes

complex
[Cr(N)- [Cr(N)(oep)]?
param 3b 4da 4b 5a (bpb)p [Cr(N)(ttp)]
Oiso 1.983 1.969¢4) 1.983 1.9856 1.9830 1.9825
A(Cr), mT 2.80 284 2.83
A(MN), mT 0.23 0.3 0.27
g0 1.997 1.992 1.9945
i 1.965 1.956 1.9583
g0 1.986 1.980 1.9824
Aq(53Cr), mT 1.60 221 2.24
A(3Cr), mT 420 441 4.01
AL mTd 2.75 2.94 2.83

aReference 6° Reference 7¢ Calculated value usingy@ = ¥5(2g2
+ g@. 4 Calculated value usingA\3 = Y3(2A2 + AP).

this spectrum gavAs(®3Cr) = 1.6 mT and A(®3Cr) = 4.2 mT
in excellent agreement witls, = [AC= 2.7 mT. Similar values
have been reported for [&iN)(bpb)]1° [CrVY(N)(oep)]é and

measured at low (30 K) and ambient temperature (290 K) both [CrY(N)(itp)],6 where Hbpb represents 1,2-bis((2-pyridylcar-

in the solid state and in GICN solution. Figure 6 shows the

boxy)amido)benzene, oep octaethylporphinate(2), and ttp

solution spectra at 30 and 290 K and the respective simulation.= tetratolylporphinate(2) (see Table 3).

The room-temperature spectrum displays an isotropic signal at

Oiso = 1.9865 with a relatively small line width ef2 mT which

In the EPR spectra of [€(N)(oep)], [C¥(N)(ttp)], and [CV-
(N)(bpb)] additional signals due to hyperfine interactions with

allows the detection of a resolved hyperfine structure due to “N nuclei ( = 1) are reporte@° In contrast to the pyrrol

coupling of the unpaired electron with the nuclear spin of the
less abundant®Cr isotope (9.5%3Cr; | = 3/;). A coupling
constantAiso(>3Cr), of 2.7 mT was obtained from the simulation.
The spectrum of a frozen GON solution at 30 K shows the
expected axial signal witgn = 1.997 andy, = 1.965 ¢ > g

for d" systems withn < 5). From the relationg@ = /5(2g?

+ gP an averagdglvalue of 1.986 is calculated which is
identical with the observed-value at 290 K. Simulation of

nitrogens in oep and ttp the amine nitrogens of the ligand cyclam
in 5acarry a bound hydrogen with a nuclear spintefwhich
gives rise to a super-super hyperfine interaction. Thus 9 of the
expected 13 signals of an OMg octahedron are split into
doublets. Even using very small modulation amplitudes these
interactions cannot be resolved in X-band, and consequently,
only the envelope of signals was observed %arunder the
above experimental conditions. Addition ofie dropof DO
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g-values
2.02 2.00 1.98 1.96
T=298K
sim.
dx"
a8 «10 «20
exp.
340 342 344 346 348 350 352 354

B/mT

343 344 345
B/mT

Figure 7. Top: X-band EPR spectrum otrans[CrV(N)(ds-

cyclam)(NCCDR)](ClOy), (5a) in CDsCN/D,O (9:1) at 298 K. Experi-

mental conditions: microwave frequency 9.64742 GHz; microwave

power 2.0 mW, modulation amplitude 14:Z. Experimental spectrum

(—) of the low-field signal at~343 mT and its simulation (- - -). The

340 341 342

inset shows the simulated effect of 5 versus 6 nitrogen donor atoms on

the hyperfine splitting pattern.

(~10uL) to the above CECN solution of5a affects a deuterium
exchange of the amine protons. Simgg(2H) is ~1/7 Aiso(*H),
this H— D exchange should make the electraritrogen nuclei
coupling visible. The experimental result shown in Figure 7
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g-values
86 4 2
ax” )
dB 4
1CI)O I 2CI)0 ' 3CI)O 400
B/mT

Figure 8. X-band EPR spectrum of solidia at 10 K. Experimental
conditions: microwave frequency 9.6548 GHz, microwave power 100
uW, modulation amplitude 0.51 mT.

J=-0.35cm!
J=-12cm!

IxT

J=-25cm!

5 10 156 20 25 30 35

T/K
Figure 9. Plot of the product intensitx temperaturelT, versusT of
theg ~ 2 signal of4a. The solid lines represent fits to eq 4.

triplet state must be due to an intramolecular exchange interac-
tion between the two Crions = %,). We have recorded a
series of such EPR spectra in the temperature rangb X
using extremely small microwave power of 28010~° W and
found that the intensity of thg ~ 2 signal decreases with
decreasing temperature due to the fact that a diamag@etic

0 ground state is populated and the excited, EPR-a&#wel
state is depopulated. Using the Boltzmann function in eq 4,

IT = const(exp(—2|JI/kT))/(1 + 3 exp2|J|/KT)) (4)

the best fit of the data yielded a coupling constamf —1.2
cm1in excellent agreement with the bulk magnetic susceptibil-

demonstrates that this is indeed the case. A superhyperfineity measurements oda. The fit is shown in Figure 9; it is

coupling constant oAso(2*N) = 0.23 mT is established.

From a simulation of the low-field signai{ = —3/,) shown
in Figure 7 (bottom) it has been possible to establish that only
5 nitrogens carry spin density. The weakly bound acetonitrile
nitrogen of the dicatiorba is not involved. The 5 equivalent
nitrogens give rise to an intensity distribution of 1:5:15:30:45:
51:45:30:15:5:1, whereas 6 nitrogens give 1:6:21:50:90:126:
141:126.... Thus the intensity ratio of the weakest signals to
the most prominent central signal is 1:50 or 1:140.

The X-band EPR spectrum 8b in CH3CN at 30 K displays
a broad isotropic signal @s, = 1.983. This spectrum is very
similar to that of4b measured under the same conditions and
gives alsogiso = 1.983.

Figure 8 shows the X-band EPR spectrumiafin the solid
state at 10 K which displays a prominent isotropic signafsat
= 1.969. Interestingly, at about 10-fold increased microwave
power an additional weak signal gt~ 4 is observed. This
signal at half-field is typical of the “forbiddenAms = 2
transition (ns = —1 toms = +1) in a spin triplet §= 1) that
results from spin coupling. The transitions gain intensity by
mixing of ms = £1 with ms = 0 states due to zero-field splitting
of the triplet levels caused by dipolar coupling. We mention
that the widths of the allowed transitions are about 10 times
the widths of the Cf monomers, which also reflects the
nonresolved zero-field splittings of the coupled system. The

very sensitive to small variations df Thus a value of-2.5
or —0.35 cn1?! does not give a satisfactory fit.

Interestingly, fordb in the solid state at 10 K thg~ 4 signal
has not been detected and the solution spectdmbfin CHs-

CN also lack this signal. We take this as an indication #iat
in the solid state exhibits only an extremely weak intramolecular
antiferromagnetic couplingif any at all.

In the following we attempt to rationalize the differing
magnetic behavior oftab within the frame of the Good-
enough-Kanomori rules for superexchange. The unpaired
electrons in both cations are igyanetal orbitals where the¥
Cr vector defines the-axis and the Gt N¢yclam bonds roughly
coincide with thex- andy-axes. Chart 3 clearly shows that the
possibler-exchange pathways involving a linear azide bridge
lead to ferromagnetic interactions since thg|mldy, and
x| pyldyy interactions are orthogonal (A). Tle-x interaction
dxIP-ldxy (C) yields also a ferromagnetic contribution. Only
the o-pathway e|p,|d2 (B) would result in an antiferromagnetic
contribution if spin density is present in the drbital. This
could be achieved by mixing of the singly occupieg with
the empty ¢ orbital upon reduction of the symmetry fro@,
to Cs. An indication that this might be the case comes from
the observation that thg values in the EPR spectra 5& and
[Cr(N)(ttp)]® are shifted to higher fields (Table 3). This
antiferromagnetier-exchange pathway B is then considerably
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Chart 3. Orbital Interactions. 1z

...... ——  ai(c™)dz2

T by(o%) deauy?

\s(ﬂ.) dxz dyz
% tag(n) [ |4 b, (n) dxy

metal-
d-orbitals
4Hi=/ e™  litrido-
(C) p-orbitals
Px P
Cu y

Figure 11. Molecular orbital diagram for &4, metak-nitrido complex
according to ref 13.

dxy |pz| dxy

Table 4. Electronic Spectral Data for Nitridochromium(V) three_ absorption maxima of Gaussian line shape, respectively.
Complexes in Acetonitrile Solution Identical patterns have been obtained3brand4a. Thus the

electronic spectra of complexes containing theV[®ij(cy-
clam)B+ fragment each display three low-intensity d transi-

Amax NM (€, L mol~cm™1)

X (B ZER (B 2B (Bym2age IMCT () tions at~430 nm (band 1)~400 nm (band Il), and-350 nm
3b 440sh (30) 404 (55) 365 (60) 310 sh (440) 273sh (3070) (0and Ill). In the spectra a8b and4aan Ny~ — CrV ligand-
451a ﬁ%g Ezllg ggg ﬁggg ggg 88 310 sh (600) 255 (4000) to-metal charge transfer (CT) band of medium intensity 305
20 430sh 30) 397(6%)  335(39 nm (e ~ 500 M~ cm™1) and an N~(7 — #*) CT band at~260
. 3 ) - nm of large intensityd > 3 x 10° M~* cm™!) are observed.
The band positionsimax given are the result of a fit using three  ne agsignment of bands-lil is unambiguously achieved

absorption maxima of Gaussian line shape; the absorption coefficients

are experimental values at these positions, by following the BallhausenGray ligand-field modéf for

[V(O)(OH,)s)?t as shown schematically in Figure 11. To a first

approximation the present [QN)(cyclam)Y]™ complexes

possess a &CrVNs first coordination sphere &4, symmetry.

Due to the strongr-donating nitrido ligand the degeneratg t

orbitals (in Op symmetry) split into a nonbonding(xy) and

two degenerate antibonding xef/2), d orbitals and thein Oy

symmetry degenerateantibonding g* orbitals split into anti-

bonding b(x2 — y?) and a(z?) orbitals. The energeticially lowest

transition (band I) is then assigned to the symmetry-allowed

2B, — 2E transition, xy) — (xzy2). Band Il corresponds to the

y .y ‘ 2B, — 2By, (xy) — (X2 — y?), transition, whereas band Ill is a

- e 2B, — 2A;, (xy) — (2D, transition.

15000 20000 25000 30000 With these assignments of the-d transitions and their
V/cm- corresponding energies as well as the structural parameters of

Figure 10. Electronic spectrum ofsa (—) in CH:CN and its the [CV(N)(cyclam)YT™ species it is possible to directly

deconvolution (- - -) with three absorption maximalll of Gaussian calculate the energies of the following parameters of the angular-

line shape. The resulting cal_culated spectrumr () is offset by 5 overlap model (AOM): &, e, e,%cam  Two simple as-

M~ cm for the sake of clarity. sumptions are made: (i) The ligand cyclam is a putgonor

and described by a single paramedg®ca™ and (ii) the bond

. A . . angle N=Cr—Y is 18C°. The latter has the consequence that
deviates significantly from linearity. Note that the-&M, bond the AOM parameters for the nitride and the ligand Y in trans

distance in4a at 2.322(5) As slightly (barely significantly) position located on the molecularaxis are described by two
shorter than ib at 2.350(3) A; i.e., this bond is slightly less parameters only, namely® ande,®. This model represents
covalent in4b than in4a. , a completely general ligand-field model which includes rigorous
Electronic Spectra of Nitridochromium(V) Complexes. treatment of spirrorbit coupling. The admixing of ligand and
The electronic spectra of new nitridochromium(V) complexes metal orbitals is not explicitly modeled, but covalency has

have been recorded in acetonitrile solution at ambient temper- harametric consequences. With these assumptions the parameter
ature in the range 2661600 nm. The results are summarized gpace is 4-dimensional forf dystems.

in Table 4.
Figure 10 shows the spectrum of the mononuclear species(13) (a) Ballhausen, C. J.; Gray, H. Biorg. Chem.1962 1, 111. (b)

€/M-1.cm-1

weakened (or canceled) 4 where the C+-N,—Ng bond angle

5a. In the range 456350 nm a broad, unsymmetrical absorp- Winllzller, J. R.; Gray, H. BJ. Amh Chem. S0d.983 %3)5 13k73- (E)
i i i i < -1 am-1) i Winkler, J. R.; Gray, H. Blnorg. Chem1985 24, 346. (d) Miskowski,
t'°’7 m§X|mum of IO\.N intensity < 55 M cm™) is Obser\/jd V. M.; Gray, H. B.; Hopkins, M. D. inAdvances in Transition Metal
which is accompanied by a shoulder-a830 nm ¢ ~ 25 M Coordination ChemistryChe. C.-M., Yam, V. W. W., Eds.; JAI Press

cm™1). This spectrum can be readily deconvoluted by a fit to Inc.: Greenwich, London1996 Vol 1, pp 159-186.
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As aresult, we have obtained the following energieg* =
22 000 cntl; e,2 = 21 300-25 000 cnl; g,&v¢am = 7300-
8600 cm™.

From the electric dipole transitior®8, — 2E(l) and?B, —
2By(I1) and thegn and g, values from EPR spectroscopy the
spin—orbit coupling constantzq can be calculated by using egs
5 and 6.

o= ge(l - (5)

g
Al(ZE - ZBz)

4= (1 - 6)

4g
A2(281 - 282))

A small value forgzq of ~88 cntlis obtained. This value
is in excellent agreement withyg = 75 cnT! reported by Gray
et al for R,[CrV(O)Cls] (A1 = 12 900 cn?, A, = 23 500
cm™ 1, [g0= 1.986) and is reduced by 75% in comparison with
the value reported for a gaseous’@on (Czg = 380 cnrl).15

Thee,»¢@myalue is reasonably established by the electronic
spectra oftrans-[Cr'"' Cl,(cyclam)]™ and 2a to be in the range
6600-6900 cnT!. This represents a lower limit for icyclam)
since one expects an increase ef-donor parameter on going
from Cr(lll) to Cr(V). On the other hand, the €Ncyclambond
distances ir2a and thetrans-[CrV(N)(cyclam)F" species are
very similar which implies that the,®¥“am values should not
be too different. Thus a value of 7300 chis very reasonable.

Ligand-field parameters for the nitrido ligand are scarce. For
[Os(N)CL]~ Gray et al*® find E(e) — E(b), which in our
parametrization is equal & to be 36 000 cm! whereas=(ay)
— E(by), which representse® — g,¥°am here, was estimated
to be 49 000 cm?. If one takes into account that ligand-field
splittings are approximately twice as large for complexes of

the third transition metal series as for analogous complexes of Study,

the first period, we arrive at estimates ®f* ande,® around
18 000 and 25 000 cmd, respectively. The calculated values
are in this ballpark. In fact, in a similar analysis for the
corresponding [MH(N)(cyclam)YP™ complexes; we report
e, to be 27 200 cm!, e, = 18 800 cm?, and g,%clam =
7340 cntl,
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Figure 12. Orbital splitting diagram for axial systems with a single
strongzr-donor ligand (E= 02, N®7) and calculated orbital energies
for 5a using the following parameterse,® = 22 000,e,* = 22 200,
e,%¢am = 8600 cnr?, andd = 97.5.

possible to fully characterize for the first time the electronic
structure of d electron configurated nitridochromium(V) com-
plexes. Three low-intensitye(< 100 L mol! cm™1) d—d
transitions are observable-a##30,~400, and~350 nm which
are assigned t8B8, — 2E, 2B, — 2By, and 2B — 2A; transitions

in C4, Symmetry, respectively.

Experimental Section

The starting materialis- and trans[Cr'"'(cyclam)C}CI were
prepared according to published procedutés.

Caution! Although we hae encountered no problems in the present
it is stressed that perchlorate salts are potentially expéosi

Preparation of Complexes. Small amounts only should be prepared
and handled with appropriate precautians

cis[Cr" (cyclam)(Ns)2](ClO4) (1a). A mixture of cis-[Cr(cyclam)-
Cl,]CI (0.50 g; 1.40 mmol) and NaiN1.8 g; 28 mmol) in dry ethanol
was heated to reflux for 24 h during which time a red microcrystalline
precipitate formed which was filtered off. Recrystallization of this
material from an acetonitrile/water mixture (5:1 vol) with addition of

From the determined parameters the corresponding one-0.1 M aqueous perchloric acid produced within a few daysa 4ed
electron energies are calculated straightforwardly by using the crystals oflasuitable for X-ray crystallography. Yield: 0.35 g (57%).

information given in Figure 12. The splitting pattern is best
described as # 3 + 1 rather than the traditional + 2 + 1 +

1 Ballhauser-Gray pattern for [OV(OH)s]2". This is in line
with recent results of Fuijii et dF on five-coordinate oxo- and
nitridochromium(V) porphinato complexes with the Cr(V) center

0.5 A above the plane of the auxiliary porphinate. For these

systems the authors have shown that theorbital is lower

in energy than the degenerate set f,dl, orbitals. It is
gratifying that the six-coordinate [(cyclam)GN)Y]™ com-
plexes with the metal ion only 0.25 A above the plane of amine
nitrogens fits between this model and the traditional Ball-
hausen-Gray scheme.

Conclusion

By using spectroscopically innocent (i.e. in the visible
transparent) auxiliary amine ligands such as cyclam, it has bee

(14) Gray, H. B.; Bernal, |.; Hare, C. Rnorg. Chem.1962 1, 831.
(15) Bendix, J.; Brorson, M.; S¢Har, C. E.Inorg. Chem1993 32, 2838.
(16) Cowman, C. D.; Trogler, W. C.; Mann, K. R.; Poon, C. K.; Gray, H.
B. Inorg. Chem.1976 15, 1747.
(17) Meyer, K.; Bendix, J.; Metzler-Nolte, N.; Weyhettien, T.; Wieghardt,
K. J. Am. Chem. S0d.998 120, 7260.
(18) Fuijii, H.; Yoshimura, T.; Kamada, Hnorg. Chem.1997, 36, 1122.

IR (KBr disk), cnT® »(N3), 2085 (vs), 2058 (vs)y(N—H), 6(CH,),
865, 851, 808, 800ux(30—300 K), us: 3.85. Anal. Calcd for
Ci10H24N1CrClOs: C, 27.06; H, 5.92; N, 31.71. Found: C, 27.3; H,
5.7, N, 32.0.

trans-[Cr'" (cyclam)(Ns)2](ClO4) (2a). Addition of a saturated
aqueous NaClQ solution to the above red filtrate initiated the
precipitation of red crystals da in 40% vyield (0.24 g). Similarly,
addition of solid NaBPh(1.0 g) to the above ethanol solution yields
red crystals of the tetraphenylborate s2iit IR (KBr disk), cnt:
v(N3), 2085 (vs), 2069 (vw)y(N—H), 6(CH,), 880, 802. u(30—300
K), us: 3.77. Anal. Calcd for @H24N1,CrCIOs: C, 27.06; H, 5.92;
N, 31.71. Found: C, 26.9; H, 5.8; N, 31.5.

trans-[Cr V(N)(cyclam)(Ns)]X (X = ClO4 (3a), BPh, (3b)). Finely
ground red2a or 2b (0.5 g) was thinly dispersed over an aluminum
foil and irradiated with a 300 W lamp until the red color of the starting
material had changed to bright yellow. The yield & or 3b is
quantitative. Data foBb are as follows. IR (KBr disk), crmt: »(N3),

076, 2055, 2036, 202(N—H), 5(CH;), 880, 801;»(Cr=N), 967.

Anal. Calcd for G4H4NsCrB (3b): C, 65.07; H, 7.07; N, 17.85.
Found: C, 65.2; H, 7.0; N, 17.7.

(19) (a) Flores-Velez, L. M.; Sosa-Rivadeneyra, J.; Sosa-Torres, M. E.;
Rosales-Hoz, M. J.; Toscano, R. A.Chem. Soc., Dalton Trari$991
3243. (b) Sosa, M. E.; Tobe, M. I. Chem. Soc., Dalton Trari986
427.
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Table 5. Crystallographic Data fota, 2b, 4a-3.5H,0, 4b-2EtOH, 53, and5b-MeCN-H,0O
la 2b 4a3.5H,0 4b-2EtOH 5a 5brMeCN-H,O
chem formula (£0H24N10C|CI'O4 C34H44BCrN1g C20H55C|3CI’2N13015_5 C72H100B2CroN1602 012H27C|QCFN503 Cg2H72B-CrN;O
fw 435.84 655.60 936.12 1347.30 506.30 _1004.89
space group P2;/c Pbca Pnma Clc P2:/n P1
a A 13.636(3) 10.228(1) 16.797(2) 22.834(3) 10.812(2) 11.951(1)
b, 8.754(2) 21.588(2) 25.132(3) 17.803(2) 12.871(2) 12.875(2)
c, A 15.249(3) 29.222(3) 18.783(2) 18.163(2) 15.348(3) 17.897(2)
o, deg 90 90 90 90 90 84.71(2)
p, deg 100.36(3) 90 90 97.07(2) 103.46(2) 84.52(2)
y, deg 90 90 90 90 90 88.67(2)
V, A 1790.6(7) 6452.3(11) 7929(2) 7327(2) 2077.1(6) 2729.4(8)
z 4 8 8 4 4
T, K 100(2) 103(2) 173(2) 100(2) 100(2) 173(2)
Peales g CNT3 1.617 1.350 1.568 1.221 1.619 1.223
no. of data 4263 13870 37990 16 010 8956 12 529
no. of unique data 3723 4577 8190 5634 3439 9110
no. of params 235 415 507 435 263 660
u(Mo Ka), cmt 8.30 3.97 8.29 3.52 8.60 2.58
R12 0.0612 0.0675 0.0768 0.0566 0.0471 0.0564
WR2 (all data) 0.1974 0.1644 0.2171 0.1938 0.1254 0.1523

2 Observation criterionl > 20(1). R1= X||Fo| — |F¢||/Z|Fo|. P WR2 = [E[W(Fs® — FAA/Z[W(FA)3 Y2 wherew = 1/03(F?) + (aP)? + bP and

P = (F + 2F2)/3.

[{trans-[CrV(N)(cyclam)]} 2(u-N3)](CIO 4)33.5H,0 (4a). The com-
plex 4a was obtained by crystallization &a from aqueous solution
by addition of NaCIQ-H,O or, alternatively, by photolysis of an
aqueous solution dfaor 2a. The details of the latter process are now
described. An argon-purged aqueous solution or suspension (100 mL)
of laor2a (1.0 g; 2.29 mmol) was irradiated at ambient temperature
with external water cooling with a Hg immersion lamp (Osram HPK
200) for 45 min. A constant stream of argon gas was passed through
the solution/suspension during irradiation. A clear bright yellow
solution was obtained from which upon slow evaporation of the solvent
yellow hexagonal crystals ofia precipitated within a few days.
Yield: 0.96 g (90%). IR (KBr disk), cmt: 1(N3), 2108 (vs), 2036
(m); y(N—H), 6(CH,), 882, 808;»(Cr=N), 986. Anal. Calcd for
CaooHssN13CrClsOss5 C, 25.66; H, 5.92; N, 19.45. Found: C, 25.9;
H, 5.7; N, 19.4.

Yellow crystals of {trans[CrV(N)(cyclam)} 2(u-N3)](BPhs)2(N3)-
2C;HsOH (4b) were grown by recrystallization &b from an ethanol/
acetone (1:1) mixture. IR (KBr disk), crt v(N3), 2096-2028 (vs,

b); ¥(N—H), 6(CH,), 880, 800;v(Cr=N), 976. Anal. Calcd for
C72H10d\llecrszoZ: C, 6418, H, 748, N, 16.63. Found: C, 640, H,
7.3; N, 16.6.

trans-[CrV(N)(cylam)(NCCH3)]X, (X = ClO4 (5a), BPh, (5b)).

To a suspension afa (0.50 g; 0.53 mmol) in acetonitrile (25 mL) was
added solid AgCI® (0.11 g; 0.53 mmol) with stirring. Upon gentle
warming of this suspension a voluminous precipitate of Agmed
which was carefully filtered off (cautionAgN; is explosie and should
not be dried but immediately disseld in aqueous Nkj. To the clear
yellow solution dry ethanol (25 mL) was added which initiated the
precipitation of microcrystallinda within 12 h at 4°C. Recrystalli-
zation of this material from acetonitrile/toluene mixture (1:1) yielded
crystals suitable for X-ray crystallography. Single crystals of the
tetraphenylborate satans[CrY(N)(cyclam)(NCCH)](BPhy)zCHsCN-
H.O (5b) were obtained from an acetonitrile solution5atby addition

of NaBPh. Yield (5a): 0.46 g (85%). IR (KBr disk), cm of 5a
v(Cr=N), 996;y(N—H), 6(CH,), 878, 808. Raman spectrufa, cnm
v(C=N), 2261;v(Cr=N), 995. Anal. Calcd for GH2;N¢CrClOs: C,
28.47; H, 5.37; N, 16.60. Found: C, 28.6; H, 5.3; N, 16.8.

Physical Measurements. Electronic spectra were recorded on an
Perkin-Elmer Lambda 19 (range: 260600 nm) spectrophotometer;
infrared and Ramani(= 1064 nm) spectra, on solid samples (KBr
disks) on a Perkin-Elmer 2000 FT-IR/FT-NIR Raman spectrometer.
The X-band EPR spectra of the complexes were recorded on a Bruker
ESP 300E spectrometer equipped with an Oxford Instruments ESR 910
helium-flow cryostat. Simulations of the spectra were performed by

4ab and 5ab were mounted in sealed glass capillaries. Graphite-
monochromated Mo & radiation ¢ = 0.71073 A) was used
throughout. Crystallographic data for the compounds are listed in Table
5. Cell constants fola were obtained from a least-squares fit of the
setting angles of 25 carefully centered reflections. Intensity data for
this compound were collected on an Enraf-Nonius CAD4 diffractometer
using thew—26 scan technique. Data were corrected for Lorentz and
polarization effects, but no absorption correction was carried out due
to a small absorption coefficient. Compourfls 4a,b, and5a,b were
measured on a Siemens SMART CCD-detector system equipped with
a cryogenic nitrogen cold stream. Cell constants were obtained from
a subset of at least 6000 stronger reflections. Data collection was
performed by a hemisphere run taking frames at0ir3@. Corrections

for Lorentz and polarization effects and a semiempirical absorption
correction using the program SADABSwere applied. The Siemens
ShelXTL?! software package was used for solution, refinement, and
artwork of the structures. All structures were solved and refined by
direct methods and difference Fourier techniques performed on DEC
Alpha workstations. Neutral atom scattering factors were obtained from
tables?? All non-hydrogen atoms were refined anisotropically except
those of disordered parts of a perchlorate aniomanand solvent
molecules indab, which were isotropically refined by split atom
models. All hydrogen atoms were placed at calculated positions and
refined as riding atoms with isotropic displacement parameters. C
atoms indawere found to have large anisotropic thermal components
along the G-C and C-N bonds in the macrocycle. This is due to the
crystallographically imposed mirror plane bisecting the cation which
in fact has a slightly lower symmetry. Details are given in the
Supporting Information.
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using the Simfonia program (Bruker). Temperature-dependent magnetic
susceptibilities of powdered samples were measured by using a SQUID
magnetometer (Quantum Design) at 1.0 and 0.1 TH3@ K).

X-ray Crystallographic Data Collection and Refinement of the
Structures. Red single crystals ofa and2b and yellow crystals of

(20) Sheldrick, G. M. UniversitaGottingen, 1994.

(21) ShelXTL V. 5Siemens Analytical X-ray Instruments, Inc.: Madison,
W1, 1994.

(22) International Tables for X-ray Crystallography{ynoch Press: Bir-
mingham, U.K., 1991.





